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The last decades have seen growing demand for welding of dissimilar steels, in particular, 

as a part of efforts to improve transportation safety and, by weight reduction, to improve 

fuel consumption. Moreover, in construction of lifting and handling systems and bridge 

building, dissimilar welds can provide lightweight solutions and good performance. In

power plants, dissimilar weld is often used to comply rapidly changing from low to higher 

temperature. Although the dissimilar weld has many application, failure was observed

near the fusion line and in the heat affected zone. Adaptive gas metal arc welding

(GMAW) can improve the formation of the microstructure and reduce the initiation and 

propagation of the cracks. Adaptive GMAW is characterized by the ability of the process 

to adjust the welding parameter such as length of the electrode, the current waveform, gas

flow and wire feed rate as required by the workpiece. 

The objectives of this research are to conduct a critical analysis of various techniques 

applicable to adaptive control of gas metal arc welding processes, to categorize control

parameters and identify benefits and drawbacks of the available processes, and to suggest

innovative techniques and scientific approaches that could significantly improve 

productivity and the quality of dissimilar metal welds. 

The thesis is an article-based dissertation that includes in its second part eight publications 

related to the subject under study. The methods used in the works include both critical

literature review and empirical experiments. Samples and data are analyzed in order to

determine the controllability of welding parameters at the shielding gas unit, driven 

system performance, and the quality of the welded joints produced. The study also

analyses the influence of control of gas metal arc welding process systems on dissimilar 

welding of high-strength steels and high manganese steels, welding of non-ferrous and

ferrous metals (i.e. steel and aluminium) and non-ferrous dissimilar welding (i.e.

aluminium of different grades). The microstructures formed, the deposited weld geometry 

and the physical and mechanical characteristics of the welded joints are evaluated. 

The results show a considerable variation in the formed microstructures with differences 

in the presence of acicular ferrite, grain boundary ferrite, Widmanstätten ferrite or bainite,

polygonal ferrite, and lower bainite or martensite depending on the current waveform 

parameters. Control of heat input and shielding gas (e.g. pulsed flow rate, alternative 

shielding gas) is seen to enable improvements in weld shape geometry and a reduction in 

coarse grain in the heat affected zone, and such dissimilar welds exhibit limited dilution 



and a reduction in intermetallic compounds. When alternative shielding or pulsed 

shielding are used, savings in gas usage are possible without undermining the quality of 

the welds. 

On the basis of the results of this study, it is concluded that enhanced adaptive control of 

gas metal arc welding processes with real-time adjustment can provide improvement in 

welding productivity and stability, support consistent welded joint quality, and give 

greater autonomy to automated welding processes. 

Keywords: Adaptive GMAW, Current and Voltage Waveforms, Dissimilar Weld Metal, 

Mismatches, Weld Microstructure, Productivity 
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1 Introduction 

Dissimilar metals welding is increasingly used to reduce the weight of metals structures 

(e.g. bridges and buildings), motor vehicles for goods and people (e.g. cars and trains), 

lifting and handling equipment (e.g. fixed and mobile cranes). Furthermore, the use of 

different metals is particularly useful to enable structures and equipment to adapt to 

changes in working conditions (e.g. fluids of different temperatures and variation in 

loading stresses). However, the joining of dissimilar metals is not without risks, and such 

joints may be exposed to specific types of corrosion during usage. In addition to 

application-related aspects, construction of dissimilar metal joints is subject to numerous 

challenges during the joint manufacturing stage. The challenges and opportunities of 

dissimilar metals welding are the subjects of this work. 

The introductory section to this dissertation presents the elements that define the 

framework of the research, i.e. the motivation, goals and purpose of the study, the scope 

of the research, the methodology adopted, the limitations of the work, and the study’s 

contribution to welding science. 

1.1 Background 

Welding is a significant part of manufacturing industry and its use is widespread; 

however, any failure of a weld can cause structural weakness and possibly lead to 

catastrophic failure with dramatic consequences. In a context where demand is growing 

for sustainable products produced at reasonable cost and with efficient and frugal design, 

reliability engineering attempts to provide solutions to increase reliability even at the level 

of production. The cost of production is linked to the production time, if energy 

consumption and staff salaries are taken into account. In common practice, the temptation 

exists to reduce production time by accelerating production. Unfortunately, it is difficult 

to achieve the same performance in terms of quality when the production time is reduced. 

However, an effective way to guarantee quality work within reasonable time frames is to 

optimize the means of production. 

Higher quality can be achieved with the same welding processes by improving the 

reliability and consistency of their performance. Performance improvements require 

better identification of input and output parameters, and better acquisition and analysis of 

events occurring during the welding process. A good welder often has the required 

analytical and adaptation skills as a result of long practical experience and regular 

qualification tests. However, such employees are scarce and demand for people with these 

prerequisite skill sets is constantly growing. In addition, health risks associated with 

fumes and irradiation exposure are driving industry towards a greater reliance on the use 

of robots in welding. Thus, in addition to having extended operation time and great 

accuracy, future welding equipment should exhibit the same analytical and adaptive 

expertise as an experienced professional welder. This expertise is required for key aspects 

of welding: analysis of the environment, identification of the location of parts to be 
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welded, correction of the welding path, assessment of the weld quality, and adjustment 

of settings in response to disturbances. 

1.2 Motivation 

Industry has long expressed interest in the functional advantages that can be gained from 

the welding of dissimilar metals. The metals used in dissimilar welds have multiple 

functions, for instance, in the construction of bridges, different grades of structural steels 

(e.g. S355 and S690) are useful to reduce the total weight of the bridge, increase its 

strength and reduce the production and construction costs. Dissimilar metals are also used 

in the construction of motor vehicles for people and goods, as well as in lifting and 

handling devices (e.g. elevators, and cranes). Their importance lies in the reduction in the 

total weight of the vehicle and the ability of engineers to select beams of metal compounds 

that have properties suited to the specific functional conditions. For example, in the last 

few years, there has been increased usage of dissimilar metals for reinforcement of car 

cabin component elements to improve passenger safety. Dissimilar metals are also used 

to enhance the capacity of equipment used in factories (e.g. power plants, oil refineries 

and steam boilers). For example, heat exchangers in refineries have to deal with moving 

fluid that can experience significant temperature fluctuations and undergo changes in 

state and, consequently, the metal grades used are constrained by the equipment function 

and conditions. 

Methods of welding are generally grouped into two categories: fusion welding and solid 

state welding.  Fusion welding is the most common form of welding and one that can be 

easily used in workshops and industrial sites. A variety of different fusion welding 

processes exist, and this study focuses primarily on the GMAW process. Fusion welding 

requires metallurgical transformations related to solid and liquid change of the base 

metals and a consumable electrode. The transition from fusion to cooling temperatures 

determines the formation of weld metal microstructures as a function of the cooling rate 

and is thus related to the physical properties and chemical composition of metals. The 

properties of a welded joint depend on the metal structure and type of these 

microstructures. The microstructure formation process is complex in the case of the 

welding of similar metals and, clearly, the degree of complexity increases when welding 

dissimilar metals. Earlier GMAW processes were constrained by their limited ability to 

control the heat introduced, which made metals such as high strength steels and stainless 

steels difficult to weld. Control innovation in GMAW has improved the weldability of 

high strength and stainless steels, and further improvements to the process and greater 

understanding of dissimilar metal welds has the potential to achieve similar quality gains 

in dissimilar metal welded joints. 

1.3 Research questions 

The main research questions are: 
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i. What is the state of the art in adaptive waveform GMAW? This question 

enables identification of key factors for adaptive control of voltage and current 

waveforms and development of a benchmark approach for control of heat and 

metal transfer. 

ii. Does adaptive pulsed GMAW affect weld joint properties? This question 

assesses the usability of adaptive pulsed GMAW. The evaluation consists of 

welding a T-joint of structural steel S355 with a progressive gap between the two 

workpieces using traditional and adaptive GMAW processes and then analysing 

and comparing the quality of the weld. 

iii. What is the state of the art of dissimilar metal welding with GMAW? This 

question assesses the usability of adaptive GMAW processes for dissimilar weld 

metals. The evaluation analyses different combinations of dissimilar metal 

welding. Three categories of dissimilar metals welding are investigated: welding 

of dissimilar non-ferrous metals, welding of dissimilar ferrous metals, and 

dissimilar ferrous–nonferrous metals welding.  

iv. Can adaptive GMAW be optimised if combined with artificial intelligence? 

This question identifies different permissible artificial intelligence approaches for 

adaptive GMAW processes for optimised control and efficient processing of the 

vast amount of data collected. 

v. What are the effects and benefits of using adaptive GMAW in dissimilar 

welding of high-strength steel? This question assesses the usability and stability 

of adaptive pulsed GMAW in the specific context of high-strength steel welding. 

This steel is very applications because of their exceptional strength and cross 

section ratio. They are also used in dissimilar welding to reduce the weight of 

infrastructure, handling equipment or for transport vehicles. 

vi. What are the effects and benefits of using adaptive GMAW in dissimilar 

welded joints operating in sub-zero temperature environment? The main 

objective of this question is to investigate and determine the benefits of advanced 

GMAW process use for the improvement of dissimilar welding of steels operating 

at temperatures below zero. Equipment operating in this environment are exposed 

to brittleness fracture. Excessive heating and the weld can deteriorate the 

properties of these steels, or a welding defect and imperfections can be an 

aggravating factor. 

vii. What control techniques for shielding gas control are available and what is 

their effect on welding productivity? This question aims to examine the 

influence of shielding gases and mixtures. It is well known that shielding gases 

have considerable influence on the GMAW process, and it is expected that their 

usage during welding of dissimilar metals is a crucial factor to weld quality 

outcome. Analysis of different shielding gases and their effects is carried out, 

different techniques for shielding gas control are assessed, and their adaptive 
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controllability is evaluated as regards their properties and influence on the 

microstructure and the geometry of welds. 

viii. What are the effects and benefits of using adaptive GMAW in dissimilar 

welding of high-manganese steels? Addressing this question involves molten 

metal behavior analysis of steels having high manganese content. Compatibility 

criteria for the selection of dissimilar metals for welding can be developed and 

potential risks identified. Additionally, the effects of electrode selection and the 

applied heat treatments are evaluated. The research question enables identification 

of the effects of adaptive control of the welding process on the formation of the 

microstructure, the geometries of the weld deposited, and the evaporation of 

manganese present in the base metals. 

1.4 Objectives 

The goal of the work is to conduct a critical analysis of different techniques for adaptive 

control of gas shielded arc welding processes. The control techniques considered are 

current and voltage waveform, shielding gas composition, shielding gas mixture and flow 

rate, location of the workpieces to be welded, and seam tracking. Besides identifying the 

advantages and limitations of these approaches for adaptive control, other aims are: to 

suggest effective technical solutions and procedures, for dissimilar welding, to 

significantly improve productivity, to enhance knowledge and control of the heat input 

required for formation of desirable microstructures with decreased coarse grain, to 

improve control of the geometry of the deposited weld bead, and to promote longer 

fatigue life. Effective enhanced control of GMAW would enable diversification of its use 

in the manufacturing and repair industries, and would make welding equipment smarter 

and easy to carry, as well as promoting flawless weld joints. 

In addition, a further aim is to investigate the application, efficiency and effectiveness of 

using adaptive welding processes whose parameters can be controlled effectively 

throughout the welding operations as a key factor in improving productivity in arc 

welding. It is essential to know precisely which parameters can be corrected, and to know 

the effects of sensors used to capture information and for self-adjustment based on errors 

sensed. Weld quality is evaluated to see how adaptive control can help predicting weld 

properties. For instance, new advanced GMAW machine settings have the ability to 

provide optimised current and voltage waveforms, and precisely-controlled electrode 

feeding and gas flow to guarantee consistent and expected welding results. Control of 

welding parameters is optimised to improve welding process outcome and to give best 

performance in mechanised and robotic welding by correcting any errors detected during 

welding. 
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1.5 Research approach and research development 

The research methods used include both literature review and empirical experiments. The 

data are gathered, selected, sorted and analysed to determine the controllability of 

GMAW process data input and output.  

The next part of the dissertation presents the general framework of the context of the 

research. A literary review then follows in which the current state of the art in adaptive 

control of GMAW welding is described with a focus on features related to adaptive 

control. Different aspects of the adaptive gas metal arc welding process are investigated 

namely; sensors, shielding gases, current and voltage waveforms, and data processing 

units. The study presents and analyses the results of the latest empirical experiments in 

the field. The results of these experiments and experiments done in conjunction with work 

for the publications in the second part of the dissertation are analysed and conclusions are 

drawn. 

The experimental work and related analysis focuses on the stability of the welding process 

and the influence of advanced welding technology on dissimilar metals weld quality. 

Sample analysis focuses on characterization of the microstructure of the weld, including 

the weld bead, the fusion zone, the fusion line, and the heat affected zone. In connection 

with study of the composition of the microstructure, a comparison of key mechanical 

properties of the weld, for example, hardness and impact toughness, is made. 

1.6 Scope and limits of the research 

The study is based on the following hypotheses: 

 Advanced adaptive methods can adjust initial settings so that actual data detected are 

taken into consideration. Systematic empirical experiments and research-based 

theories, analyses of different data sources and problem-solving by artificial 

intelligence and networks are available. 

 By observing the thermal profile, real-time monitoring can reveal details of possible 

weld defects. In addition, data collected have a relationship with other welding 

parameters.  

 Given the possibility of fast acquisition of visual information and data from thermal 

and other sensors, the adaptive process can capture significant thermal profiles, and 

this information can be used for weld quality analysis and assurance. 

Based on the hypotheses above, a review of previous work can be performed and the 

performance of advanced adaptive GMAW assessed, first as regards similar metal 

welding and then the more complex task of dissimilar metal welding. The performance 

of the adaptive GMAW is evaluated from various perspectives, such as the current and 

voltage waveform, the driven system of the robot, the application of visual sensing for 

seam tracking and data acquisition. The effectiveness of the real-time monitoring of weld 
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quality is assessed so that the effectiveness and overall welding operation can be 

optimised and gains made compared to conventional welding processes.  

1.7 Contribution to welding science 

This study is a contribution to effective implementation of adaptive control GMAW of 

dissimilar metals. On the industrial side, the study helps lay a foundation for improved 

procedures for dissimilar metals welding. The findings suggest adaptive control as a 

solution: to reduce difficulties linked to differences in thermal diffusion coefficients; to 

assist with orientation adjustment and positioning through the use of artificial 

intelligence; to enable utilization of optimum output welding parameters, current and 

waveform design; and to assure quality through thermal profile scanning. 

The approach studied here utilizes systematic data acquisition and data sorting to improve 

the ability of the welding station to learn from past experiments or welding operations. 

The approach is of value to industry in the sense that it will reduce robot programming 

time because the visual ability of the system will lead to improved programming with 

more offline accuracy between the models and the real environment. The last but 

significant aspect is quality assurance; time, materials and shielding gases are currently 

lost because of excessive gas flow, correction of defects revealed after the welding 

operation, and parts cleaning because of spatter. The studied approach means that defects 

can be detected in real time and spatter reduction actions taken, which will decrease 

spatter and the need to clean parts. 

Brief overview of the chapters and structure of the thesis work 

Table 1 gives an overview of the content of the dissertation, which consists of two main 

parts. The main thesis of the study is based on the results of the publications in Part II of 

the work. 

Table 1. Overview of the dissertation. 
Part I 

Chapter Aim of chapter Output 

Introduction Overview of field of interest Background, indication of the 

literature gap 

State of the art Literature review The most recent stage of 

development of the field of study 

Methods Research objectives and questions Setting of the experiments, data 

acquisition and analysis 

Results Results from all the published 

papers 

Presentation of results from 

experiments  

Overview of the 

publications 

Summary of published papers Research objectives, results, 

relation to the whole dissertation 

work 
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Discussion Analysis of data with regards to 

research questions 

Discussion of data from the 

papers 

Conclusions Summary of all the published 

papers 

Conclusions of the work noting 

the limitations and giving 

perspectives for further studies 

Part II: Published Papers 

1.8 Social and environmental impact 

Industrial welding has great social and environmental impact. On the societal level, 

welding is directly involved in economic development, because welding is found in all 

key sectors of the economy. It is found in the construction of housing, transport and 

energy infrastructure, as well as in the manufacture of the utensils used daily in our 

homes, in public places and even in hospitals. From an employment perspective, the 

ubiquity of welding in industrial operations means that it generates significant 

employment. However, welding proficiency requires a long period of training, 

qualification and requalification. 

 

This long and costly training, together with health and safety concerns associated with 

welding, is a cause of the decreasing number of professional welders relative to the 

increasing demand. It is thus imperative to facilitate welding operations that will have the 

combined effect of reducing welding costs and attracting more people to the welding 

profession. This study will promote reaching the aim to give more control to the welding 

equipment and leave only essential tasks to the operator. The adaptive control analyzed 

in this research would allow quality dissimilar welds to be achieved after only a short 

period of training. The advantages of effective dissimilar welding will enable companies 

to increase their profitability. Most importantly, reliable welds limit the risk of premature 

failure and industrial accidents. 

 

On the environmental side, welding, despite its benefits in terms of structure 

manufacturing, faces calls for reductions in emissions harmful to health and the 

environment. Moreover, in the case of electric arc welding, the use of highly prized gases 

such as helium, which is not renewable, is another cause of concern. These environmental 

and health concerns add further importance to optimization of the GMAW process. 

Adaptive metal transfer control can significantly reduce the emission of fumes and the 

use of costly shielding gas. In addition, by improving weld reliability and enabling lighter 

structures, more widespread adoption of dissimilar welding would reduce transportation-

related emissions. The ability to use steel grades with qualities specifically suited to 

environmental conditions would reduce the risk of industrial accidents, and their 

associated ecological impacts, in industry generally and offshore oil and gas platforms in 

particula
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2 State of the art 

The use of dissimilar metal welding has increased continuously over the past decades. 

This growth has occurred at the same time as the development of new steel grades, which 

have higher strength but are very sensitive to welding conditions, such as heat input, and 

which are prone to softening. Kim and Kil  (2012) and Budkin (2011) stated that welding 

techniques that give guaranteed quality are very much needed and are essential for weld 

quality assurance for dissimilar welding in transport and power plant systems. According 

to Budkin (2011), fusion welding of dissimilar metals is efficient if the welding 

parameters that determine the cooling conditions and the duration of the interaction 

between the solid and liquid metals are strictly monitored and controlled. These 

researches imply a need for output parameters to match the requirements of the metals to 

be welded and the type of joint. 

Several parameters affect the weldability of steel and the properties of the welded joint. 

Studies such as (Praveen & Yarlagadda, 2005), (Sun & Karppi, 1996) and (Kah, et al., 

2011) have indicated that factors to consider in welding of dissimilar metals include: the 

alloying elements – carbon can migrate in workpieces of dissimilar metals having 

different carbon content; the microstructure gradient responsible for mismatches; and 

residual stress throughout and across the weld section and the weld area. In addition, 

Samal , et al. (2011) and Naffakh, et al. (2009) have indicated that parameters such as 

current, voltage, shielding gas mixtures and their flow rates are fundamental for the 

formation of dilution and residual stress. Dilution and residual stress can cause the 

formation of intermetallic components and cracks and can compromise the quality of the 

welded joint and reduce fatigue life. Intermetallic components and cracks are the result 

of poor delivery of output welding parameters and non-effective control.  

There are numerous challenges associated with welding of dissimilar metals, and attempts 

to improve the quality of such welded joints have mainly been through simplification of 

welding procedures and the use of alternative welding processes such as fusion state or 

solid state welding. Solid state welding of dissimilar metals has been attempted by the 

use of friction stir welding (Aonuma & Nakata, 2010). In addition, high intensity 

processes such as laser welding, have been used in efforts to reduce the size of the heat 

affected zone and the effects of thermal expansion (Borrisutthekul, et al., 2005). Another 

approach in fusion state welding is to combine two processes in hybrid welding, for 

example, laser and arc welding, which has been used in the combination of laser and 

tungsten arc welding (Liu, et al., 2006). Unfortunately, these methods require robust 

equipment, which is often very large and unwieldy (Zhang & Song, 2011). Therefore, the 

welding stations are non-transportable and cannot be used on-site, necessitating the 

transport of parts to the workshop for repair, which is costly and not always feasible. 

Among the many welding techniques for fusion state welding, GMAW is the most 

versatile and cost effective. This is the fundamental reason why this study is interested in 

potential developments in GMAW and their effects on the welding of dissimilar metals. 

Welding equipment has evolved greatly over the past decades and with this evolution 
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there has been considerable increase of welding performance. Starting in the 1970s, there 

has been development of synchronization of welding parameters, which is illustrated by 

approaches such as synergic control and self-regulation control. This evolution moved 

from analogue system control to digital system control as electronics developed, leading 

to faster step response and the development of software for control loops. According to 

Akıncı (2010) response spontaneity allows the design of specific current waveforms and 

adjustment of parameters on the basis of comparison of feedback information of the loop 

and optimization of output data. Moreover, early work from Ma (1982) revealed the 

possibility of producing controllable and repeatable drop spray transfer mode in a wider

current range. 

Digitalization of power sources has resulted in intense research activity on modification

of traditional short circuit metal transfer current waveforms. The obtained results are more 

than satisfactory because they have led to a significant reduction in fume rate generation,

less spatter, better control of the heat input (Q), and better weldability of metals sensitive

to excessive heat. It has thus become possible to weld zinc-coated steels without 

widespread destruction of the zinc coat, to weld thinner sheets (<3 mm) without burn-

through, and to improve the quality of dissimilar steel and aluminum welding. Research

has also extended to higher heat input transfer modes by optimization of the pulsation 

current waveform. For instance, Ghosh, et al. (2000) (Ghosh, et al., 2000) found that

microstructure and grain size change depend significantly on pulse parameters. Thus, it

has become possible to weld structural steels with P-GMAW. There are a number of

different pulsation approaches; for example, variable polarity that alternates positive and 

negative pulses. Recent research interest has focused on mixing different metal transfer 

modes in techniques such as double-pulsed GMAW or a combination of pulse and short-

circuit transfer modes. 

2.1 Conventional GMAW 

The conventional or traditional GMAW process is characterized by a power source, an 

electrode supply unit, and a shielding gas unit. The welding process operates on the

principle of electrode positive current polarity. The negative pole is connected to the

workpiece and the other serves as a consumable electrode. Figure 1 shows a diagram of 

the principle of the GMAW welding process. The following elements can be seen: (1) 

reel or drum, (2) drive rollers (3) flexible conduit, (4) hose package, (5) welding gun, and 

(6) power source. As a result of the electric current, an arc forms between the consumable 

electrode and the part to be welded. The heat is transferred by arc plasma radiation, 

conduction and convection from the plasma, as well as heat transfer through electron

flow. The heat generated from the arc allows fusion of the joint and the electrode under

protection of the shielding gas, which prevents external contamination. The current levels

depend on the wire type and its diameter, as well as on the gas mixture type. These 

differing metal transfer modes are a function of the temperature generated by the arc and 

the forces acting during this process. Much research has focused on characterization and 

classification of these modes of metal transfer and the change from controlled transfer to 
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non-controlled metal transfer mode. International Welding Institute (IIW) (1976) 

classifies the mode of metal transfer into two categories: the natural transfer mode and

the controlled metal transfer mode. Iordachescu and Quintino (2008)  suggested an

approach in which metal transfer modes were represented letter A, B and C and could be 

illustrated in courant and voltage referential. Scotti, et al. (2012) studied the classification

of the mode of transfer of metal and added a new category called interchangeable metal

transfer class is added. A characteristic of earlier GMAW process is that it is complex to

set proper welding parameters and failed to provide stable metal transfer (Ushio, et al.,

1994). The setting of welding parameters such as current, wire feed rate, inductance and 

shielding gas flow are manual. With such limited control possibilities, early GMAW 

power sources had difficulties meeting the requirements of welding some metals. It is for 

this reason that in the past it was difficult for earlier GMAW stations to achieve qualitative 

weld joint using aluminum, high strength steels, stainless steels, thin sections or zinc 

coated sheet steels. The weld joints were subject to porosity, irregular repartition of

precipitation, lack of penetration, and soften area. 

Figure 1. GMAW process components. 

2.2 Shielding gases 

The shielding gas is an indispensable element in the GMAW process. Shielding gases can 

be used pure or mixed between two, three and four, and participate in the metal transfer

mode and to the formation of the weld bead. In arc welding consists of partially ionized

mixtures of shielding gas, metal, slags and vapor. Figure 2 shows different shielding gas

in pure and blend that can be applied. During planning of the welding operation, the

portions must be carefully selected to match the requirement of the welding procedure.

The shielding gas has a significant effect on the current and voltage, welding stability and 
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efficiency, the deposition rate and joint properties (Gadallah, et al., 2012). Generally, the 

blends are marketed ready to use and vary greatly depending on the supplier. Therefore, 

it is necessary to follow the recommendations of the supplier because the blend on the 

uses very specific. According to the European standard EN ISO 14175 of welding

consumable and gases and mixtures for fusion welding and allied processes. The 

shielding gases are the following: hydrogen (H2), carbon dioxide (CO2), oxygen (O2), 

Helium (He), and argon (Ar). Argon, helium and carbon dioxide are the most frequently 

used, the others one can be added to modify arc characteristic and the weld pool. Argon 

and helium in pure or blend are used for aluminum, copper and titanium, while for steel 

they are combined with CO2, O2, and H2. Titanium is very sensitive to nitrogen and 

oxygen; therefore, it requires higher purity of applied inert gas. Although, several studies

have analyzed the effects of these gases on the quality of the weld and the performance 

of the GMAW welding process, only some examples are taken to illustrate the shielding 

gas effects: 

According to Pires et al (2007), which studied Ar + CO2, Ar + O2 and Ar + CO2 + O2 

ternary combinations on carbon steel using electrode (AWS ER 70 S-6) of 1.2 mm.

Ternary mixtures are very flexible and produce metal transfers by short circuit, and by 

spray with a wide range of current and voltage. The formation of smoke increases with

the increase of CO2 and O2 in the mixtures with a relatively higher proportion with CO2. 

Liskevych and Scotti (2015) studied the influence of the quantity of CO2 gas in a mixture 

with Ar on the performance of short circuit metal transfer mode. The welding parameters 

were not identical to have the best conditions for each gas mixture. However, for a good

basic equity evaluation, the average current was the same and voltage were selected to 

achieve optimum stability for each case. The result showed that the increase in CO2 

resulted in the perturbation of the metal transfer by the formation of more spatter and an

irregular shape of the weld bead. However, an increase in the penetration, width, as well 

as of the fusion zone, has been observed. Furthermore, it was noted a decrease in the

excess deposited weld and the convexity of the weld bead. The study confirms the 

application of 10 to 30% CO2 and the recommended margin for an acceptable weld

geometry with less spark. 

Cai et al (2017) analyzed the effect of shielding gas on the properties of the arc and the 

formation of metal drops. The operation consisted of welding a narrow gap with the 

GMAW process. Since the property of the arc is easy to measure with the GMAW 

process, the experiment uses the arc tungsten gas (GTA) method. The use of the GTA

process in this experiment, the limit to the Ar + He mixture. It was found that at constant 

current the voltage increases as Helium increases and as Argon decreases. Due to its 

density, more heat is transferred with a mixture containing a high Helium content. 

Moreover, the helium has a higher ionization energy, which makes it possible to increase 

the gradient potential of the arc. When evaluating the characteristics of the metal transfer, 

for a constant voltage, the current and the power supply of the wire decrease as He or CO2 

increases. 
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In addition, there has been concerned on the emission of fume during GMAW welding. 

There is relationship between shielding gas, metal transfer mode and fume generation 

rate. Scotti and Meneses (2014) studied the parameters that affect the generation of fume 

during the short-circuit transfer. Welding was carried out on a carbon steel with an 

electrode (AWS ER70S-6) of 1.2 mm and shielding gas were Ar + 25% CO2 or 100% 

CO2. By keeping an average current of 150A and a constant welding speed, it was 

observed that a high current, a bigger arc length and a longer arc period each increase the 

fume generation rate. 

 

Figure 2 Pure and blend shielding gases 

 

2.3 Control of gas metals arc welding 

In manual control the welder must observe the arc and adjust the wire feed speed so as to 

keep an optimal distance between the tips of the wire filler and the workpiece which must 

be as close as possible to concentrate the heat, keeping the burning rate and also avoid 

that the filler wire stumbling on the welding pool. 

Given the complexity of this practice for the welder, the use of the automatic system 

appeared to be the ultimate alternative to improve welding quality. According to Cook, 

et al. (1989) the objective of automatic control allows: 

- Reaching the expected mechanical and metallurgical properties, 

- Controlling the formation of the microstructure during solidification, 
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- Sensing and controlling the level of effect formation. 

There are two basic techniques that characterize process control in general. The open loop 

control system where the principle is based on input data expected to be output-specific. 

In contrast to the closed loop system (Figure 2), also known as automatic control or 

feedback control, operates from an input data, thereafter output data is captured and 

returned in feedback for comparison of the expected value. The observed error is used to 

adjust and introduce new input until the comparison is satisfactory. To achieve the closed-

loop control objective, there are several strategies such as: optimal control, adaptive 

control, robust control and learning or intelligent control (Ozcelik & Moore, 2003) . In 

this study, the interest is on closed-loop control and especially adaptive control. The 

adaptive control uses the information collected in real time to enhance the controller 

tuning so as to reach or uphold the expected level of performance. A generic closed loop 

system (Figure 3) is composed of a controller (e.g. adaptive controller), an actioner (e.g. 

GMAW process), sensors (e.g. optic sensors, electric sensors) and an error detector. In 

GMAW process input variables are welding parameters such as current, voltage, gas flow, 

welding speed, wire feed speed, type of weld joint, grade of workpiece and type of filler 

material. The output variables are the weld geometries, the microstructure and weld 

defects. 

Figure 3 Closed loop control system 

2.4 Synergic and self-regulation control 

There is a direct relationship between voltage and current. A voltage reduction is 

manifested by a decrease in the distance between the electrode and the workpiece, which 

directly generates an increase in the current intensity, which results in an increase in the 

melting rate of the electrode. This phenomenon, called self-regulation, allows adjustment 

of the distance between the electrode and the workpiece by burn-off of the electrode. 

Although the control is based on the principle of the characteristic curve of the power 

source, it is controlled by the logical structure. 
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According to Amin (1981), the output of the power source in synergic control is 

automatically adjusted according to the feeding speed of the electrode or the voltage as a 

constant distance is maintained between the electrode and the workpiece. Different 

approaches are available, but all start with the assumption that the melting rate of the 

electrode is determined by the mean current. Consequently, each method selects the 

required parameters according to the desired electrode melting rate. In a P-GMAW 

system, the methods either keep the duration of the peak and excess current constant and 

vary the background current and pulse frequency, or keep the frequency and excess 

current constant and vary the background current and duration of the peak. The self-

regulation control is distinguished from the synergic control. According to Elliott  (1985)  

self-regulation control can be considered as a voltage control, the wire feed rate and the 

voltage are constant, therefore a change of position will cause the current to change, 

which will compensate for the filler wire output.  Consequently, the voltage is kept 

constant. 

In practice, an electronic or microprocessor control computes the relationship of various 

programmed modes based on the electrode, its feed rate, and the driver transistor of the 

power source. The consumable electrode and the parameters of the pulse waveform are 

automatically adjusted to deliver a stable arc. The action of the operator is limited to 

selecting the proper feed rate for the welding operation. The control of the waveform 

parameters is established empirically for the first time under the following basic 

parameters (Amin, 1981); the pulse frequency, the pulse duration or pulse frequency, and 

the background level of the current, which should increase linearly with the feed rate of 

the electrode. This approach is, however, limited in that it only expresses two modes of 

the fundamental relationship, later derived by Eq. (1), whose parameters are shown in 

Figure 4: 

 

 
Figure 4. Schematic pulse current waveform.  

 

 

𝐼𝑚(𝑜𝑟 𝑚𝑊) = 𝐼𝑏 + 𝐼𝑒 ∙ 𝑇𝑝 ∙ 𝐹                                                                                              (1) 

 

Where: 
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I p, T p = pulse current amplitude and duration;  

I b, T b = background current level and duration;  

I m = mean current;  

T = total cycle duration;  

I e = I p - I b excess of pulse over background current;  

F=1/T pulse frequency;  

W = wire feed rate;  

m = I/W mean current per unit wire feed rate 

 

2.5 Welding process variable and control challenges 

Although the GMAW welding process is versatile, portable and highly productive, and 

has great potential for control, it should be noted that real-time monitoring of quality 

presents challenges. To achieve good weld quality and be cost-effective, the monitoring 

process must be able to collect data and act appropriately to adjust the output settings 

(Huanca Cayo & Absi Alfaro, 2010) (Hartman, et al., 2011) . In this section, different 

degrees of adaptive control are discussed. First, adaptability in relation to the current and 

voltage waveforms is discussed. Then, adaptability that combines feeding electrode rate 

and waveform is examined. Finally, adaptability of the driven system is reviewed. 

2.5.1 Short circuit waveform control 

The current and voltage waveform is an essential component of adaptive control of 

different metal transfer modes of the GMAW process (e.g. short circuit transfer mode and 

pulse transfer mode). According to Kim and Lee (1998), a metal transfer sequence 

requires a period of arcing, droplet transfer, re-ignition and extinguishing of the arc, and 

short- circuiting.  Re-ignition is the arc start and extinguishing of the arc occurs when the 

droplet at the tips of the electrode touches the weld pool. Conventional short circuit 

waveform has poor stability, unlike use of the controlled waveform (Ryoo, 2011). Figure 

3 shows two different current and voltage waveforms, which are conventional short 

circuiting waveform and controlled short circuiting waveform, respectively. Figure 5 (a) 

shows a typical short-circuiting metal transfer waveform-controlled. The instantaneous 

short occurs as the molten droplet grow and touches the weld pool without or with little 

metal transfer. There are two parameters to monitor the period of the arc, and metal 

transfer and re-ignition, unlike Figure 5 (b), which has several control parameters. Figure 

5 (b) shows common parameters available in a current waveform control of short-

circuiting metal transfer mode: ramp up and ramp down (logarithmic, exponential or 

linear), clamp, overshoot and undershoot steps. According to Kim and Lee (1998), 

changes in these different parameters influence the final result of the welding from the 

point of view of microstructure or geometric shape. Lertora, et al., (2011) investigated 

dissimilar welding lap-joint metals DP600 and S355 using waveform-controlled short-

circuiting arc welding (SCAW). Besides of a drastic reduction of the spatter, adjustment 

of parameters of the curve changed weld penetration, geometry and weld deposited 
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volume of dissimilar weld metals DP600 and S355 besides of a drastic reduction of the 

spatter. 

Figure 5.  (a) Typical voltage and current waveforms of short-circuiting transfer mode 

(Kim & Lee, 1998).  (b) Closed loop voltage and current waveforms (Cuiuri, et al., 2000). 

 

The controlled waveform, however, is characterized by seven features, each of which 

aims to improve a specific aspect of the metal transfer: (a) increase in the rate control of 

the short circuiting current, (b) suppression of the short circuiting current, (c) decrease in 

the rate control of the arc current, (d) promotion of short circuiting, (e) delay in the rate 

control or increasing the timing for the short circuiting current, (f) break in the current of 

short circuiting, (g) suppression of the arc reigniting current.  The increase in the number 

of control settings is achieved by optimizing the speed variation of the current (di / dt), 

which is possible using electronic control with a high-speed control inverter. 

The range of current waveform parameters is a key factor in control of short-circuiting 

metal transfer. A large number of possible settings enables adaptation of the process to 

the weld procedure specifications of the base metals and electrodes. Figure 6 shows a 

number of different types of current waveforms. It can be seen that certain waveforms 

offer more control options that others. Figure 6 (c) offers the least number of control 

parameters, while Figure 6 (b) provides the largest number. It should be noted that the 

same waveform can change appearance depending on the parameter values of the 

attributed variables. An example is shown in Figure 7, where the super-imposition (SP-

MAG) waveform patented by Panasonic is presented for different settings. 

(a) (b) 

Instantaneous 

short 
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Figure 6. Examples of adaptive short-circuiting metal transfer current waveforms: (a) Dahein 

CBT (b) Stava (Stava, 1999) Lincoln STT; (c) EWM ColdArc; (d) SP control Tawers 

 

Lertora et al. (2011) investigated the influence of welding parameters in a robotic MAG 

process.  Different settings were used to identify the effect of varying duration and 

varying current intensity for each individual phase while producing a series of hard-

facings on S355 steel. All the hard-facings were made using the same filler material (EN 

440 G3Si1 – ESAB OK Autrod 12.50 ϕ= 1 mm) and the same shielding gas (80% Ar – 

20% CO2). Figure 7 shows a comparison of the individual phases. Each hard-facing was 

made by varying just one parameter at a time. The penetrations observed for the hard-

facings were current waveform dependent. Reinforcement and penetration were higher 

with lower peak current, current =120 and a shorter period of short-circuiting.  Longer 

short circuit duration with 220 Amperes current also showed higher reinforcement and 

deeper penetration. This study shows the relationship between the parameters of the short 

circuit welding curve and the characteristics of the weld bead. This does not solve the 

problem of smoke generation. Meneses et al.  (2014) analyzed the effect of metal transfer 
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by stable short-circuit on smoke generation. The results showed that, on the one hand the 

transfer with greater stability would not generate less fume, although it produces less 

spatter. On the other hand, other factors such as current, arcing time, droplet size and arc 

length are more likely to affect the generation of fume. 

 

 
Figure 7. Comparison of variation in wave geometry as a function of current waveform for SP-

MAG. 

 

2.5.2 Combined wire feeding and current-voltage waveform control 

Adaptive control of electrode feed, known as dynamic control of the electrode differ from 

a dynamic control of the current. The first cannot keep the same deposition rate per unit 

of bead length, yet keeping the same current. The second cannot keep the same current, 

yet keeping the same deposition rate per unit of bead length. Very modern systems 

combine both approaches, to mitigate the individual disadvantages of each. Figure 8 (a) 

and (b) show respectively an example of the diagram principle and waveform of dynamic 

control of the filler material. The dynamic control of the electrode is characterized by two 

main performance tasks: maintaining the arc length contestant, regardless of variation in 

the surface level of the workpiece, and assisting the transfer of the molten droplet in the 

molten pool.  

According to Huismann (2000), performance is improved by an alternating motion of the 

electrode; forward motion to deposit the attached molten droplet at the tip of the electrode, 

and withdrawal motion to allow the detachment. This improvement is reflected in the 

transfer of molten metal droplets at very low current levels, resulting in less spatter and a 

greater margin for control of heat input. The pinch effect does not rely only on the rising 

of current but to the reverse of the electrode motion and the surface tension which avoid 

explosion during droplet detachment. Process stability, microstructure formation and 

weld geometry enhancement have been confirmed by Wu and  Kovacevic (2002). Sour, 

et al.  (2013), who compared samples of a Fe-Cr-B-base alloy welded with a conventional 
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MIG process and a controlled short-circuit metal inert gas (CSC-MIG) welding process. 

Their results showed weld deposit with less spatter and less cracking for CSC-GNAW. 

In addition, no presence of oxide and no porosity were observed in the weld. 

Figure 8.  Waveform control and wire motion control. (a) Wire-tip motion measuring 

device (Wu & Kovacevic, 2002). (b) CMT waveform and droplet deposition sequence 

technique. 

2.5.3 Variable pulsed waveform control 

One of the causes of instability in the variable polarity process (GMAW-VP) is the arc 

length change in the polarity switch from the positive electrode (DCEP) to the negative 

electrode (DCEN). Thus, a methodology based on the parameters of the positive and 

negative electrodes was created, and which lead to the equation of the fusion rate equation 

(Equation 1 (Richardson, et al., 1994)). Knowledge of these melting rate variables is 

needed to match the wire feed to the positive and negative polarities.  

Tong and Ueyama (2001) investigated welding of aluminum alloys with VP-GMSAW. 

The current waveform in Figure 9, from Tong and Ueyama’s study, shows an example of 

the main pulsation parameters. Equation 3 gives  EN% sequence as a function of  

variables illustrated in Figure 9. The study showed that spatter can be eliminated by 

setting a waiting time of up to 1.5 msec prior to switching from EP to EN. This result 

affirms the effect of waveform features on welding performance. 
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Figure 9. AC pulse current waveform parameters. 

%𝐸𝑁 =
2|Ien|Ten

Ip(Tu+Td+2Tp)+Ib(Tu+2Tb)+Is(Td+2Ts)+2|Ien|Ten
                                                                    (1) 

Four different configurations of current waveform are analyzed (Figure 8). In EP in 

Figure 8a, there is a waiting time prior to and after the pulse and no waiting time in EN. 

In Figure 10 (b), there is a waiting time in EP after the pulse and none in EN. Figure 8(c) 

has a waiting time in the EP prior pulse and none in EN. Finally, Figure 10d has a waiting 

time after the pulse in EP and prior to the pulse in EN.  

According to Faria et al. (2007), who studied the effect of square-wave VP-GMAW on 

weld beam geometry, whether the waveform has a background current before the positive 

peak current or after has no influence on the weld geometry. In their parameters 

calculation of VP-GMAW, Vilarinho et al. (2009) concluded that a background current 

before and after peak current is beneficial for reducing sudden polarity shift. A longer 

negative electrode (EN) time always generates higher instability. The arc is stable with a 

background current before or after the peak current. However, the configuration of 

background before peak current is more effective in the avoidance of spatter. 

Vilarinho and Nascimento (2012) studied the effect of waveform and shielding gas on the 

melting rate and bead geometry for VP-GMAW-VP and their correlation to the 

kinematics of metal transfer. Two waveforms were investigated: a waveform with a 

positive background (BG) Ib after the peak current (Fig. 7b); and a waveform with a 

positive background (BG) Ib before the peak current (Fig. 7c). The results showed that 

bead profile can be improved in terms of lower convexity by using waveform Fig. 7c), 

lower %EN and a richer oxygen-based argon blend. On the other hand, the opposite 

selection (waveform b, higher %EN and poorer oxygen-based argon blends) is desirable 

for reducing heat input and improving gap bridge-ability of the weld bead. Although 

waveform (c) presents lower thermal effect, the long-time that the droplet travels through 

the arc in comparison to waveform Fig. 7b heats it up, which increases penetration.  

 



2 State of the art 36 

 

  

 

 

 

 

 

 

Figure 10. Different AC-GMAW current waveforms. 

2.5.4 Double pulsed waveform control 

The principle of the most popular form of double pulse GMAC welding (DP-GMAW) is 

presented in Figure 11.  DP-GMAW is characterized by an alternating movement between 

the thermal base (Tb) and the thermal pulse (Tp) for each heat period. There is a higher 

frequency of current pulse, where a current thermal pulse and the time duration (Ip and 

tp) are preserved and the current thermal base and time duration (Ib and tb) are adjusted 

based on the average current for each heat period.  

The frequency of the current pulse (thermal pulsation) controls the weld pool stability, 

whereas the thermal pulse (e.g. higher peak pulse) controls the higher heat input 

responsible for fusion of the base metal. On the other hand, a thermal base with lower 

heat input (e.g. lower peak current) causes the surface tension and viscosity of the molten 

metal to become higher, reducing the risk of melt through (Mendes da Silva & Scotti, 

2001).  Equation 2 can be used to calculate the mean current (Im); Equation 3 for the 

pulse frequency (f); and Equation 4 for the thermal frequency (ft) (Sen, et al., 2015). 

Liu et al. (2013) investigated the weld pool profile characteristics of alumnium alloys in 

double pulse GMAW. It was observed that the change of arc size is greater in the thermal 

base than in the thermal peak, which causes variation of arc force with thermal pulse 

frequency. During switching from Tp to Tb, the weld pool undergoes a period of 

expansion followed by shrinking. In addition, the fluidity of the weld pool can be 

enhanced. As the thermal frequency grows, the effect of the thermal pulse on the weld 

pool is reduced and tends to disappear.  

(a) 

(c) 

(b) 

(d) 
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Figure 11  Current waveform of DP-GMAW technique (da Silva & Scotti, 2006) 

𝐼𝑚 =
𝐼𝑝𝑡𝑝+𝐼𝑏𝑡𝑏

𝑡𝑝+𝑡𝑏
                                                                                                               (2) 

𝑓 =
1

𝑡𝑝+𝑡𝑏
                                                                                                                       (3) 

𝑓𝑡 =
1

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑒𝑎𝑘 𝑡𝑖𝑚𝑒+𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑏𝑎𝑠𝑒 𝑡𝑖𝑚𝑒
                                                                       (4) 

 

Control by pulse has a number of different options: high pulse, base pulse, alternating 

pulse, high frequency, and low frequency. Different combinations can be used in double-

pulsed processes, for example, a high frequency with a high current can be combined with 

a low frequency and a low current base and a duty cycle of 50% for each type of pulse. 

Figure 12 shows possible configurations of DP-GMAW. Both the thermal peak and 

thermal base can be in DCEP (Figure 10 a) or VP-GMAW can be used for the thermal 

peak and thermal base (Figure 12 b). It is also possible to combine DC-GMAW and VP-

GMAW.  

Zhang, et al. (2015) studied the microstructure and mechanical properties of 30Cr-4Mo 

ferritic stainless steel welded joints made by DP-GMAW using ERNiCr-3 Ni-based filler. 

Examination of the microstructure revealed that the average size of the HAZ was 

effectively controlled because of the reduced heat input. A linear relationship was 

established between the size of the HAZ and the heat input. No presence of sigma (σ) 

phase, chi (χ) phase or Laves-phase was observed. An even distribution of precipitation 

of Ti, Nb, C, N was noted, mainly inside the grains, which preserves the integrity of the 

grain boundary and therefore retains the ductility. 

 

Sen, et al. (2015) evaluated the correlation between DP-GMAW process parameters and 

weld morphology. Their results showed that bead width and height and depth of 
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penetration grow with rise in mean current (Im) for a constant thermal pulse frequency 

(ft). At higher Im (beyond 250 A), bead width is less likely to change with ft. However, 

bead height grows with rise in ft and deeper penetration can be reached at lower ft values. 

 

 

 

 

 

 

 

 

Figure 12. Features of double pulsed GMAW. 

2.5.5 Forced arc waveforms control 

The forced arc waveform is characterized by a short arc distance, which results in a short 

circuit after the pulse. The drop size increases due to the current pulse, after which it 

touches the weld pool. Different names are given to this approach; forced arc EWN or 

Lincoln Rapid arc. Figure 13 shows the principle of a pulse followed by a short circuit. 

The current waveform has the following features: (a) Pulse ramp/peak, (b) 

tailout/background, (c) short, (d) puddle repulsion. When the distance of the arc is 

shortened, it not only causes but also sparks greater pressure of the arc on the melt, which 

allows more precise control of the heat input.  

The control for this type of approach is to reduce the drive time to increase the speed of 

welding compared to traditional pulse processes. Moreover, the short-circuit can be 

controlled and its rate varied according to the desired geometric profile of the weld. This 

type of waveform control allows welding at low voltage and at greater speed, from 1 to 

1.5 m / min, unlike the GMAW-P process, in which the high height of the arc limits 

welding speed. In addition, Pepe et al. (2010) reported that the approach reduces undercut 

defects by up to 75% and decreases the welding time cycle by around 10 to 30%, thanks 

to the higher welding speed, thereby increasing productivity and significantly reducing 

production costs. Additionally, due to the very small amount of spatter generated, 

cleaning of the base metal, the fixtures and the torch nozzle is significantly reduced, with 

a consequent decrease in production cost (Torbati, et al., 2011). At a wire feed rate in the 

region of 9 m/min, the quantity of spatter is reduced to approximately one-fourth that of 

(a) 

(b

) 
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other methods. There is also a beneficial effect on undercut, and a good welding bead is 

achieved. At Panasonic, this welding method is called hyper dip pulse. 

 

Figure 13. Forced arc principle. 

 

In the literature, there some research that discusses the reduced distance between the tip 

of the electrode and the molten pool, the resulting current waveform parameters and the 

benefit of such as the weld profile and penetration. Torbati, et al. (2011) studied 

optimization procedures for GMAW of dissimilar metal pipes. A root weld joint of a pipe 

of carbon steel (outer pipe) and a corrosion resistant alloy (CRA ) (inner pipe) was welded 

using three different approaches; GTAW, GMAW and a combination of GTAW for inside 

and GMAW for outside the pipe. The aim of the combined approach was to improve the 

root pass procedure by using short arc length GMAW for an outward weld from the 

outside of the pipe and GTAW weld from inside of the pipe. Satisfactory penetration was 

achieved.  
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Mvola, et al. (2013) investigated forced arc adaptive GMAW and a standard GMAW 

process. Figure 14 shows the controlled waveform principle (WiseFusion) applied as 

adaptive GMAW. By changing the settings of the welding process, it was possible to 

evaluate heat input, dilution, microstructure and hardness. The results showed that by 

decreasing the percentage of short arc circuiting welding to 20%, the penetration and the 

weld geometry became close to that of P-GMW with a finger like root penetration. On 

the other hand, by increasing the percentage of short-circuiting to 50%, a root round 

penetration tended to be produced. In addition, it was found that the heat input could be 

kept at 0.59 kJ/mm by merely changing the percentage of short-circuiting, although the 

geometry of the weld changed significantly.  

 

Figure 14. Forced arc waveform features. 

2.5.6 Mixed waveforms control 

In traditional GMAW-P, mixed metal transfer mode occurs randomly (Praveen, et al., 

2006). Difficulties observed with variable polarity welding include extinction of the arc 

at the zero crossing of the line and problems adjusting the balance of EP and EN. It has 

been suggested that the problem could be solved by passing successively not a positive 

pulse to a negative pulse, but a sequence of positive to negative pulses as shown in Figure 

15 (Kazmaier, et al., 2010). This would allow more adjustable flexibility between the two 

polarizations. By combining different transfer modes with an advanced control digital 

power source and appropriate software, there is greater ability to control the heat input. 

For example, a mix of pulse and short circuiting transfer waveform will allow a reduction 

in heat input, facilitating welding of thin sheet metal; if the periodic time of short-

circuiting is higher, the pulse time can be used to increase the deposition rate. Inversely, 

the heat input can be increased by increasing the pulse periodic time, thereby making it 

possible to weld cross-sections of up to 10 mm.  
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Repeat function sequences of different waveform current can be of value for difficult 

welding positions. The short circuit current transfer mode operates at relatively low 

current intensities with low heat input; whereas the one droplet pulsed transfer mode has 

higher current intensities and greater heat input. Alternating between these two transfer 

modes to generate an average heat broadens the range of possible welding positions to 

horizontal position (PC), horizontal overhead position (PD), overhead position (PE), 

vertical up position (PF) and vertical down position (PG). In addition, by welding a V-

groove, it becomes possible to wave the welding torch without the risk of becoming stuck 

on one of the bevel faces. 

 

Figure 15. Mixed waveform: two positive pulse (EP) and negative (EN) CMT (Trommer, 2009). 

 

The use of combined waveforms allows advantage to be taken of different waveforms in 

the same welding operation. In the same cycle of welding, two different current 

waveforms are utilized alternatively, which increases the range of parameters and control 

options. Figure 16 represent different setting of current and voltage waveforms of CMT 

process in Cong, et al.  (2015) study. 

Pickin and Young (2006) evaluated mixed waveform performance when welding 

aluminium. The following combination of waveforms were used: 20 pulses/6 CMT short-

circuits, 20 pulses/4 CMT short-circuits, and 20 pulses/2 CMT short-circuits. The results 

showed that combining pulse sequences and a modified short-circuit waveform such as 

CMT allowed thicker sections to be welded, improved control of penetration, and 

produced a better appearance of the weld bead. 

Kolařík, et al. (2012) evaluated advanced functions of modern GMAW power sources for 

steel welding. A V-butt-joint of 10 mm thickness in structural steel S275J2 was welded 

in two layers; a root and a cap layer in the PF position (vertical). Alternating two types of 

sequences was advantageous for welding the cap layer and filling in the sense that the 
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total heat input is reduced significantly due to the lower average operating current and 

voltage. A better weld was achieved with a smaller heat affected zone compared to a 

standard short arc weld. 

 

Figure 16. Current and voltage waveforms: (a) CMT, (b) CMT-P, (c) CMT-ADV and (d) CMT-PADV (WFS=7.5 

m/min) (Cong, et al., 2015). 

2.5.7 Seam tracking 

One of the main factors in the cost of welding is the salary of the welders. When trying 

to reduce the cost of welded products, one approach is to use automation to increase 

productivity. As reported by Kah, et al. (2015), automated systems solve the problem of 

a lack of qualified welders and also limited capacity of the workload. However, Rios-

Cabrera, et al.  (2016) noted that the equipment serving as an operator and/or driven 

system to replace welders must not only be quick and accurate but must have, and even 

surpass, human abilities. Such equipment must be able to reposition repetitively and with 

precision, undertake seam tracking, and self-adjust if necessary.  

 

Another aspect of efforts to increase welding efficiency that has gained prominence in 

recent years is the need to reduce programming time. It is time-consuming to program the 

torch path through a complex weld joint or to evaluate the number of passes per joint. 

The time taken for programming becomes longer if a workpiece of different morphology 

is to be welded on the same station, because programming of the second workpiece cannot 

begin until the previous work has been completed. A new approach to this problem is to 

perform robot programming offline using virtual modeling compatible with the work area 

of the station. With both online programming and off-line programming (OLP) and even 

during ongoing welding operations, there is the possibility of misalignments or location 

error between the virtual and real environments, dimensional changes in the series of 
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workpieces to be welded or residual stress distortions. As noted by Zhang  (2008), in such 

cases the position of the actuator should be corrected and the torch adjusted to the right 

point. In addition, if several passes are required, the computer must be able to estimate 

the number of passes and their execution sequence. Figure 17 (a) shows how the trajectory 

of an arc welding torch, the expected profile of the workpieces and the actual position can 

be defined. The arc sensor signal identifies the edges and indicates the center point where 

to drop the weld bead. Figure 17 (b) shows an arc welding torch that follows the weld 

bead and detects variation in groove size and then oscillates to deposit a bead 

corresponding to the sensed gap. 

 
Figure 17. (a) Torch trajectory with differential sensing and control. (Zhang, 2008) (b) Arc 

volume adaptive welding. 

2.6 Sensors 

Arc welding processes require multiple sensors to be fully adaptive. According to Ushio 

and Mao (1994) (Ushio & Mao, 1994), there is no question that it is essential to have a 

good understanding of the input and output welding parameters and characteristics of arc 

welding processes for development of sensor-based control systems. The biggest 

challenges of sensors used for arc welding are the accuracy, repeatability and matching 

with the groove shape change. 

2.6.1 Sensors for technological parameters 

Once the parameters have been identified, it is essential to find tools capable of sensing 

the data efficiently. The technological parameters to be captured are: current, voltage and 

wire feed rate (Garašić, et al., 2015). According to Ushio and Mao (1994) the GMAW 

process is well-suited to data capture because the workpiece is connected directly to the 

electrical circuit. In addition, the electrode, another fundamental element of this welding 

process, is also directly linked to the electrical circuit. These two factors make the use of 

electrical sensors the simplest and most effective approach applicable to the GMAW 

process. Figure 18 shows three different electrical sensors: Figure 18 (a) shows an 

application with an encoder or servo motor, whose role is to synchronize the output 

current and the displacement of the consumable wire. The Contact Tip to Work Distance 

(CTWD) is linked to the arc voltage and current, therefore the CTWD change will be 
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sensed by the rotary encoder as the filler wire driven motor is run by current and voltage 

output. Figure 18 (b) and (c) show, respectively, a magnetic field sensor (Hall) and a 

shunt, which make it possible to measure the current passing through the resistor. These 

sensors measure parameters directly related to the power sources. Therefore, can collect 

data that are directly useful in adaptive close loop controlled systems for adjusting 

welding parameters such as the variables of the current and voltage waveforms, the feed 

speed of the electrode, and the control of the valves for flow of the shielding gas.  

Figure 18.  Application of technological parameters sensors: (a) arc voltage, (b) Hall effect 

device, (c) current shunt. 

2.6.2 Sensors for geometrical parameters 

The aim of geometrical parameters sensors is to capture data about the geometry of the 

weld. The captured data are fundamental to seam tracking and thus the quality of the 

weld. However, major challenges exist when using such sensors during welding 

operations. The weld spot area is characterized by a very hostile environment with very 

high temperatures, splashes of molten metal that cause spatters, intense light and very 

high current, and this environment is likely to adversely affect the performance of most 

sensors used for through-arc, optical or laser measurement. According to Song and Hardt  

(1993), sensors can   lead the torch to detect the position of the weld seam.  On the other 

hand, sensors can be thrilling or being at the welding spot of arc. According to Abdullah, 

et al. (2013) , sensors placed at different position relatively to the arc spot can be used to 

evaluate and predict the quality and geometry of the weld. Figure 19 (a) shows a sensor 

utilizing the principle of triangulation. It can be seen that the optic and laser triangulation 

allow to the shape of the weld joint to be visualized. Figure 19 (b) shows a block diagram 

describing how the temperature is sensed and the penetration of the weld predicted under 

the control of a heat transfer model. Measurements captured by thermal sensors can thus 
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be used to predict penetration and weld quality. However, the indirect nature of the 

measurement can affect the accuracy of the result. 

Figure 19. Sensing geometry illustration. (a) Principle of light-section procedure. (b) Block 

diagram of a thermal based depth estimator (Song & Hardt, 1993). 

2.7 Signals and data processing 

During the GMAW process, the operation is not linear and, for example, the current varies 

constantly, which interferes with the transfer of the signal and can affect the signal output. 

These interferences may appear randomly or be inherent in the signal processing. 

Consequently, a filter is required to clarify the underlying signal. According to Love and 

Simaan (1988), the filter should sift the segment of the usable signal while suppressing 

the interference and improving the quality of the signal, and thus facilitating signal 

processing. A large amount of data is collected during GMAW operations, a large part of 

which is not necessarily exploitable for control of the process. The data must be sorted to 

simplify and speed up the analysis, and also to preserve data storage space. Figure 20 

shows an example of diagram of acquisition and data processing.  According to Hartman, 

et al. (2011), one approach is to fractionate the data using statistical principles like 

average, maximum and minimum limits. 
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Figure 20.  Block diagram for data acquisition and signal processing system (Phounium 

& Poopat, 2006). 

2.7.1 Artificial intelligence 

In the field of welding, artificial intelligence is based on the principle on empirical 

experiment as well as research findings, standard book and welding procedures. Artificial 

intelligence systems rely on knowledge of the system to be monitored and they require 

learning abilities for facts and the relationships between the various elements involved, 

as well as deduction and reasoning abilities in relation to the stored data. In recent years, 

artificial intelligence systems used with or researched for use with GMAW have included 

expert systems, fuzzy systems, artificial neural network systems, genetic algorithms and 

hybrid systems (e.g. neuro-fuzzy approaches). In GMAW, artificial intelligence can be 

used in data analysis, finding optimum welding parameters for a given weld design and 

enhance efficiency in decision making. Each of these artificial intelligence systems has 

its strengths and limitations, as shown in Table 2, where the four main artificial 

intelligence approaches are presented.  

Comparison of artificial intelligence in Table 2 are based on their relationship to human 

knowledge representation. The expert system is a set of rules models of human welding 

knowledge. Moreover, expert system capture strategic in a specific and limited field of 

human expertise. It applies a set of IF-THEN-ELSE rules derived from welding experts 

to support structured decision making (Tzafestas, 2009). The fuzzy system is based on 

logic rules to characterize inaccuracy or uncertain values in welding expert or language 

categorization such as describing and comparing terms. In addition, fuzzy system offers 

solution to task that require skill, difficult to model in the form of IF-THEN rules (Jäkel, 

et al., 2009). The neural system can find patterns and relations in abundantly available 

data that would be difficult for a human being to scrutinize. Neural system can learn 

patterns by sieving through data, looking for relationships, building models, and 

correcting time and again the model’s own errors (Campos, 2009) .The genetic algorithm 

can find optimal solution to a task by exploring a massive number of alternative solution. 

It uses adaptive and evolutionary conceptual models to change and reorganize 

components of possible solutions to create viable solutions, test their suitability, and reject 
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uncertain solutions. Genetic algorithm uses fitness, crossover, and mutation to strain 

solutions (Fleming & Purshouse, 2009). 

Currently, there is intense research activity in the area of artificial neural network systems 

for analysis and prediction of weld quality, as well as optimization of welding parameters. 

Conventional adaptive control alone is not sufficient for analysis and optimization of 

welding parameters and quality of the welds, and a heuristic mechanism and various 

control constraints have to be added for effective control of the welding process. Artificial 

intelligence can therefore play a crucial role in overcoming this constraint. Several case 

studies have demonstrated the ability of artificial intelligence to analyze data, and predict 

the quality of welding. In a study by Hirai, et al.  (2001) on detection of T-joint weld 

penetration using a hybrid neural network and fuzzy system, a neural network system 

predicted the proper conditions for the weld geometry and a fuzzy model was used to 

determine the proper welding conditions to avoid welding defects such as undercut and 

lack of penetration. In another study by Kristiansen, et al. (2014), a method was proposed 

for GMAW that makes it possible to collect data by means of a visual sensor. The system 

included fuzzy-type artificial intelligence. The system was able to control an increasing 

gap between base metals ranging from 0 to 2.4 mm by utilizing data on the thermal 

profile, the weld and the base metals. These two studies show the fundamental role and 

potential of artificial intelligence in optimization of welding parameters and quality 

assurance of welds, as well as for seam tracking and programming of robots for the 

GMAW process. 

Table 2. Artificial intelligence: Benefits and drawbacks. 

 

Artificial intelligence
Expert systems

•Rether good Knowledge 
representation

•Rather bad uncertainty 
tolerance

•Bad imprecision tolerance

•Bad adaptability

•Bad learning ability

•Good explanation ability

•Bad knowledge discovery 
and data mining

•Bad maintanability

Fuzzy systems

•Good knowledge 
representation

•Good uncertainty tolerance

•Rather bad impression 
tolarance

•Rather bad adaptability

•Bad learning ability

•Good explantion ability

•Rather bad knowledge 
discovery and data mining

•Rather good maintenability

Neural systems

•Bad knowledge 
representation

•Good uncertainty tolerance

•Good imprecision tolerance

•Rather bad adaptability

•Good learning ability

•Bad explanation ability

•Good knowledge discovery 
and data mining

•Good maintenability

Genetic algorithms

•Rather bad knowledge 
representation

•Good uncertainty tolerance

•Good imprecision tolerance

•Good adaptability

•Good learning ability

•Bad explanation ability

•Rather bad knowledge 
discovery and data mining
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2.8 Weldability of steels 

Weldability is a concept that can be broadly defined as the ability of a metal to undergo 

welding easily. However, this definition may have different interpretations depending on 

the perspective. Two aspects are distinguished in this case; the viewpoint related to the 

welding process and the viewpoint related to the base metal. In the first case, the issue of 

weldability concerns the suitability of the welding process for welding the base metal. In 

the second case, the issue of weldability concerns the ability of the metal to be welded by 

the welding process. A consensual approach would be to understand the phases of 

transformation of the metal and the effect of their alloys element during their melting and 

cooling processes and to design processes that can meet to these requirements. For 

example, low heat input such as resistance spot welding and laser welding can be 

hardening at HAZ of low carbon DP steels. The weld can be sensitive to cold cracking 

and brittle if post weld heat treatment is not conducted 

The properties of a fusion welded joint, especially in the heat affected zone (HAZ), along 

the fusion line, in the fusion zone and in the weld, are determined by the operating 

conditions of the welding process and the alloyed elements of the metal. Welding process 

conditions comprise the welding method, the input energy, and the weld joint design. The 

process conditions can be evaluated by the central expression of the cooling time. For 

example, for structural steel t8/5 defines the time required for the metal to cool from 800oC 

to 500oC. For duplex stainless steels, the cooling time expression is t12/8 for temperature 

range from 1200oC to 800oC. Cooling time is important because it is in this interval that 

significant microstructure and grain size transformations occur. These transformations 

determine the quality of the welded joint. By including a calculation tools that relate 

energy input and material composition, the welding process could determine cooling time 

from data sensed and improve its decision making. 

Equations have been developed that integrate the welding conditions, i.e. the composition 

of the metals and the welding parameters. The standards for determining the weldability 

are governed by the recommendations of EN 1011-2, (2001)  (EN 1011-2, 2001) that have 

been made on the basis of empirical experiments and are based on equations (5) to (11).  

The carbon equivalent (𝐶𝐸𝑇) is an empirical weight percentage value obtained by a 

mathematical equation which depending on the alloys elements composing the steel. This 

equation is present in each mathematical algorithm design to predict the preheating 

temperature necessary to avoid the hydrogen assisted crack in the weld and the heat 

affected zone. Throughout the years several forms of equation of carbon equivalent have 

been developed for specific reason. The effect of the alloying elements on the carbon 

equivalent (𝐶𝐸𝑇) is given by Equation (5): 

𝐶𝐸𝑇 = 𝐶 +
𝑀𝑛+𝑀𝑜

10
+

𝐶𝑟+𝐶𝑢

20
+

𝑁𝑖

40
                                                                                             (5)                                                                               

Depending of alloys element preheat may be required to avoid cold crack. Preheating 

operates by decreasing the cooling speed and permitting a more fully effusion of hydrogen 
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of the weld before cooling to ambient temperature. Calculation of the preheat temperature 

𝑇𝑝 is: 

𝑇𝑝 = 697 ∙ 𝐶𝐸𝑇 + 160 ∙ 𝑡𝑎𝑛ℎ (
𝑑

35
) + 62 ∙ 𝐻𝐷0.35 + (53 ∙ 𝐶𝐸𝑇 − 32) ∙ 𝑄 − 328         (6)     

where 𝐻𝐷 is a conservatively estimated hydrogen content of 5 ml in 100 g of weld metal 

for the welding method, 𝑑 plate thickness (mm) and 𝑄 heat input (kJ/mm). 

Heat input is the high temperature rate transferred to the workpiece from the arc energy 

input (E [kJ/mm]) equation (7):  

𝐸 =
𝑈×𝐼

𝑣 ×100
                                                                                                                                    (7)      

Where 𝑣 [𝑚𝑚/𝑠] is Welding speed, 𝑈 [𝑉𝑜𝑙𝑡𝑠]the arc voltage and  𝐼 [𝐴𝑚𝑝𝑠] the arc 

current. 

Linear heat input 𝑄  [kJ/mm] can be calculated from Equation (8):                                                                                 

𝑄 = 𝜂 ∙ 𝐸 = 𝜂 ∙
𝑃

𝑣
                                                                                                                         (8)      

where η is the arc thermal efficiency of 0.85 for GMAW 𝐸  [kJ/mm] is the energy input 

and 𝑃 arc power [kJ/s]. 

Using heat flow theory, it must be assumed that for a given combination of material 

thickness, heat input and preheat temperature, the heat flow might have two or three 

dimensional features, so calculation of the transition thickness dt is necessary: 

𝑑𝑡 = √
𝜂 ∙ 𝐸

2 ∙ 𝜌 ∙ 𝑐
∙ (

1

500 − 𝑇0
+

1

800 − 𝑇0
)                                                                       (9) 

where ρ is the steel density, c is the metal heat capacity, and 𝑇0 = 𝑇𝑝 is the preheat of the 

base metal.  

If dt<d, two dimensional heat flow is applied to determine the cooling time (Eq. 10) , and 

if dt>d three dimensional heat flow is applied to determine the cooling time (Eq. 11). 

 Cooling time for two-dimensional heat conduction results from Eq. (6): 

𝑡8/5 = (4300 − 4,3𝑇0)105
𝑄2

𝑑2
[(

1

500 − 𝑇0
)

2

− (
1

800 − 𝑇0
)

2

] 𝐹2                              (10) 

and the cooling time for three-dimensional heat conduction results from Eq. (11): 
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𝑡8/5 = (6700 − 5𝑇0)𝑄 [(
1

500 − 𝑇0
)

2

− (
1

800 − 𝑇0
)

2

] 𝐹3                                             (11) 

where the reduced heat input per unit length of weld is Q [kJ/mm], the pre-heat or inter-

pass temperature is T0 [
oC], the weld factor F and the metal thickness d [mm]. The cooling 

time t8/5 is calculated in [s]. 

Other means of predicting the composition in different weld zones have also been 

developed, and many have been used for decades. The Schaeffler diagram (Schaeffler, 

1949) is an effective means of estimating the quality of dissimilar welds by predicting the 

microstructure formation, in the dilution zone and the weld. The temperature and cooling 

time are not explicitly visible in the graph, as the diagram is designed on the basis of the 

alloy elements, the heating and cooling process, and ferrite number prediction and the 

risk of formation of martensitic and austenite constituents. Although the Schaeffer 

diagram is still widely used to predict the content of dissimilar weld deposits, more 

recently developed diagrams have increased the scope and accuracy of ferrite number 

(FN) prediction, for example, the DeLong diagram  (Long & DeLong, 1973), Espy  (Espy, 

1982) and Welding Research Council (WRC-1992) approaches (Kotecki & Siewert, 

1992). These welding prediction approaches are reserved for dissimilar welding which 

consists of at least one stainless steel. The prediction graphs are determined on the 

abscissa by an equation of chromium equivalent and in the ordinate of the nickel 

equivalent equation. 

Unlike with stainless steels, the determination of the weldability of the low alloy steels 

apply the carbon equivalent (𝐶𝐸𝑇) to integrate the effluence of the alloy elements. In view 

of the characteristics of S355 and S690 base metals, some difficulty may accompany their 

dissimilar welding. Using Equations (5) to (11) the Graville diagram can be computed 

and plotted. The Graville diagram defines the weldability area based on carbon content 

and the carbon equivalent calculated on the basis of the alloying elements. The difficulty 

here is represented by the degree of risk related to hydrogen induced cracking (HIC). The 

Graville diagram in Figure 21 shows the weldability lobe between the two steels. The 

weldability lobe is drawn through the required preheat limit, the minimum and maximum 

temperatures, and the critical temperature of inter-passes. It can be seen that S355 offers 

a larger area of tolerance for weldability. Thus, given that the S690 steel has a more 

stringent welding criteria, it is the welding parameters of S690 that will be primarily 

considered. 
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Figure 21. Comparison of weldability lobe of S355 and S690, based on the Graville diagram. 

2.9 Heat input calculation in controlled waveform 

The determination of the energy input by the power of the arc is an indispensable factor 

in evaluating the effect of the welding process on the welded joint. From the point of view 

of welding practice, the knowledge of the heat introduced is necessary to determine the 

cooling time required for the formation of the desired microstructure. Efforts have been 

devoted to finding an effective method for determining the heat input. One of the methods 

is that presented in equation 4 and 5 (instantaneous mean power). Its use is very extensive 

and allows to determine the amount of energy to a unit of the length of the weld. However, 

it should be noted that other methods exist. Joseph et al. (Joseph, et al., 2003)studied the 

effect of the welding parameters of the P-GMAW process on the power of the arc and of 

the heat input. The study compares three approaches to calculating arc power. The 

approach of the average power equation (12), the approach of Root Mean square (RMS) 

eq. (13) and finally the approach of the instantaneous average power (AIP) Eq. (14). The 

result of this experiment revealed that the most appropriate approach is that of 

instantaneous average power (AIP). The calculation obtained under the root mean square 

(RMS) power gave 10% greater heat input, while that obtained with the average power 

was 17% higher. It should be noted, however, that the experiment was limited to the 

pulsed metal transfer. The finding was confirmed by Nascimento et al. (Nascimento, et 

al., 2007)During their broader research on short-circuit transfer, globular, spray transfer 

and pulsed. The study evaluated four methods, including: Arithmetical average, root 

mean square, instantaneous average and RMS instantaneous power. Given the complexity 

of controlled current waveform, Melfi (Melfi, 2010) Suggests a new equation for 

Comparison parameters box S355/S690 
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calculating the heat input. Unlike Equation (8), Equation 15 is used if the power source 

display the measurement of energy and equation 16 if the measured power is displayed. 

𝑃𝐴𝑉 = 𝐼𝐴𝑉. 𝑈𝐴𝑉 ,                                                                                                                        (12) 

Where the current and the voltage of the average power are respectively 𝐼𝐴𝑉  and 𝑈𝐴𝑉 can 

be calculated: 

𝑈𝐴𝑉 =
∑ 𝑈𝑖

𝑛
𝑖=1

𝑛
  ,     𝐼𝐴𝑉 =

∑ 𝐼𝑖
𝑛
𝑖=1

𝑛
       

𝑃𝑅𝑀𝑆 = 𝐼𝑅𝑀𝑆. 𝑈𝑅𝑀𝑆,                                                                                                                (13)     

Where the current and the voltage of the average power are respectively 𝐼𝑅𝑀𝑆  and 𝑈𝑅𝑀𝑆 

can be calculated: 

𝑈𝑅𝑀𝑆 = √∑
𝑈𝑖

2

𝑛

𝑛

𝑖=1

  , 𝐼𝑅𝑀𝑆 = √∑
𝐼𝑖

2

𝑛

𝑛

𝑖=1

 

𝐴𝐼𝑃 = ∑
𝐼𝑖 . 𝑈𝑖

𝑛

𝑛

𝑖=1

                                                                                                                         (14) 

𝑄 =
𝐸𝑛𝑒𝑟𝑔𝑦(𝐽𝑜𝑢𝑙𝑒𝑠)

𝑤𝑒𝑙𝑑 𝐵𝑒𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)
                                                                                             (15) 

𝑄

=
𝑃𝑜𝑤𝑒𝑟 (𝐽𝑜𝑢𝑙𝑒𝑠) × 𝐴𝑟𝑐 𝑡𝑖𝑚𝑒𝑠 (𝑠)

𝑤𝑒𝑙𝑑 𝐵𝑒𝑎𝑑 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚)
                                                                                 (16) 

 

Q
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2.10 Weldability of dissimilar metals 

Dissimilar welding is very common, and there are several dissimilar welding concepts: 

welding a workpiece from different metals, welding the same type of metals but different 

grades, and finally welding metals of the same grade but with a different electrode. 

Welding metals of the same grade with a different electrode is the most common form of 

dissimilar metal welding. Whatever the case, it is important to note that fusion welding 

of dissimilar metal is complex and requires that the interaction of the base metals and the 

effect of the primary alloy elements are well understood. Different metals have different 

thermal coefficients, different heat diffusion coefficients, different melting points and 

different alloys, which makes fusion welding of dissimilar metals challenging. To avoid 

formation of brittle intermetallic components, accurate predictions of microstructure type 

have to be made based on the temperature and cooling rate ( Budkin, 2011). Specific 

procedures are required, which sometimes involve preheating of workpiece with the 

highest fusion temperature, to prevent excessive heating of one with lowest fusion 

temperature and to avoid microphases, element gradients, and micro and macro-

segregation. Finally, it is necessary to determine the interaction of the alloying elements 

in the welded joint and if necessary use buttering or inserts. Figure 22 shows the different 

procedures and considerations for dissimilar metal weldability. 

Figure 22. Check-list structure of the weldability of dissimilar metal. 
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2.11 Usability of advanced adaptive GMAW for weld joint 

improvement 

Fusion welding has wide application in industry, and it is found in areas such as 

shipbuilding and construction of offshore structures, bridges and pressure vessels. 

Efficiency, readiness of the joint and relatively low cost are some advantages of the use 

of fusion welded joints. Depending on the layout of the workpieces, fusion welded joints 

can be grouped into five categories based on weld geometry: fillet, corner, butt, lap or 

edge joints. Figure 23 shows a fillet joint (T-joint) whose weld bead strength can be 

calculated using Equation (17). According to Teng, et al., (2001) (Teng, et al., 2001), 

fillet welds are widely used in shipbuilding, bridge structures, frames support, pressure 

vessels and piping. However, due to the localized heat resulting from the welding process 

and subsequent cooling, distortions and residual stress at the welded area must be treated. 

High residual stress can lead to brittle fractures, fatigue and even stress corrosion cracks. 

Distortion is known to have a negative effect on welded structures, particularly as regards 

metal properties and structural integrity. It is essential to control distortions adequately to 

avoid occurrence imperfect shape and cracks, whose consequences can be dramatic. 

Several techniques can be used to control or reduce distortions related to welding; 

however, most of these methods require expensive procedures in addition to the welding 

process. According to Mochizuki, et al., (2006), in-process control distortion is superior 

to the use of post-welding methods. In-process distortion control is realized by the use of 

elastic pre-straining, restraint systems, preheating, and carefully-controlled heating or 

cooling. Therefore, fully automated advanced adaptive GMAW systems require the 

ability to control heat input by optimizing the welding parameters in real-time, thus 

guaranteeing the quality of the joint.  

The strength of a welded T-joint depends greatly on the weld seam, and the weld must be 

fused in both base metals with good penetration and proper dilution. The dilution should 

be free of coarse grain and free from any significant presence of a ferrite grain boundary 

or brittle element, which may lead to cracking and weld failure.  

 

Figure 23. Strength of T-joint welded joint . 

𝜎𝑤,𝐸𝑑 = √𝜎⊥
2 + 3 ∙ 𝜏⊥

2 + 3 ∙ 𝜏𝐼𝐼
2 ≤

𝑓𝑢

𝛽𝑤∙𝛾𝑀2
𝑎𝑛𝑑 𝜎⊥ ≤

0.9∙𝑓𝑢

𝛾𝑀2
                                                            (17) 
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3 Methods  

The research method used in this work, as illustrated in the flowchart of Figure 24, is 

based on a critical literature review and empirical experiments. Data were collected and 

analyzed in order to evaluate the performance of adaptive control components of the 

GMAW process and its effects on dissimilar metal welding. Eight scientific publications 

provide answers to the research questions under consideration. Several experiments were 

carried out during this study. 

Figure 24. Research flowchart. 
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3.1 Experimental setting 

This sub-section describes the design of the experimental work. It contains a description 

of the welding station used: arm robot, the sensors, and controller. The type of weld joint, 

the physical, chemical and mechanical properties of the base metals, the electrodes, the 

composition of the shielding gas and the welding parameters are also presented. 

3.1.1 Experimental set-up 

The workstation used in the experimental work is a GMAW process station. The robot 

arm manipulator and controller are, respectively: ABB IRB-A1600 and ABB IRC5 

M2004. The power source is a Fronius Puls Synergic 5000 connected to a unit wire feeder. 

The system acquires data from a number of different measurement points: two laser 

sensors for the thermal profile (Meta SLS 50 V1) combined with a process unit and 

monitoring of the thermal profile (HKS-Prozesstechnik ThermoProfilScanner and 

WeldQAS), a gas flow sensor (HKS-Prozesstechnik GM30L 10B), and a wire feeder 

sensor (HKS-Prozesstechnik DV 25 ST). Finally, a control unit that includes a computer, 

laser tools and a server for programming the thermo-profile scanning adaptive control of 

the workstation. Figure 25 shows the welding operation setting. The torch is between two 

laser sensors and the T-joint has increasing gap difference between the horizontal and 

vertical workpieces.  

 

Figure 25. Welding operation setting. 
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3.2 Materials, filler wire and joint design 

The specimens were first cut and prepared. They were then arc welded using the GMAW 

process station guided by a robot for welding of structural steel S355 and S690. The joints 

design were T-joint and PB (2F) with a progressive gap that varied from 0 to 2.5 mm. 

The specimens had an upright member (S355) and base member (S690) measuring, 

respectively, 6x100x300 and 8x100x300 mm. A consumable electrode (EN 440: G3Si1) 

of 1.2 mm in diameter was used to weld at four different speeds (5, 6, 7 and 8 mm / s). 

The filler materials used during the experiments was OK Autrod 12.51, which was 1.2 

mm in diameter. OK Autrod 12.51 has a composition that makes it more usable for 

welding of S355. Chemical compositions and mechanical properties of Base materials 

and  filler metals, are shown in tables 3 and 4. 
 

Table 3. Chemical and tensile properties of S355 MC and S690. 
Designation  Composition n (wt%) Pcm* 

Standards C Si Mn P S Cr Ni Cu Mo  

S690 EN 10025-6 0.11 0.28 0.27 0.011 0.003 1.03 2.7 0.19 0.27 0.256 

S355 EN 10025-4 0.07 0.28 0.43 0.012 0.005 0.51 0.23 0.44 0.27 0.101 

WM  0.084 0.34 0.32 0.026 0.009 0.13 2.15  0.02 0.205 

  Tensile properties 

Thickness (mm) Re (MPa) Rm (MPa) Strain at fracture (%) 

S690 8 690 795 - 930 14 

S355 MC 6 355 430-530 18 

Table 4. Chemical properties of the consumable electrode, G3Si1. 
Symbol Chemical composition, (wt%) Ceq% 

C Si Mn P S Ni Cr Mo Cu Al Ti+Zr  

G3Si1 

OK Autrod 12.51 (Filler material) 

(EN 440-G3Si1) 

0.06-0.14 0.70-1.00 1.30-1.60 0.025 0.025 0.15 - 0.15 - 0.02 0.15 0.11 

Symbol  Tensile properties Symbol  Tensile properties 

 Diamter (mm) Re (MPa)  Diamter (mm) Re (MPa) 

G3Si1 1.2 420 G3Si1 1.2 420 

 

3.3 Welding parameters 

Welding was carried out with GMAW set to conventional mode (constant voltage, 

without synergic control). A consumable electrode (EN 440: G3Si1) of 1.2 mm in 

diameter was used to weld at four different speeds (5, 6, 7 and 8 mm / s), thus giving four 

specimens for each type of electrode. The same values were used for wire feeding speed, 

welding speed, flow gas and CTWD in all four tests (given in Table 5). Argon is a widely 

used shielding gas in GMAW processes, because it is inert and can be mixed with other 

gases. It allows a good arc start and stable arc, and does not react with the base metal. It 

can provide free oxygen and nitrogen protection. Use of pure argon for GMAW of steel 

can cause instability of the arc, hence it is mixed with other gases, for example CO2. Up 

to 20% CO2 improves penetration, while 5-8% CO2 reduces spatter. Therefore, a mixture 

of 88% argon and 12% CO2 was selected for this experiment. Figure 26, 27, 28 and 28 

are respectively current, voltage, wire feed speed and gas flow rate captured during 

welding of specimen E14V8. I can be seen that the current is constant throughout the 

process. Short circuit is not observed and the transfer mode is globular. 
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Table 5. Welding parameters of specimens. 

Test 
I U 

Welding speed [mm/s] 
Wire feed speed 

shielding gas 
Gas flow rate  CTWD Q 

[A] [V] [m/min] [L/min] [mm] [kJ/mm] 

E11 182,1 25 8 10 Ar+12%CO2 17 18 2,7315 

E12 180,9 24,8 7 10 Ar+12%CO2 17 18 3,07633371 

E13 184,1 24,9 6 10 Ar+12%CO2 17 18 3,667272 

E14 181,2 25 5 10 Ar+12%CO2 17 18 4,3488 

 

 

 

 

 

Figure 26 Current waveform during welding specimen E14V8 
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Figure 27 Voltage waveform during welding specimen E14V8 

 

 

Figure 28 Wire feed speed during welding specimen E14V8 
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Figure 29 Gas flow rate during welding specimen E14V8. 
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4 Results 

The section presents the results of experiments on dissimilar T-joint weld of S355 and 

S690 steels. The experiment is an evaluation of the benefits of thermal profile scanning 

for quality control. Since Section 5 presents overview of the published articles, this 

section provides thermal profile and weld quality results from the use of lasers for 

scanning profile in advanced GMAW process. To present these results of dissimilar 

welding of S355 and S690 the section includes six subsections; thermal profile, micro 

section, EDS mapping, microstructure, hardness test and relation between hardness and 

welding speed. 

4.1. Thermal profile analysis 

Effective thermography of welding relies on the availability of a technology that can deal 

with the vast amount of light generated by the arc and can measure the heat, that is put 

into the material, by induction. The thermo-cameras typically do not have a fast-enough 

frame rate (i.e. more than 400 images per second). Pyrometers are excellent for measuring 

temperature in a specific spot, but they do not measure the broad area of the heat-affected 

zone (HAZ). Moreover, they measure just one aspect of heat, temperature. They do not 

measure temperature distribution (Schauder, 2015). These drawbacks have led to the 

development of a new type of thermo-camera, which gathers temperature distribution data 

over a path wide enough to capture information across the entire HAZ. Because the new 

device has a scan frequency of 400 profiles per second, it is suitable for the line speeds 

used for induction welding, typically 182.8 meters per minute (m/min). Consequently, it 

can operate with arc welding applications, which typically weld at 15.2 m/min. (Schauder, 

2015) . The measurement range of the thermos profile scanner (TPS) range from 600 to 

1350 ° C which restrain its position. It is known that the melting point of steel is above 

1500 ° C, on the one hand, the temperature will exceed the thermos profile scanner range 

if closer. On the other hand, if too far the temperature will fall to the below the lowest 

temperature recordable by the TPS. After several trial and adjustment, it was found that 

34 mm from the tips of electrode was the optimal setting for the TPS. 

The temperature distribution around the weld can be estimated by acquiring infrared (IR) 

images of the fusion weld pool. Table 6 shows the temperature distribution of a dissimilar 

T-joint weld between S355 and S690 steel. The maximum temperature is in the middle 

of the temperature distribution and the surrounding area represents the heat affected zone. 

By comparing the four thermography images in Table 6, it is found that at the beginning 

of the weld the width of the thermography profile is smaller than at the end of the weld 

for samples E13 and E14. With samples E11 and E12, the width of the thermography 

measurement is almost constant. 

In all four samples, the yellow thermography profile, which represents the highest 

temperature and the deepest penetration, gradually increases from the beginning of the 

weld to the end of the weld. The yellow fractions in the middle of the thermography are 

irregular and are, for most cases, situated towards the end of the welds. It is not observable 
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from the thermography profiles any specific detail related to the difference in coefficient 

of thermal expansion (CTE) or thermal diffusion between the two metals. However, a 

relationship can be established between the width of the thermograph and the macro-

graphic results of Table 6. The greater width of the thermography image of samples E11 

and E12 compared to samples E13 and E14 corresponds to greater weld width and 

penetration as well as better symmetry. It can be observed that, although welding 

parameters are constant, the temperature increased as the gap grew. 

Table 6. Comparison of thermography of sample E11, E12, E13 and E14. 
E11 

Max 
temp: 

Right 

1310 oC 
Left : 

1095 oC  

 

E12 

Max 

temp: 
Right 

1346 oC 

Left : 
1211 oC  

 

E13 

Max 

temp: 
Right 

1346 oC 

Left : 
1216 oC 

 

 

 

 
E14 

Max 
temp: 

Right 

1346 oC 
Left : 

1216 oC  
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4.2. Micro section analysis 
Analysis of macrographs of the samples enables comparison of the dilution, symmetry, 

throats, excess material and the dimensions of the feet. In addition, the presence of faults 

can be observed. It can be seen in Table 7, which presents samples obtained using the 

electrode Autrod 12.51, that the weld deposit decreases with increasing speed for zero 

gap. This weld deposition significantly reduces the length of the legs. However, the 

quality of the welding is not greatly affected. On the other hand, progressively, as the 

distance between the parts increases, the weld quality deteriorates with increase in speed. 

It can be seen that the slower the welding speed, the better the gap bridgeability as the 

gap size increases. 

Table 7. Dissimilar S355/ G3Si1/S690 at different welding speed (5, 6, 7 and 8 mm/s). 
Electrode Specimen Welding speed 

[mm/s] 

Gap 0 mm Gap 1mm Gap 2 mm 

FW1 = 

OK 

Autrod 
12.51  

E11 
 
5 

   
E11V5 0 E11V51 E11V5 2 

E12 
 
6 

   
E12V60 E12V61 E12V6 2 

E13 
 

7 

   
E13V7 0 E13V7 1 E13V7 2 

E14 
 

8 

   
E14V8 0 E14V8 1 E14V8 2 
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4.3. EDS mapping and line scan of E12V60 

The EDS mapping in Figure 18 shows the chemical composition in the dissimilar weld 

of S355/G3Si1/S690. Table 8 presents the chemical components detected by the EDS 

analysis. In this sample, three chemical components were present: silicon (Si), within the 

range of 0-2.5%; manganese (Mn), 0.10%; and iron (Fe) 92-98%. Other chemicals alloys 

such as aluminium (Al) and chromium (Cr) were present but in insignificant portion 

although S690 has 1.03 Weight % of chromium. Figure 30 shows silicon (Si) 

concentration, which differs very markedly between the weld deposit, the base metal 

S690, and the base metal S355. On the other hand, no difference can be observed in the 

mapping of chromium (Cr), aluminum (Al) and iron (Fe). A similar mapping of 

manganese (Mn) is observed on the weld deposit and the base metal, which contrasts with 

that observed on the base metal S690. The fusion zone from the S690 side reveals a higher 

manganese content, as confirmed by the line scanning of Figure 30 (b). 

Figure 30. Chemical repartition and portion on E12V60 sample (S355/ G3Si1 /S690). 

Table 8. Mapping of chemical elements in sample E12V60. 

Symbols Al Si Cr Mn Fe 

Portion - 0-2,5% - 0-10% 92-98% 

Figure 31 (a) shows the distribution of chemical elements across the weld joint: the 

measurement performed by the EDS, starting from the side of the S355, and the heat 

affected zone, through the fusion zone to the weld deposit. Figure 31 (b) shows the 

continuous measurement, starting with the weld deposit through the fusion zone to the 

heat affected zone of the side of the S690 steel. Iron is not plotted because its content is 

very high and inclusion of iron would not have permitted a good interpretation of the 

other elements. From Figure 31 (a), showing the side of the S355 steel, it can be seen that 

the amount of carbon decreases gradually as the scan progresses to the weld metal (WM). 

By contrast, the manganese fluctuates between 1.5 and 2 wt. %, chromium does not 

exceed 0.25 wt. %, and aluminum appears irregularly without exceeding 0.5 wt. %. It is 

Data Type: Weight % 
Image Resolution: 1024 by 768 
Image Pixel Size: 5.33 µm 
Map Resolution: 256 by 192 
Map Pixel Size: 21.31 µm 
Acc. Voltage: 15.0 kV 

Magnification: 23 
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also observed that silicon is about 0.5 wt. % in the heat affected zone and slightly 

increases across the deposited weld. 

 

 

Figure 31. EDS line scan of chemical composition: (a) across E12V6 S355, from S355 to weld 

(G3Si1); (b) across E12V60 S690, from weld (G3Si1) to S690. 
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4.4. Microstructural characterization 

According to Aksoy, et al. (1999)  and Badu, (2004), the microstructure in the weld and 

the fusion zone of steels with low carbon content are composed mostly of grain 

boundaries of  ferrite (GBF), polygonal ferrite (PF), acicular ferrite (AF), Widmanstätten 

ferrite (WF) or bainite, aggregate carbide ferrite (AC) and other micro-phases such as 

martensite, pearlite, and cementite, depending on the cooling rate. Increasing the heat 

input can have a significant effect on the microstructure formed. Excess heat input would 

tend to increase the presence of polygonal ferrite and ferrite boundary around the grains. 

Conversely, the amount of acicular ferrite tends to decrease, which is attributed to coarse 

grains being formed at high heat input. 

Svensson and Gretoft  (1990) studied the influence of acicular ferrite on the fracture 

resistance of manganese-rich steel. The factor determining the improvement of the impact 

toughness seems to be the presence of more than 50% acicular ferrite. The acicular ferrite 

is formed inside the austenite grain by direct nucleation and inclusions, whose random 

nature, together with refinement of the grains, results in an improvement in resistance to 

crack propagation by cleavage. In addition, acicular ferrite is characterized by a very wide 

angle at the boundary between the ferrite grains, which further enhances resistance to 

crack propagation by cleavage. Wang, et al., (2016) suggested that during welding with 

very high thermal cycling, the austenitic grain in the zone of coarse grain HAZ (CGHAZ) 

increases and forms coarse bainite or Widmanstätten ferrite, which results in considerably 

reduced toughness. 

Figure 32 presents the microstructure of base metal S355 and S690. It can be seen that 

the microstructure of S690 is highly refined compared to S355. It can further be seen that 

in the weld metal, primary and secondary Widmansttätten ferrite (αw) grows from the 

austenite grain surface and from allotriomorphic ferrite. The three samples, welded at 

different speeds, confirm the results obtained in (Mvola, et al., 2013). The samples show 

increase in coarse austenite grains as the heat input increases. However, it should be noted 

that the heat input must be sufficient and the cooling rate moderate to allow acicular ferrite 

to form. Thus, more acicular ferrite was observed in the sample welded at 6 cm/min 

welding speed (Figure 32). It can be observed presence of coarse grains and primary 

bainite on the S690 steel fusion line side with the smallest percentage of acicular ferrite. 

This difference illustrates the greater sensitivity of S690 steel to heat input. 
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BM S355(E12V60)  BM S690(E12V60) 

   

FL S355 side (E12V60) WM (E12V60) FL S690 side(E12V60) 

Figure 32. Microstructure of as-delivered base metal and E12V60 samples. 

4.5. Vickers Hardness test 

Figure 33 is a comparative representation of the hardness tests performed on the samples 

welded at different welding speeds. Here, the electrode used is G3Si1 with Re= 420 MPa. 

It can be noted that the hardness obtained on the base metal side S355 varies between 150 

and 200 HV. At this first measuring point, near the area affected by the heat, the sample 

welded with a speed of 5 mm/s has slightly higher hardness. This is certainly linked to 

the slightly greater heat input. One of the most significant details of Figure 33 is the 

hardness of peaks observed at the vicinity of the interface of the fusion line between the 

S355 steel and G3Si1 electrode WM. The observed hardness varies between 300-350 HV. 

The smallest value is that of the sample made with a lower speed (sample E11V50), while 

larger values are derived from the samples produced with higher welding speed (E13V70 

and E14V80). The sample made with a speed of 6 mm/s has a hardness of about 330 HV. 

On the side of the base metal of the S690 steel, a slight increase in hardness compared to 

the weld deposit is observed and, to a lesser extent, at the heat affected zone. Irrespective 

of the welding speed all the sample exhibit a softening area.  

GBF 

AF 

WF 

F 

P 

AF 

PF 

LB 

S355 side 

S690 side 

Weld (G3Si1) 

Weld (G3Si1) 

Weld (G3Si1) 
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Figure 33. Hardness test of dissimilar welds of S355/ G3Si1/S690 at different welding speed (5, 

6, 7 and 8 mm/s). 

4.6. Effect of welding speed on the hardness 

It is relevant to better understand the influence of welding speed on hardness in different 

weld area such as fusion line from S355 side (FL355), weld metal (G3Si1) and fusion 

line from S690 side. Therefore, hardness (HV 5) function of welding speed is plotted in 

Figure 34. It can be observed in Figure 34 that the hardness of the welded sample with 

the electrode G3Si1 decreased progressively as the speed increases. Irrespective of the 

three-selected sample at the interface of the fusion line of the two base metals (S355 and 

S690) side, the highest hardness is at the S355 steel side. The difference between the 

highest hardness and the lowest each curve is 45 HV, 27 HV and 51 HV, respectively, for 

the fusion line S355 side, the weld deposit (WM), and the fusion line S690 side. In 

addition, the result confirms the relation between energy and hardness. Higher energy has 

led to lower hardness which correspond to the lower welding speed. 
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Figure 34. Hardness HV 5 as a function of welding speed in the fusion line from the S355 side, 

in the weld metal (G3Si) and in the fusion line from the S690 side. 
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5 Overview of the publications 

Publication I: Modified GMAW processes: Control of heat input 

Research objectives: 

The objective of this study was to identify parameters of current, voltage waveforms and 

electrode feeding motion that directly contribute to improvement in metal and thermal 

transfer conditions from the electrode to the base metal. The effects of these parameters 

on productivity, gap brig-ability, dissimilar welding ability, and joining thin sheet section 

are discussed. In addition, a cross-comparison table is presented showing different 

welding waveform control approach and their impact on welding conditions. Figure 35 is 

flowchart that shows the link between control techniques, waveform parameters, 

waveform feature and weld properties. 

 

Figure 35. Flowchart of key metal transfer features studied. 
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Results: 

The results showed that the weldability of sensitive metals such as stainless steels, high-

strength steels, aluminium, thin sheet metal and zinc coated steel, as well as dissimilar 

welds such as steel and aluminum, and different grades of steel or aluminium are 

significantly improved by the designed current and voltage waveforms introduced in new 

GMAW processes. In addition, it is observed that better design of adaptive GMAW 

process can integrate algorithms for optimization of the main welding parameters. 

GMAW process control innovations is a response to the need to have control over the 

heat input and to be able to adjust heat input according to the sensitivity to excessive heat 

of the metals. The paper draws attention to modifications made to current and voltage 

waveforms and makes it possible to improve welding procedures of GMAW processes. 

The investigation has revealed that by lower current at the beginning of the short circuit, 

at the breaking of the droplet and at increasing at the re-ignition    reduce the spatter 

regeneration. In addition, the innovative feature has a reduction of the average current. 

The welding speed can be increased, root pass with up to 4 mm gap can be bridged. There 

is a possibility to weld at lower heat input which allow gap bridging and lower dilution 

for dissimilar welding (e.g.  aluminium and steel). Figure 36 is a comparison between the 

different approaches – CMT, MAG, STT and FastRoot. The comparison is based on heat 

input, dilution, current and deposition area and plotted from data collected from the study 

by Rosado (2008). The same shielding gas (Ar+8%CO2) was used throughout the 

experiment.  The welding processes are compared based on the weld bead deposited, the 

dilution, the heat input and the current. It can be seen that there are significant differences 

in heat input dilution, in dilution rate as well as weld bead deposited, however, there is 

little difference on current. 

  

Figure 36. Comparison of CMT, MAG, STT and FastRoot. 
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Relation to the whole dissertation work: 

In Paper I, innovations in current waveforms and voltage are evaluated, as well as their 

influence on the process stability, metal transfer, spatter minimization, reduction in fume 

generation heat input control, out of positional welding, welding coated sheet metal, and 

on other aspects of GMAW. Current and voltage waveforms are designed to allow a 

smooth transfer of droplet molten metal from the electrode tip to the molten pool and to 

reduce spatter and improve heat input to the base metal. In connection with the general 

scope of the research, the study investigates the role of new waveform variables in 

welding operation performance. The study focuses on waveform control of GMAW 

welding. The study asses the benefit of self-adjusting current waveform through the 

welding process. Greater understanding of variables settings can allow better prediction 

of welded joint properties. 
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Publication II: Applications and benefits of adaptive pulsed GMAW 

Research objectives:  

The objective of this study was to carry out an investigation of control of the adaptive 

pulse GMAW process, to evaluate applications using high energy, and to consider the 

benefits when welding sections greater than 3 mm and when welding high strength steels. 

The welds were one-sided bead, performed on an increasing gap (0-2.5 mm) T-joint in 

horizontal position. The study included experiments on dissimilar electrode (G3Si1) and 

S355 steel welding and analyzed the usability of the adaptive process. The current 

waveform combines pulsed and short circuiting metal transfer mode. Thereafter, it 

evaluated the effects on properties of the welded joint such as geometry, penetration and 

hardness. Figure 37 shows different approaches to improving the GMAW process and 

their direct effect on the performance of the welding process. It should be point out that 

controlled short-circuit (CSC) was created and developed by several manufactures due to 

intrinsic characteristics, the maximum mean current is limited. Thus, the combination of 

CSC with pulse, for instance, was a means of allowing to work with higher mean current. 

 

Figure 37. Evolution of adaptive pulsed GMAW. 

 

 

 Low heat and porosity 

 Refined grain 

 Gap bridgeability 

 
 Low heat, thinner 

section 

 Aluminium, stainless 

steel 



 Low heat  

 High deposition rate 

 Thicker section 

 

 Low heat, dissimilar 

metal 

 Aluminium, stainless 

and high strength steel 

 Gap bridgeability 

 (i.e ) WiseFusion 

 Peak and background 

current 

 Low heat (Q) 

 Thin and thicker 

section 

 Adapt electrode feed 

speed to the mean 

current 

 Optimum parameters 

 Adapt electrode feed 

speed to change in 

arc length (voltage) 

 Optimum parameters 
 

AC GMAW 

   

Combined 

pulse and 

electrode 

extension 

Combined 

pulse and 

others 

transfer 

modes 

Dual Pulsed  

GMAW 

  

Self-

regulation  

Control   

Synergic 

Pulsed  

GMAW  

Pulsed 

GMAW 

 

GMAW 

 Continuous feeding 

electrode 

 All position 

 Ferrous, non-ferrous 

 



5 Overview of the publications 75 

Results: 

The results show that effective control using current waveform and an advanced welding 

power source is able to improve the quality of the weld. A weld of acceptable quality was 

achieved using a current waveform that combines pulses and the short-circuiting metal 

transfer mode. A current waveform composed of pulses and 50% short-circuit achieved 

a wider geometry and deeper penetration than the synergic pulse GMAW process. On the 

one hand, there was a possibility of controlling penetration by increasing or reducing the 

percentage of occurrence of short-circuits, and on the other hand, a change in the presence 

of the components of the microstructure was observed. A variation in the presence of 

microphase of acicular ferrite (AC), grain boundary ferrite (GBF), bainite and polygonal 

ferrite (PF) were noticed depending on the waveform setting. Figure 38 shows a cross-

section sample at 1 mm open gap. The figure shows the variation in penetration, dilution 

and geometry of the deposited weld bead for conventional GMAW, the combined pulsed 

and short-circuit process, synergic GMAW and synergic pulsed GMAW. Table 10 

compares different factors: heat input, root penetration, dilution, microstructure and 

hardness, for the processes used during the experiments. It can be observed that the 

combined pulsed and short-circuit metal transfer mode improves the quality of the weld. 

 
Figure 38. Cross-section specimen at 1 mm gap: a) Synergic Pulsed GMAW; b) 35% short circuit; c) 

50%, d) 20% short circuit; e) Synergic GMAW. 
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Table 9. Comparison of processes studied. 

Feature 
Conventional 

GMAW 

Synergic Pulsed 

GMAW 

Synergic 

GMAW 
WiseFusionTM 

Thermal input higher medium high low 

Root penetration lower deep low deep 

Dilution lower medium low higher 

Microstructure poor good porosity good 

Hardness higher medium high low 

 

Relation to the whole dissertation work 

Paper II is a study evaluating the influence of parameters of the current waveform on 

stability, ability to bridge the gap between two workpieces, dilution, microstructure and 

hardness. The specimens included an introduced disturbance, i.e. a progressive gap 

between the two welded workpieces, and the ability of the studied processes to overcome 

this difficulty was evaluated. The paper supported the findings of Paper I; namely, that 

the new features and variables introduced to the current and voltage waveforms have a 

beneficial effect on control of the weld quality. In order to assess the performance and the 

stability of the process the experiment was performed with a GMAW process on the S355 

with a filler metal G3Si1. 
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Publication III: State-of-the-art of advanced gas metal arc welding processes: 

Dissimilar metal welding 

Research objectives: 

The objective of this paper was to review the basic principles of fusion welding of 

dissimilar metals. The study briefly investigates advanced GMAW processes with a focus 

on differences in general principle and arc control. Then, experiments performed on 

dissimilar welding with GMAW were reviewed highlighting work done using advanced 

GMAW processes. 

The study analysed various forms of dissimilar metal fusion welding; namely, dissimilar 

welding of ferrous metals (e.g. steels of different grades), dissimilar welding of ferrous 

and non-ferrous metals (e.g. steels and aluminum), and dissimilar welding of non-ferrous 

metals (e.g. aluminum of different grades). The study analyzed the formation of 

microstructures and microphases (inter metallic compounds), their effects on the 

mechanical and physical properties of the weld, and the effect of advanced GMAW 

processes on the quality of welded joints. Figure 39 shows a flowchart of different factors 

to be considered in fusion welding of dissimilar metals. 

 

Figure 39. Dissimilar metals welding factor analysis. 
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made it possible to achieve high-quality dissimilar high-strength steel and stainless steel 

welds. This improvement was achieved by controlling the heat input, and the consequent 

effect on the cooling time reduced the risk of the formation of martensite and hydrogen 

cracking. 

 Dissimilar welds of non-ferrous metals of improved quality are possible by use of a 

suitable welding process. The CMT process, for example, makes it possible to produce a 

dissimilar Mg-Al weld of acceptable quality (e.g. strength of 34.7 Mpa) with a pure 

copper consumable electrode. A reduced Al-CU inter-metallic component (IMC) has 

been observed (Madhavan, et al., 2016). 

Adaptive GMAW processes have a similar effect on dissimilar welds between ferrous 

and non-ferrous metals. Effective control of the GMAW fusion welding process allows a 

narrow solubility gap to be achieved in the phase diagram of ferrous and non-ferrous 

metals (e.g. Al / Fe). With AC-GMAW process type, it would be possible to control the 

heat input and to achieve a dissimilar weld of an aluminum alloy and steel with good 

strength. The improvement in strength is due to a significant reduction in the rich 

intermetallic compound (IMC) interface in the weld deposit and the base metals. 

Table 10. Comparison of advanced GMAW concepts in dissimilar metal welding. 

Control Technique Limitation Metal 

combination 

Observations 

of applicability  

 

 

Advanced 

and adaptive 

GMAW 

Waveform 

control 

If restricted to the wave form, the 

technique may only affect control 

of heat input and stability of the 

arc welding process. 

Ferrous DMW Very good 

ability 

Nonferrous 

DMW 

Very good 

capability 

Ferrous and 

nonferrous 

DMW 

Acceptable and 

fair aptitude 

Waveform 

and filler 

control 

If restricted to the wave form and 

alternative wire motion, the 

technique may only affect control 

of heat input and stability of the 

arc welding process. 

Ferrous DMW Higher, 

excellent 

ability 

Nonferrous 

DMW 

High, excellent 

capability 

Ferrous and 

nonferrous 

DMW 

High, excellent 

aptitude 

Conventional control Limitations in control 

dramatically affect control of heat 

input, stability of the arc and 

regulation of the flow gas. 

Ferrous DMW Fair ability 

Nonferrous 

DMW 

Low capability 

Ferrous and 

nonferrous 

DMW 

Poor aptitude 

GMAW: gas metal arc welding, DMW: dissimilar metal welding 
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Relation to the whole dissertation work: 

Paper III is a study that analyzes dissimilar fusion welding of ferrous metals, ferrous and 

non-ferrous metals, and nonferrous metals. The study extends investigation of the 

challenges surrounding dissimilar fusion welding. To this end, it is part of the overall 

objectives of all this research in the sense that the paper identifies welding conditions and 

general and specific requirements for acceptable quality and reliable dissimilar fusion 

welded joints. In addition, a relationship is established between the improvement of 

GMAW process performance and the composition of the microstructures in the weld 

bead, the fusion zone, the fusion line, and the heat affected zone (HAZ). The formation 

process of intermetallic compounds (IMC) and brittle components at the vicinity of fusion 

line and their effects on mechanical properties are also analyzed. 
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Publication IV: Adaptive gas metal arc welding control and optimization of welding 

parameters output: Influence on welded joints 

Research objectives: 

The study aims to analyze different artificial intelligence concepts used in arc welding, 

suggest an effective approach to analyze important data acquired during the welding 

operation, and optimize the selection of parameters and their output to ensure weld quality 

and increased productivity. With these aims, a literary review is carried out whose 

purpose is comparison of available artificial intelligence concepts, namely: expert 

controller, fuzzy controller, artificial neural networks, and hybrid systems. The GMAW 

process is characterized by a set of interconnected parameters that have a direct effect on 

the geometric profile of the weld and its microstructure. It is essential to be aware of this 

interconnection between the welding parameters in order to be able to design an efficient 

data processing and planning system. 

The study analyzes case studies and suggests an effective approach that could be 

combined with adaptive GMAW process control. Figure 40 presents key features for the 

control and optimization of a GMAW process. These key features include the models, the 

data acquisition systems (sensors) and the control unit. Figure 41   is a diagram illustrating 

the reverse process planning for quality assurance of the weld based on a hybrid artificial 

intelligence (fuzzy-neural network). The data at the input are the expectations for a T-

joint, and the output is the welding parameters necessary to achieve the expected quality. 

 

Figure 40. Key technologies in the control system of a welding process.  
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Fig. 41.  Process planning model task for a T-joint weld. 

Results: 

The results show that artificial intelligence is fundamental to the processing of data in 

adaptive control of GMAW processes. Nonlinear mathematical models produce plotted 

curves of prediction results and effective measurements are scattered around the fitting 

line, whereas artificial intelligence models give results that are closer to reality. Used 

individually, expert systems, fuzzy systems and neural network concepts have various 

advantages and limitations (Table 12). However, by combining complementary 

approaches, excellent performance can be achieved. Hybrid fuzzy-neural networks 

models allow process planning tasks of the welding operations to be done, as well as 

direct and indirect task planning, respectively, from welding parameters towards the 

quality of the weld and vice versa.  

Table 11.  Intelligent control types for arc welding. 
Intelligent control Principle Advantages Limitations 

Expert controller Knowledge based on 

welding processes, Heuristic 
knowledge collected by the 

welding expert 

Can replace unskilled or 

inexperienced human welders, 
Teach them to become welding 

experts 

Lack of resources,  

require long time to be 
built, knowledge base 

system should be 

updated 

Fuzzy controller Rule-based expert system, 
Rely on a set of linguistic 

fuzzy rules 

Appropriate for solving control 
problems in the cases where only 

the qualitative system behavior is 

known 

Lack of self-learning, 
adaptive and pattern 

recognition ability 

Artificial Neural Networks 

(ANN) 

ANN is composed of simple 

elements operating in 

parallel inspired by 
biological nervous systems. 

Pattern recognition, time series 

analysis; signal processing, data 

compaction, nonlinear system 
modeling, prediction, 

optimization and control. 

lack of explanatory 

ability 

Neuro-

network 

controller 

Back propagation 

neural network 

(BPNN) model 

consists of an 

interconnected group of 

artificial neurons, develop 

models which express the 

interrelationship between 
input data and output data 

Appropriate for building of 

learning system for modeling and 

control of dynamic process 

lack of explanatory 

ability 

Radial basis 
function neural 

network model 

Hybrid 
system 

Neuro-fuzzy 
controller 

Merge principle of neuro 
network and fuzzy control 

Combines the advantages of both 
technologies to produce an 

improved intelligent system 

Required to be 
associated with 

traditional adaptive 

control 

Hybrid Fuzzy 

Neural 

Network 

Determine 

error 

THEN 

       IF 

Process planning model OUPUT 
 Current 

 Voltage 

 Welding speed 
 Wire feed speed 

 Electrode 

 Shielding gas 
 Gas flow rate 

 CTWD 

 Travel angle 
 Torch angle 

 Oscillation width 

 Oscillation 
frequency 

 Oscillation holding 

time 

 

INTPUT 
 Leg length 1 

 Leg length 2 

 Penetration 
 Throat thickness 

 Reinforcement 

 Fusion depth 1 
 Fusion depth 2 

 Root gap 

 Equal legs 
 Theoretical throat 

 Convexity 

 Weld face undercut 
plate 1  

 Weld face undercut 

plate 2 

 Microstructure 
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Relation to the whole dissertation work: 

In this paper, special focus is on the processing of the acquired data to allow the welding 

process to produce the optimum output data required by the welding procedure of the 

base metal to be welded. The paper is a key component of this research because it 

identifies technical means capable of bridging the gap between data acquired by the 

sensors and changes to operating parameters of the welding machine. Identification of 

effective data processing tools is essential because of the large amount of acquired data. 

The study focuses on analysis of artificial intelligence because it is clear that classic 

control is unable to achieve effective and accurate adaptive control of the welding 

process, due to the type of data, the analysis and decision-making operations required, 

and the need for learning.  
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Publication V: Dissimilar high-strength steels: Fusion welded joints, mismatches and 

challenges 

Research objectives: 

The objective of this study was to investigate the fusion welding of high strength steels. 

The study focuses on the fusion welding of these types of joint and analyses challenges 

related to dissimilar welding of high strength steels, mismatches through the welded joint, 

as well as the effect of welding parameters. Recent years have seen the development of 

many new types of steel with very high strength. These steels have the advantage of 

increased strength with less thickness than ordinary steels. However, weldability 

constraints become more stringent with increasing strength. Better understanding of the 

dissimilar welding of high strength steels will allow enhanced weld seam tracking and 

heat input control, and thus improved quality assurance. Figure 42 shows different 

dissimilar welding categories and some examples of high strength steel dissimilar welds. 

 

Figure 42. Dissimilar welding categories. 

Results: 

The results show that heat input control is crucial for dissimilar welding of high strength 

steels. Excessive heat input can cause not only cold cracking but also softening in the heat 

affected zone. In addition to heat input, effective control based on carbon equivalent 

equations and control of the cooling time from 800o C to 500o C are essential to avoid 

cold cracks, unacceptable hardness and the formation of microphases (e.g. martensite and 

cementite) at the vicinity of the fusion line of the weld metal deposit and the base metal. 

Although, appropriate choice of consumable electrodes and compatibility of alloying 

elements with the different base metals are indispensable to a successful outcome, the 

importance of welding parameters should not be neglected. Given the very limited margin 

of error, an optimal control system will ensure better quality welds. Table 13 shows 

different types of high strength steel, which are divided into high strength and ultra-high-

strength steels. The risk of defects in the dissimilar joint varies depending on whether the 

joints are welded with or without consumable electrodes. It is found that the risks are 
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lower when welding with a dissimilar electrode and the same base metal. On the other 

hand, the risk of substandard welds increases, as for dissimilar welding of high-strength 

steels, as the difference in properties becomes greater. 

Table 12. Combinations of DMW of high strength steels. 

 

Relation to the whole dissertation work: 

This study focuses on dissimilar welding of high strength steels. The study complements 

Paper III. Paper V identifies the sensitivity of high strength steels with respect to the 

welding process, which is important in view of their increasing use in manufacturing 

industries. Therefore, a case study was extended to high strength steels. The paper 

discusses the challenges surrounding the welding of high strength steels, the choice and 

availability of suitable consumable electrodes, and the effect of pre- and post-heat 

treatments. The study in this paper is part of the overall investigation of this work because 

it analyzes the influence of the fusion welding procedure of dissimilar high strength steels.  

  

Joining different alloys of the same type of base metal with and without filler 

wire 
  High-Strength Steel (HSS) Advanced High-Strength Steel 

(AHSS) 

Ultra High-

Strength Steel 

(UHSS) 

  BH IF-

HS 

P IS CMn HSLA DP TRIP PM CP HMS-

TRIP 

HMS-

TWIP 

High -

Strength 

Steel(HSS) 

BH */x            

IF-HS +/++ */x           

P +/++ +/++ */x          

IS +/++ +/++ +/++ */x         

CMn +/++ +/++ +/++ +/++ */x        

HSLA +/++ +/++ +/++ +/++ +/++ */x       

Advanced 
High-

Strength 

Steel 
(AHSS) 

DP ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ **/xx      

TRIP ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ +/++/+++ **/xx     

PM ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ +/++/+++ +/++/+++ **/xx    

CP 
++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ +/++/+++ +/++/+++ +/++/+++ 

**/xx   

Ultra High-

Strength 

Steel 
(UHSS) 

HMS-

TRIP 
++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ +/++/+++ +/++/+++ +/++/+++ +/++/+++ 

*** /xxx  

HMS-
TWIP 

++/+++ ++/+++ ++/+++ ++/+++ ++/+++ ++/+++ +/++/+++ +/++/+++ +/++/+++ +/++/+++ ***/+++ 
*** /xxx 

 

Different base metal with and without filler 

wire 

Different alloys of the same type of base 

metal with and without filler wire 

Same base metal with different 

filler metals 

+ Risk of element diffusion  * Risk of carbon diffusion x Low risk element 

diffusion 

+ + Selection of suitable filler wire ** Compatible filler wire xx Low risk for lower 

strength 

+++ Suitable for base metal of 

comparable strength 

*** Favour base metal of comparable 

strength 

xxx Mismatch concerned of 

weld 
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Publication VI: Dissimilar welded joints operating in sub-zero temperature 

environment 

Research objectives: 

The objective of this research was to identify the causes of possible difficulties that may 

be encountered when welding dissimilar metals for Arctic structures and to propose 

possible remedies through changes to procedures and the choice of metals. Figure 43 (a) 

shows the effect of fusion welding on the ductile to brittle transition temperature (DBTT) 

curve. It can be seen that fusion welding moves the transition region to a higher 

temperature, which reduces the ductility at lower temperatures. Figure 43 (b) is the DBTT 

curve at a different area of the weld. It can be observed that not only the toughness 

changes but also the transition of the DBTT curve of the weld metal, fusion line and 

fusion zone. The paper analysed experiments on welded dissimilar metal structures for 

Arctic operations. Table 14 presents metals used in sub-zero temperature environments 

and their welding challenges. 

 
Figure 43. Transition from ductile to brittle fracture in steels. 

 
Table 13. Challenges in welding dissimilar metals. 

 Combinations  Observation  Difficulties 

Titanium to stainless 

steel 

The direct fusion welding of Ti to 

stainless steel (e.g. 304L ) is not feasible 

Brittle intermetallic compounds, 

like FeTi and Fe2Ti 

Among stainless 

steels 

Avoid austenitic and ferritic combination  For nickel steels the Ni in the 

electrode is very important 

Stainless steel- 

aluminium 

 Highly used in sub-zero applications Risk of intermetallic compounds 

Titanium to 

aluminium 

Ti ductile at sub-zero temperature Risk of brittle intermetallic 

compounds in fusion welding 

Stainless and low 

carbon steels 

Ferritic number and Mn martensitic limit Carbone migration 



5 Overview of the publications 86 

Results: 

The results of this study show that there are metals suitable for structures operating well 

below zero temperature. These steels can keep their ductility even at temperatures down 

to -40 ° C. However, fusion welding processes such as GMAW, which generate high 

temperatures, negatively affects part of the base metal. The heat affected zone can lose 

its property of ductility in sub-zero temperatures. It is necessary to find an effective means 

of limiting this reduction in ductility without affecting the quality of the weld as regards 

weld penetration and formation of the microstructure. The use of welding processes like 

laser welding that are characterized by high energy density and a focused heat source can 

limit the deleterious effects on the heat affected zone, but the risk of hot cracking is very 

present. Precise knowledge of fusion welding processes is necessary to choose the process 

best suited to the metal and weld joint application. Table 14 compares different welding 

processes: conventional fusion welding, low dilution fusion welding, and non-diffusion 

joining. The theoretical principles underlying the welding process enables the effect of 

technological improvements on the performance of dissimilar metal welds for structures 

operating in sub-zero temperatures to be deduced. 

 
Table 14. Comparison of dissimilar welding technology. 

Welding type 
Welding 

technology 
Principle Technological improvement Impact on the achievement 

Fusion welds 

Shielded Metal 

arc 
The base metals need to melt 

to form a joint. 

Filler material needs to be 

added. 

 

Electronic, component, sensors, 

software and artificial intelligent 

Optimisation of welding 

parameters, 

Prediction of weld quality, 

quality assurance 

Gas tungsten 

arc 

Submerged arc. 

Low Dilution 

Welds 

 

Electron Beam 

Welding, Relatively little base metal is 

melted. 

Very small amount of filler 

metal is used. 

 

High energy Low dilution, deeper penetration 

Pulse Arc 

welding. 

Thermal control, data control, 

software 

Low heat input, higher range of 

base metal thickness, lower 

intermetallic compound 

Modified short 

arc welding 

Thermal control, data control, 

software 

Low heat input, lower 

intermetallic compound 

Non Diffusion 

Joining 

 

Friction 

welding, 

Friction stir 

welding 

Friction between the two 

parts or using a special tool 

Low heat input, solid state nature 

of the joint 

Excellent mechanical properties 

such as fatigue, tensile, bend test 

values,  distortion , shrinkage, as 

well as  applicability to  long 

welds 

Explosion 

welding, 

The particles of a base metal 

are projected at a very high 

speed through the use of 

chemical explosion. 

None of the base metal is melted, 

but both metals are plasticized on 

the adjacent surface 

Beneficial for bimetal cladding, 

corrosion protection, Difficult to 

fuse metals can be welded. 

Diffusion 

bonding 

Atoms of two solid, metallic 

surfaces intermingle over 

time under elevated 

temperature. 

No liquid fusion or filler metal. 

Typically implemented by 

applying both high pressure and 

high temperature to the materials 

to be welded 

Welding of materials normally 

impossible to join via liquid 

fusion, relatively high cost 

process. 

Brazing and 

soldering 

Metals parts are joined by 

melting both base  and   

filler metal at the  low 

melting point temperature of 

the filler metal 

Melted filler metal runs into the 

gap stick on base metal by 

capillary action. 

Ability to join the same or 

different metals with 

considerable strength. 
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Relation to the whole dissertation work: 

Paper VI is another case study and focuses on dissimilar weld joints for application in 

subzero temperature environments such as the Arctic or Alaska. The natural environment 

in such areas is very sensitive and great reliability is required of welded joints. The 

physical and mechanical properties of most metals change from ductile to brittle as the 

temperature drops to values below zero. In addition, the brittle component and hydrogen 

responsible for cracks noted in papers III, IV and V are more likely to generate failures 

at low temperatures than in more temperate environments. The paper is part of the whole 

dissertation work because Alaska and Arctic environments are regions subject to 

increased energy resource exploration and pipeline construction, where dissimilar welds 

can bring considerable benefits. The effects of various welding technologies on the 

quality of dissimilar welds are the focus of the work and the performance of dissimilar 

steels is analyzed in a hostile environment.  
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Publication VII: Effects of shielding gas control: Welded joint properties in GMAW 

process optimization 

Research objectives: 

The paper examines shielding gas control in GMAW process optimization. Shielding 

gases are an essential element in the GMAW process because the gas affects the stability, 

performance and quality of the weld both in terms of the microstructure and the geometry 

of the weld bead. Moreover, the shielding gas is a significant factor in calculation of the 

cost of welding. In the past, shielding gas was just considered as a consumable and 

selected based on its availability or durability. However, it is now clear that shielding 

gases have a direct and indirect influence on the performance of the welding process and 

thus efficient control of the shielding gas is required to ensure good weld quality. 

 The objective of the study is to identify and analyze the applicability of adaptive control 

technology for shielding gases. The study first analyzes the behavior and effect of 

shielding gases on metals and the performance of the GMAW process. A comparative 

analysis is then carried out to classify the concepts and determine the effect of the various 

shielding gas control concepts on the formation of the weld microstructure, joint 

geometry and the stability of the process. Figure 44 presents the major aspects 

investigated in this study. The study assesses shielding gases properties and shielding gas 

blends. Then, control and optimization, selection and application are analyzed. Finally, 

future trends in shielding gas usage and possible effects on weld joints are discussed. 

 

Figure 44. Scheme of shielding gas usage optimisation. 
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Results: 

The results (Table 16) show that it would be possible to considerably reduce shielding 

gas losses due to excessive use and purge mechanisms each time the welding starts. The 

excessive use of shielding gas is the result of a constant flow setting throughout the 

welding operation. Although there are some sequences during welding where minimum 

or constant flow of shielding gas are needed, traditional control units utilize constant flow 

throughout the process, thus causing unnecessary losses. New concepts such as intelligent 

control and new equipment such as automatic flow rate compensators and multi shielding 

mixers aim to optimize the supply of shielding gas so that the required quantity is 

provided at the required time. Loop control systems can be equipped with valves that 

control the opening and closing of the feed holes based on the signal of the current 

waveform. It should be point out that there are some limitations of the approach as it 

difficult to synchronizes gas in holes and the current signal. The idea of supplying 

shielding gases directly to the torch output in the welding molten pool is a concept that is 

receiving growing interest. A further interesting approach is shielding gas vision sensing 

that identifies and collects data about gas flow behavior in the arc area. Adaptive control 

of shielding gas in GMAW could enhance welding quality, improve productivity, and 

boost the stability of the process.  

Table 15. Comparison of shielding gas control techniques. 
Shielding gas 

control 
Function Benefits /Limitations Effect on the welded joint 

Intelligent gas 

control  

Adjustment of gas 

quantity to welding 
parameters (Dynamic 

pressure control). 

Limited to gas flow rate 

optimization. 
Significant reduction in gas 

consumption at ignition. 

Welds geometry     

Dilutions     

Heat input     

Automatic flow 

rate compensator 

Supply of minimum 

shielding gas pressure at 
the inlet of the control 

system orifice or valve. 

Limited to gas flow rate 

optimization. 
Up to 63% gains in reduction of 

gas waste at weld start. 

Welds geometry     

Dilutions     

Heat input     

Alternating 

shielding gas 

supply 

Usage of an 

electromagnetic valve to 

alternatively supply 
different gas. 

Only been tested with Ar + He 

mixing control. 

Low porosity, deeper and 
broader weld profile. 

Welds geometry     

Dilutions     

Heat input     

Visualization of 

gas flow 

Optic and laser image 

characterization. 

New technique that is under 

development. 
Real-time sensing of turbulence 

at the working area. 

Welds geometry     

Dilutions     

Heat input     

Multi shielding 
mixer 

Mixing of shielding gas 
blends. 

Not all shielding gases can be 
manipulated and mixed without 

risk (e.g. hydrogen).  

Different combinations of 
blends with various proportions. 

Welds geometry     

Dilutions     

Heat input     

Conventional 

shielding gas 
controller 

Delivery of a constant 

flow of shielding gas 
from a pre-mixed bottle 

or pure gas bottle. 

The equipment is affordable.  

Limited to constant flow despite 
the fact that optimal welding 

needs are not constant.  

Welds geometry     

Dilutions     

Heat input     

Appreciation shielding gas control degree of effect on welds joint properties 

 Poor average good best 

Welds geometry                 

Dilutions                 

Heat input                 
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Relation to the whole dissertation work: 

This paper focuses attention on the shielding gas. Shielding gases and their mixtures are 

an essential component in GMAW welding. They have a dual role, contributing to the 

creation of suitable conditions for droplet transfer of the electrode to the weld pool and 

protection of the weld pool from contamination from ambient air. In addition, shielding 

gas can be used to promote chemical input into the molten pool and dispersal of chemical 

components responsible for the formation of cracks. Shielding gases are included in 

calculation of welding cost and weld quality. Considerable shielding gas losses are 

common, and as a result of poor control of shielding gas, weld quality is often not 

guaranteed. Control of shielding gas is a crucial part of optimization of adaptive control 

of the GMAW process. The direct effect of the controlled shielding gas investigation for 

dissimilar welding is the improvement of microstructure, joint geometry and stability of 

the welding operation. 
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Publication VIII: Dissimilar welding of high-manganese steels 

Research objectives: 

The objective of this study is to find criteria and parameters affecting welding of 

dissimilar high-manganese steel and, based on their analysis, establish how the 

parameters affect welding procedures and the service life of the welded joint. High-

manganese steels have very high performance and can be used for welded structures in 

harsh environments; however, fusion welding of high-manganese steels presents 

significant challenges. The increase in manganese in the steel is accompanied with 

complications in weldability; notably, evaporation of the manganese because of excessive 

heat input and the risk of formation of very brittle microphases at the vicinity of the fusion 

line. The new generation of high-manganese grade steels (Figure 45 are manufactured 

with special manufacturing processes and the properties of these steels may be affected 

by heat input during welding operations. Adaptive GMAW can be a suitable tool to 

optimize output parameters to meet the requirements of dissimilar joints of high 

manganese steels. 

 

Figure 45. Ductility of structural steel compared to its strength. 

 

Results: 

The quality of the dissimilar weld depends greatly on alloys elements in the workpieces 

and the consumable electrode. Table 17 presents a comparative synthesis that illustrates 

the quality risks involved in dissimilar welding of high-manganese steel with or without 

an electrode. The highlighted diagonal in the table illustrates welding between similar 
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metals with a dissimilar electrode composition. Similar workpieces with dissimilar filler 

metal combinations differ with dissimilar workpieces. Dissimilar workpieces include two 

possible cases: welding with a compatible electrode or welding without a consumable 

electrode. In both cases, it is necessary to take account of the chemical composition and 

specifications of each part of the weld joint. 

Adaptive GMAW can be a suitable tool to optimize output parameters to meet the 

requirements of dissimilar joints of high manganese steels. Example, the output should 

produce arc energy that keeps temperature of steel below 300 °C and stringer beads 

should be limited to prevent carbide precipitation. In addition, inter-passes temperature 

should be lower than 150°C. Optimization of the output parameters is necessary to control 

the heat input to reduce the risk of evaporation of manganese and the formation of 

intermetallic components. A further and major risk with welding of high manganese steels 

is that long exposure to manganese in welding fumes can cause health problems. GMAW 

processes data can be stored and be retrieved, and later be analyzed for decision making 

and optimization to achieve quality assurance. 

Table 16. GMA welding efficiency rate comparison. 
 FeMn-1 FeMn-2 FeMn-3 FeMn-4 FeMn-5 

FeMn-1 a) Crack-resistant wire 

Filler Cr eq> BM 

Ni eq→between High 

Mn steels and low-alloy 

Cr eq and Ni 

eq→austenitic 

solidification 

 

a) Very close content of 

Mn,, the filler wire shoud 

have lower content 

Lower Carbon content than 

FeMn-2 

Risk of FeAl and Fe3Al 

a)9% Mn lower than 

FeMn-3 

CE of filler wire should 

be average of both base 

metals 

Risk of carbides 

a) 6,8 % Mn lower than FeMn-

3 

The carbon content is low 

Slightly high P in FeMn, risk 

of crack 

a)6,4% Mn lower than FeMn-3 

Carbon content is very low 

Low risk of carbides 

Slightly high S but little risk of 

crack 

b)High risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

b)Higher risk of IMC 

(M3C, M23C6, M5C2, 

M7C3) 

b)Higher risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

b)Risk of IMC (M3C, M23C6, 

M5C2, M7C3) 

FeMn-2  a) Crack-resistant wire 

Filler Cr eq> BM 

Ni eq→between High Mn 

steels and low-alloy 

Cr eq and Ni eq→austenitic 

solidification 

 

a)6,8% Mn lower than 

FeMn-3 

CE of filler wire should 

be average of both base 

metals 

Risk of carbides 

Require low Mn filler 

wire 

a)6,9% Mn lower than FeMn-4 

CE of filler wire should be 

average of both base metals 

Risk of carbides 

Require low Mn filler fillet 

a)6,3 % Mn lower than FeMn-

3 

The carbon content is low 

Slightly high Si in both base 

metals 

The content in the filler → 

affect aluminium layer 

b)Higher risk of IMC 

(M3C, M23C6, M5C2, 

M7C3) 

b)Higher risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

b)High risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

FeMn-3  a)Crack-resistant wire 

Filler Cr eq> BM 

Ni eq→between High 

Mn steels and low-alloy 

Cr eq and Ni 

eq→austenitic 

solidification 

 

a)Very close content of Mn,, 

the filler wire should have 

lower content 

CE of filler wire should be 

average of both base metals 

Risk of carbides 

a)Mn of FeMn-5 Almost 

double of FeMn-3 

Risk of FeAl and Fe3Al 

Compatible filler for FeMn-3 

b)Higher risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

b)Higher risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

FeMn-4  a)Crack-resistant wire 

Filler Cr eq> BM 

Ni eq→between High Mn 

steels and low-alloy 

Cr eq and Ni eq→austenitic 

solidification 

 

a)Mn of FeMn-5 Almost 

double of FeMn-3 

Risk of FeAl and Fe3Al 

Compatible filler for FeMn-3 

b)Higher risk of IMC (M3C, 

M23C6, M5C2, M7C3) 

FeMn-5  a) Crack-resistant wire 

Filler Cr eq> BM 

Ni eq→between High Mn 

steels and low-alloy 

Cr eq and Ni eq→austenitic 

solidification 

 

a)With filler wire, b) Without filler wire                        same base metal                       different base metal 
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Relation to the whole dissertation work: 

In this paper, special attention is given to study of a particular type of high-performance 

steel, high-manganese steel, and the work complements papers III, V, and VI. High-

manganese steels are designed based on a complex and precise manufacturing process, 

and their fusion in dissimilar welding poses major challenges. The study analyzes the 

effects of the fusion welding process on the quality of the welded joint. The issue of 

mismatches through the welded joint is investigated from the perspective of the 

consumable electrode. In addition, the effect of heat treatment on the weld quality is 

analyzed with regards to differences in diffusion and the thermal conductivity coefficient. 

The study contributes to the whole dissertation work as a case study on high manganese 

steels with regards to their used and related health issue in long exposure of welders. 
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5.1 Publication synopsis framework 

The different publications in this study answer the research questions posed earlier in the 

work. The publications identify causes related to instability of the GMAW process and 

the reasons for poor performance. Table 18 presents the title of each article, the objectives 

of the respective investigations, the findings and the link with the aim of the dissertation 

research as a whole. In summary, Paper I investigates waveform parameters for example 

in short circuiting transfer mode, waiting time prior short circuiting, current peak, rapid 

decrease of current prior to the droplet detachment or example of variable polarity 

GMAW (VP-GMAW) electrode negative percentage, waiting time prior switching and 

their effect on the weld such as spatter, deposition rate, gap bridge-ability and penetration. 

 

Paper II is an evaluation based on experiments of the effect of waveform on T-joint welds. 

Waveform parameters have shown to have effect on the geometry of the T-joint (e.g. legs 

dimension, penetration, excess deposition or re-enforcement, the dilution and the 

microstructure such as difference in microphase of acicular ferrite (AC), grain boundary 

ferrite (GBF), bainite and polygonal ferrite (PF). Paper III analyzes dissimilar welding 

and produces an overview table that gives indications of the effects of various GMAW 

processes on dissimilar welding outcomes. Advanced GMAW have improved feature of 

current and voltage waveform which would enable better control on energy input and 

minimize the dilution in dissimilar metal weld.  Paper IV incorporates the concept of 

artificial intelligence as a way to optimize the quality of dissimilar joints. Artificial 

intelligence would be an important asset in decision making and learning, it could process 

the abundant data collected during welding process.  

 

Papers V, VI and VIII are cases concerning, respectively, dissimilar welding of high 

strength steels, dissimilar welding of steels operating in subzero temperatures and 

dissimilar welding of steels with a very high manganese content. Welding imperfections 

were minimized and from data captured during welding it was possible to assess the weld 

quality. Given the importance of the shielding gas in GMAW, paper VII analyzes the 

effect of shielding gas control on the quality of the weld and the performance of the 

GMAW welding process. There could be effect on the geometry of the weld in using for 

example alternative shielding, but it application is limited and its economic impact were 

not assessed. Pulsed shielding would only reduce gas used but not significant effect on 

the weld. Shielding gas mixer could be find in some larger scale industries production, 

the only advantages is to enable selection different type of blend share. Vison sensor of 

shielding gas is still to be developed, because the principle of particle image velocimetry 

(PIV) and Schlieren technique require bulky setting. Adaptive shielding would reduce 

gases lost without undermining the weld quality. 
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Table 17 Publication summary 
Publication Title Objectives Research questions and 

Findings 

Relation to the 

whole 

I Modified GMAW 

processes: control 

of heat input 

 Identify waveform 

parameters 

 Effect of waveform 

parameters on weld 

joint 

What is the state of the art in 

adaptive waveform GMAW?  
 Variables setting 

of waveform to 

optimize weld 

quality. 

 Stability and 

performance of 

metal transfer 

mode 

 Waveform parameters 

affect stability and weld 

quality 

 Design comparison frame 

of waveform concept 

II Applications and 

benefits of 

adaptive pulsed 

GMAW 

 Application of 

combined metal 

transfer mode 

 Benefits on 

(dissimilar weld) T-

joint S355 steel, 

increasing gap 

Does adaptive pulsed GMAW 

affect weld joint properties?  
 Evaluating the 

influence 

parameters of the 

current waveform 

as stability, 

 Control ability of 

weld quality 

 Increase flexibility in 

parameters setting 

 Gap bridge-ability 

 Control over dilution, weld 

geometry, microstructure 

formation and hardness 

III State-of-the-art of 

advanced gas 

metal arc welding 

processes: 

Dissimilar metal 

welding 

 Investigate fusion 

welding of 

dissimilar metal 

 Characterized 

effect of welding 

parameters on 

welding dissimilar 

metal quality 

What is the state of the art of 

dissimilar metal welding with 

GMAW? 

 Relationship 

between the 

improvement of 

GMAW process 

performance and 

dissimilar 

welding 

 Composition of 

microstructures 

in the dissimilar 

weld joint 

 Fusion welding dissimilar 

metal required optimum 

parameter setting 

 Optimum setting reduces 

dilution, excess heating and 

formation of IMCs 

 Design of comparison 

relation frame of welding 

technology and related 

impact on DMW 

IV Adaptive gas 

metal arc welding 

control and 

optimization of 

welding 

parameters 

output: influence 

on welded joints 

 Aanalyze the 

different concept of 

artificial 

intelligence used 

for arc welding 

 Suggest an 

effective approach 

data analysis tool 

Can adaptive GMAW be 

optimised if combined with 

artificial intelligence? 

 Abundant data 

collected during 

adaptive welding 

 AI is key 

component in 

adaptive welding 

for data 

processing 

 Nonlinear mathematical 

models are as effective as 

artificial intelligence 

 Hybrid models fuzzy-

neural networks can 

achieve process planning 

tasks of the welding 

operations 

V Dissimilar high-

strength steels: 

fusion welded 

joints, 

 Investigate the 

fusion welding of 

dissimilar high 

strength steels 

What are the effects and 

benefits of using adaptive 

GMAW in dissimilar welding 

of high-strength steel?  

 Complements the 

paper III with 

emphasize on 
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Mismatches, and 

challenges 
 Characterized 

effect of welding 

parameters on high 

strength steel 

 Heat input control is crucial 

for dissimilar welding of 

high strength steels. 

 Design of double entrance 

table of high strength steel 

grade combination and 

challenges 

high strength 

steels 

 Largely used and  

expected use to 

increase 

VI Dissimilar 

welded joints 

operating in sub-

zero temperature 

environment 

 Identify the causes 

and possible 

difficulties of 

dissimilar weld 

metal for the Arctic 

structures  

 Design procedures 

to improve weld 

quality. 

What are the effects and 

benefits of using adaptive 

GMAW in dissimilar welded 

joints operating in sub-zero 

temperature environment?  

 Case study in 

complement to 

the paper III, IV 

and V 

 Analysis benefit 

of improved 

dissimilar weld 

quality in  sub-

zero environment  

 Optimum selection and 

control of welding 

parameters can extend 

dissimilar joint in cold 

environment. 

 Design of a table welding 

challenge of dissimilar 

steels 

 Design of table of welding 

technique and effect of the 

weld quality 

VII Effects of 

shielding gas 

control: welded 

joint properties in 

GMAW process 

optimization 

 Identify control 

technique of 

shielding gas 

control and 

optimization 

 Design control 

approach to reduce 

waste and improve 

weld quality. 

What control techniques for 

shielding gas control are 

available and what is their 

effect on welding productivity?  

  For all the papers 

the main welding 

process is 

GMAW which 

used shielding 

gases 

 Shielding has 

impact on the 

overall welding 

cost and the 

productivity 

 Intelligent control, 

automatic flow rate 

compensator, and multi 

shielding mixer can 

optimize the supply of 

shielding gas. 

 Design of table of control 

technique and benefits on 

weld quality 

VIII Dissimilar 

Welding of High-

Manganese Steels 

 Identify the causes 

and possible 

difficulties of 

dissimilar high 

manganese steels  

 Design procedures 

to improve weld 

quality. 

What are the effects and 

benefits of using adaptive 

GMAW in dissimilar welding 

of high-manganese steels?  

 Very high 

performance and 

used for welded 

structure in harsh 

environments 

 Case study in 

complement to 

the paper III, IV, 

V and VI. 

 The increase in manganese 

in steel is accompanied 

with the complication of 

weldability 

 Design of a table of effect 

of alloys elements 

 Design of table of possible 

metal combination and 

challenges 
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6 Discussion 

One of the fundamental questions when welding a metal is whether it is weldable. 

Weldability is a concept that is generally defined as the ability of a metal to be welded. 

There is a debate about this definition because it gives rise to different interpretations 

depending on whether it is addressed from the perspective of the metallurgy or the 

perspective of the welding process. In this study, the two perspectives are integrated and 

the issues are addressed simultaneously from both perspectives. This approach to 

weldability takes into account both aspects of weldability; better knowledge of base metal 

behaviour enables design of welding equipment and techniques that are able to meet the 

needs of the base metal. Current rapid development of different metal grades makes it 

very difficult for welding machine designers to provide equipment that meets the precise 

requirements of new metals. 

6.1 State of the art in adaptive waveform GMAW 

GMAW-type welding needs a power source that generates heat through an arc. The 

electrode is consumed and is deposited in the molten weld pool. In order to reach the 

temperature conditions required to create the desired microstructure, weld geometry and 

control of the residual stress, the welding process must reach to accurate welding 

parameters output. The process should be able to learn during the welding operation, 

correct the settings if necessary, and ensure stability as the welding operation is carried 

out. The analysis in paper I identifies current and voltage waveform control parameters 

and control techniques (e.g. modified short circuiting, VP-GMAW and mixed metal 

transfer waveform) and compares their productivity and applicability on dissimilar metal 

welds and gap bridge-ability. 

Application of adaptive welding control is complex with respect to the quality of the weld. 

The quality of the weld is linked to the type of microstructure that develops during the 

heating and cooling cycle. The parameters on which real-time control is based must be 

made indirectly (e.g. heat input, cooling time, and thermal profile) because weld joint 

appearance, weld geometry and microstructures are observable only after they have 

formed. Therefore, the welding process should be able to learn so as to prevent defect 

recurrence by self-adjusting welding output parameters such as current and voltage 

waveforms by sensing sound, light, vibration or current signal. Thus, design of current 

and voltage would be effective tools to direct planning model (control variable → quality 

parameters) or inverse planning model (quality parameters →control variable) to improve 

weld quality in GMAW process.  New features on current and voltage waveforms, has 

enhanced process stability and lower spatter (Era, et al., 2009). Although, quality 

monitoring of adaptive GMAW is not straight forward because it should rely on indirect 

signal, adaptive GMAW of seam tracking, multi-passes planning and tracking with direct 

measurement of the joint path is more effectively implemented. 
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6.2 Categories of waveform in GMAW 

In Paper I, analysis of different current waveforms indicates that the transfer of metal in 

the weld pool and the heat input are adjustable based on the requirements of the metal 

being welded. Heat sensitive metals, e.g. plates of thin cross-section or with a risk of burn 

through, such as thin sections of sheets of less than 3 mm and root passes of pipeline 

joints, can be effectively welded using a modified short-circuiting waveform. Although 

modified short-circuit transfer current waveforms are advantageous for their lower heat 

input, the major objective of current and voltage waveform control is not to reduce the 

heat input, but to have control of the heat input. In order to achieve the desired 

microstructure properties and the desired weld geometry, a temperature is required that is 

sufficient for welding, without exceeding critical values, and which allows cooling time 

long enough to avoid the formation of martensitic formation. 

Current and voltage waveform control is applicable for metal transfer mode by short-

circuit for workpieces sensitive to excessive heat input and pulse waveform can be applied 

for welds requiring higher heat input because of their thickness or higher coefficient 

thermal expansion(CTE). For metal thickness above 3 mm, the amount of energy needed 

to achieve the desired penetration and the required microstructure and mechanical 

properties increases proportionally to the weld metal section. Sometimes, energy needed 

can depend on other properties of the base metal to be welded, as in the case of aluminum, 

where the presence of an oxide layer requires a specific current and voltage waveform 

(Norrish & Ooi, 1993). For instance, the current and voltage waveform of AC-GMAW 

has a dual action; direct current electrode positive (DCEP) most of the heat is 

concentrated in the electrode and increases the electrode melting rate, DCEP is helpful to 

remove the oxide layer, direct current electrode negative (DCEN) most of the heat is 

concentrated on the workpiece. In the first case, less penetration is observed but higher 

metal deposition, and in the second case, the penetration is greater. This feature provides 

a very effective way to adjust the penetration by varying the duration of the negative 

pulse. 

Unlike real-time adaptive control of the microstructure properties, which is indirect, 

adaptive real-time control of seam tracking is direct. Using different sensors, the welding 

robot can effectively correct its trajectory if joint deviation is detected during welding. A 

laser sensor-based application that can estimate the number of passes after scanning the 

volume of the weld joint is being increasingly implemented prior to welding. Moreover, 

orientation and trajectory can be useful factors for control of welding of dissimilar metals, 

and the importance of the design of the weld joint is pointed out in Paper VI. The use of 

buttering or an eccentric profile may require a particular orientation and a particular path 

of the torch, and adjustable adaptive control can be very effective in such cases. 

6.3 Usability of the adaptive GMAW process: Dissimilar metals 

Welding of dissimilar metals poses greater challenges as regards weldability than welding 

of similar metals. The challenges are related to differences in the properties of the metals 



6 Discussion 99 

to be welded. Differences in the thermal diffusion coefficient and thermal conductivity 

affect critical parameters such as heat efficiency and cooling time, which determine the 

quality of the microstructure and the geometry of the joint. The difficulties become 

greater as the difference in coefficient of thermal expansion (CTE) increases. Difficulties 

arising from differences between the workpieces have been studied in papers I, II, V, VI, 

and VIII. The papers analyze dissimilar fusion welds made with different metals. To 

better understand the expected impact of adaptive control on the properties of welded 

joints, the microstructure, geometry and mechanical characteristics of welds are 

evaluated. 

Paper II investigated welding of a dissimilar consumable electrode and S355. It was 

observed that a current waveform that combines pulse and short-circuits transfer mode 

makes it possible not only to bridge gaps between the workpiece but also to determine 

the geometric shape of the welded deposit. The rule applied is adaptive arc length control 

(AALC) and the principle is to maintain optimum arc length to ensure the maximum 

density of the arc energy to be supplied to the minimum area of the welded surface. Short 

circuit occurrence selected indicate for example that, for 50% value, short circuit would 

occur every second pulse (Uusitalo, 2014). These additional parameters affect the dilution 

and the microstructure of the joint, where different quantities of austenite, ferrite and 

acicular ferrite in the grain boundary, and Widmanstätten ferrite for dissimilar ferrous 

metal or decrease in intermetallic compound (IMC) for dissimilar ferrous and non-ferrous 

metal. These observations were confirmed in Paper III which investigated dissimilar 

welding of ferrous metals, dissimilar welding of ferrous and non-ferrous metals, and 

dissimilar welding of non-ferrous metals. For example, in dissimilar joint of S355 (EN 

10025) steel and DP600 HSS (EN10338). In ferrous and non-ferrous dissimilar joint, for 

instance; steel SPRC440 (cold rolled structural steel: 440 N/mm2 of tensile strength) 

(C440 according to EN 10139) and aluminium alloy 6K21(EN AW-6022) (AlSi1.2Mg0.6 

according to EN 573-3), lower intermetallic compound (IMC). 

To evaluate the usefulness of the control of the advanced GMAW process, welding of 

high strength steels is studied in paper V. These steels are being increasingly used because 

of their high strength and advantageous mass to strength ratio. For about half the volume, 

high strength steel has the same strength as mild steel. A major challenge to welding of 

such steels is their sensitivity to heat input; high strength steels have a propensity to 

softening in the heat affected zone. A further issue is the lack of wire-electrodes suitable 

for high strength steels. The challenges become greater if welding dissimilar high strength 

steels. It was noted that although the choice of consumable is critical, the process also 

needs optimal welding parameters to reduce the risk of segregation at the interface of the 

fusion line, to remove hydrogen and reduce the risk of cracking, and to minimize the heat 

affected zone (HAZ). 

Fusion welding of high performance steels for cold environments at subzero temperatures 

is also studied. There is a high risk of brittleness when using steel in such conditions. The 

study therefore aimed to identify risks and factors likely to ensure a longer service life. 

As noted in Paper III and Paper V, differences in the properties of the metals to be welded 
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should not be excessive, the joint design must take into account the dilution of the filler 

metal, and temperature distribution must also be considered. Thus, weld joint design with 

buttering, narrow or eccentric welds can be chosen to reduce segregation or dilution, or 

to provide sufficient heat distribution. Control of the heat input is also crucial and depends 

on the welding process control. 

6.4 Adaptive GMAW optimised with artificial intelligence 

It is quite difficult to develop adaptive control without an effective tool capable of 

analyzing the vast amount of data collected by the sensors and, above all, without the 

ability of the process to learn through various operations and experiments. In Paper IV, 

different artificial intelligences are analyzed, among others; expert control, fuzzy control, 

artificial neural network (ANNs) based control and hybrid artificial intelligence systems. 

Each artificial intelligence application has advantages and disadvantages. It was noted 

that combining different approaches in a hybrid system, such as a fuzzy controller and 

neural network, can achieve the best efficiency and optimum results. Combined fuzzy 

and neural network application can integrate the data collected in various dissimilar metal 

welds studied in papers II, III, V, VI and VIII. Moreover, such control can be used to 

optimize the real-time selection of the welding parameters such as those of the current 

and voltage waveform, motion of the electrode, extension of the electrode, and the flow 

and the composition of the shielding gas, as suggested in the papers I and VII.  
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7 Conclusions 

The main objective of this study was to analyze the applicability of adaptive control of 

the GMAW process and assess its influence on welds of dissimilar metals. With this aim, 

a number of research questions were raised to serve as a guide in the investigations. 

Articles were published to address the various issues raised at the beginning of the study. 

The following conclusions can be drawn from the published articles and offer answers to 

the questions posed at start of the research. 

Electronic development has contributed significantly to improving response time of 

welding power sources, which makes utilization of current waveforms with complex 

features possible. Additionally, parameterization of the current and voltage waveforms 

and better understanding of the metal transfer process enable an approach in which the 

metal transfer mode is not solely dependent on the current waveform but can also be 

assisted by the wire feeder unit. The combination of control of the current waveform and 

control of the electrode supply reduces spatter, which causes instability and a need for 

post-welding cleaning, and optimization of the output welding parameters results in 

improved weldability of heat sensitive metals (e.g. aluminium, stainless steels, zinc 

coated steels, thin sheet steels and dissimilar metal). In the literature, it has not been 

investigation to the possibility that the waveform can make adaptability of the process to 

random changes.  

The synergic GMAW process often leads to porosity defects and a rounded penetration 

root, whereas the synergic pulsed GMAW process has finger-like penetration. When 

increasing the number of occurrences of short-circuits by 20%, 35% and 50%, the profile 

gradually went from a finger-like root to a rounded root shape. Enhancement in the 

control of heat input was observed, which was characterized by a restricted heat affected 

zone and the presence of acicular ferrite, which is of importance as it limits crack 

propagation. The stability of the process was seen in less spatter and, therefore, less time 

loss due to post-welding cleaning. 

Advanced GMAW processes can be a crucial tool for collecting, analyzing, correcting 

and predicting welding parameters to ensure required weld quality. Observations made 

from welded samples reveal, for dissimilar welding of ferrous metals, a reduction in 

carbon migration and a reduction in segregation of impurities. For welding of dissimilar 

ferrous and non-ferrous metals, a reduction in the dilution is found; which is a 

consequence of limitation of the formation of brittle micro/phase and inter-metallic 

components (IMCs). For non-ferrous metals, for example, dissimilar welding of 

aluminum, a reduction in softened zones and coarse grains is found. 

Artificial intelligence that can be used for prediction of the quality of the weld includes 

genetic algorithms, expert systems, fuzzy systems, neural networks and hybrid systems 

(e.g. expert and neural network systems, or fuzzy and neural network systems). These 

models are generally used in the design of experiments to determine optimal parameters. 

However, it appears more and more that these models can be embedded in adaptive 
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control systems of the GMAW process in order to analyze collected data and provide 

optimum welding parameters. A hybrid model of a fuzzy and neural network offers 

considerable potential with regard to dissimilar welding quality assurance because it 

combines the advantages of cumulative experiences of the fuzzy model and the learning 

ability of the neural network model. 

Cooling temperature limits (t8/5), preheating temperature limit (Tp) and inter-pass 

temperatures, if applicable, are conditions that need to be assessed to avoid cold cracking 

and the formation of brittle components. Dissimilar high strength steels produced with 

different manufacturing processes require different and very specific welding procedure 

specifications. To address these difficulties in dissimilar welding of high-strength steels, 

adaptive control can provide optimized welding parameters to produce welds of 

acceptable quality. The temperatures recorded by the sensor can be used to determine the 

cooling condition and obtain microstructure with less grain boundary ferrite (GBF), less 

polygonal ferrite (PF), less bainite, less pearlite, less coarse grains and more acicular 

ferrite. Thermal scanner lasers can collect enough data usable by adaptive control and 

artificial intelligence to predict the weld geometry and microstructure and provide quality 

assurance for dissimilar welding. 

Steels used in the fabrication of structures for operations at low temperatures must have 

their ductility to brittle transition temperature (DBTT) in the temperature range below 

zero. The lower this transition zone is located, the better the steel behaves in sub-zero 

environments. Heat input during fusion welding has a negative effect on the position of 

the ductile to brittle transition temperature. It tends to displace the transition zone by 

increasing its limit temperature. Heat input control with an adaptive GMAW process can 

minimize the harmful effects of excess heat input and suppress the risks of failure due to 

brittle fracture. 

The availability of shielding gases need to be addressed; there is a very small range of 

tolerance in mixing share of shielding gas blends and prices have risen in recent years. 

Helium, which has exceptional characteristics, is a non-renewable resource, needs very 

high flow rates, and is the most expensive shielding gas. A mixture of two, three or four 

gases is required for an optimal result for a specific welding case. Adaptive control of the 

shielding gas can increase productivity, improve the quality of the weld, and minimize 

losses due to excessive gas use. Adaptive control of the shielding gas during the GMAW 

process aims to optimize its supply by synchronizing gas flow with other welding 

parameters such as current. 

Controlling the heat input is very important when welding steels with a high content of 

manganese, as the risk of vaporisation is very high for manganese. Therefore, the 

possibility of controlling the heat input, which is very significant for the welding of 

similar metals, is even more crucial in welding of dissimilar high-Mn steels. Controllable 

technologies with less heat input, optimised parameter control and seam tracking are ideal 

for dissimilar welding of steels with a high manganese content. 
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7.1 Contribution 

The study is a contribution to the automation and adaptive control of GMAW welding. 

The study identified different control parameters of the current and voltage waveforms, 

the effects of synchronization with the electrode feeding process, and the influence of 

modified waveforms of current and voltage, as well as shielding gas flow and shielding 

gas mixture. Welding of dissimilar metals is very complex because of the differences in 

diffusion and thermal expansion, the findings of this study allow manufacturing industry 

to increase productivity through a reduction in required robot programming time, 

reduction in welding defects, improved quality assurance, and increased autonomy of the 

welding station, reducing health risks from dangerous fumes emitted during welding. 

7.2 Future research topics 

Most studies focus on the mechanical behavior of welded metal joints. These studies 

analyze the stress in service, the residual deformations during the welding, the fatigue 

linked to stresses with different thermal condition. It should be noted, however, that the 

physical behavior of these joints is only the result of the transformation phase in the weld 

microstructures, the vicinity of the fusion line and the area affected by heat. Therefore, 

further study component could focus on characterization of the microstructure of 

dissimilar welds and their modeling and optimization to improve quality prediction 

software in real time welding and quality assessment. This characterization of the 

microstructure could help to understand the change in microphages, the effects of macros 

and micro segregations and inclusions. The exact role of each alloys element and that of 

the impurities in the change of microphages. And more importantly, the influence of 

welding procedures in the formation of microstructures. 

The findings from investigation on dissimilar weld metallurgical phenomena during 

welding, cooling, and in service can also contribute in the development of adaptive 

welding processes. This other aspect of further research is in the development of an 

autonomous welding process capable of operating in high risks working environment for 

welders. 
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Modified GMAW Processes: Control of Heat Input
Paul Kah∗, Mvola Belinga, Raimo Suoranta, and Jukka Martikainen

Lappeenranta University, LUT Mechanical PL 20, Lappeenranta 53851, Finland

This analysis of new GMAW processes aims to enhance understanding of the welding procedure and welding
parameter setting of such techniques. Different welding approaches are categorized and examples of materials
and welding variables are presented. The results reveal that the weldability of stainless steel, high strength
steel, aluminum, thin sheet plate, coated plate, and dissimilar joints such as steel and aluminum has been
significantly improved by the introduction of the new GMAW processes. Furthermore, it is seen that successful
design approaches can be achieved and algorithm control of the main welding variables is possible. The usability
of innovative GMAW process control responds to the high demand for low heat sensitive material welding. This
paper increases awareness of novel modified GMAWs and contributes to improved knowledge of such welding
procedures.

Keywords: Arc Welding Processes, Low Heat Input, Productivity, Transfer Mode, Waveform, Current,
Voltage.

1. INTRODUCTION
Modern power sources can include an electronically analogue
controlled chopper or an inverter. This technology has widened
the range of settings in the power source, making GMAW suit-
able for robot applications, and has enabled the digitalization,
feedback, intelligent and real time control of the welding process.
The inverter is a key improvement in the modern power source,
in view of its very rapid response to digital feedback.1�2

Electronic and digital control allows retrieval of welding
parameters and thus enhances control of arc accuracy. In the
1990s, developments in computer technology enabled design of
a special waveform aimed to improve the timing of arcing and
metal deposition.1�2

In the GMAW process, metal deposition greatly depends on
control of the current and voltage. In 1976, the International Insti-
tute of Welding (IIW) proposed the first classification of metal
transfer, published later by Refs. [3, 4]. As innovation brought
new control processes, a review of the classification was under-
taken and natural metal transfer, controlled transfer and extended
operating techniques included.5�6

A recently proposed classification incorporates control of spe-
cific waveforms, mechanically assisted droplet deposition and
contact tip-to-work distance (CTWD).7–9 However, elements of
the new classification concept overlap with regulation of the
shielding gas mixture and flow, and integration of algorithms to
optimize variables sensed on the tip and weld pool.10

A key issue remains inclusion of the new GMAW approaches,
with acquisition of data to establish convergence and divergence,
thus permitting the development of new perspectives.

∗Author to whom correspondence should be addressed.

The accuracy and flexibility of machine control has made a
variety of methods possible and has allowed optimization of
selections in the setting and retrieval of welding information, with
a significant impact on both the economics and service reliability
of welding.6

The paper is divided into three sections. The first section is
parts 2–5 which presents the new GMAW welding processes
based on approach adopted. The second section is part 6 which
gives a comparison of new GMAW welding processes with con-
ventional GMAW process, and the final section is part 7 which
summarizes the findings of this paper.

2. ADVANCED POWER SOURCE
REGULATION

In advanced power source regulation, the power sources bene-
fit from enhancements in digital control and upgraded software,
which enables monitoring of every aspect of the arc. The short
circuiting is predictable and can be set at a specific time. More-
over, the molten material transfer can be handled so that spatter
is minimized.

2.1. WiserootTM Process 1
The new approach by Oy, in development since 2005, integrates
improvements in efficiencies and a brand new welding process
supported by software. The approach comprises concepts such as;
WiseRoot, WiseThin, WisePenetration and WiseFusion. In this
paper, attention is given to the two first concepts, which make
up the new short arc mode, with weldability for thin sheet welds
and root passes.13–15

710 Adv. Sci. Lett. Vol. 19, No. 3, 2013 1936-6612/2013/19/710/009 doi:10.1166/asl.2013.4802
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Fig. 1. Current waveform of the WiseRootTM conventional short arc and
sequence of the arc.13

Table I. Example welding parameters with the WiseRoot process.

Ref. [16]

Material X65, D = 780 mm, Structural steel tube
t = 45�5 mm (Pipe) D = 110 mm t = 4 mm

Joint V 50� Width 4.5 I gap 4 mm
and height 0.5 mm

Wire 1.0 LMN Ni1 1.0 mm G3Si1
Gas Ar+18% CO2 /
Wfs m/min 3.5–3.9 3.0 or 2.8
Ws m/min 75–130 /
Position / Vertical, downhill

Figure 1 shows that the metal transfer occurs at low current,
and the arc and short circuiting are fully controlled, which results
in a particular current waveform.13�14

Table I presents an example of a root pass setting when weld-
ing an X65 pipe. The process allows satisfactory joints to be
achieved with reduced heat input.16

2.2. Surface Tension Transfer Process 2
Surface Tension Transfer (STTTM�,17 commercialized by Lincoln
Electric, is a GMAW process based on control of the short circuit

Fig. 2. Current waveform control of STTTM and corresponding drop and short arc images.20

Table II. Example welding parameters with the STT process.

[20]
Ref. FCAW with STT mode [21]

Material HSLAA SA516, 5 mm 15Mo3 (Steam boiler)
Groove Specimen on plate Butt joint
Wire (mm) 1.2 AWS A5.29,

Class E 110 T5-K4

Shielding gas CO2 Ar+18% CO2

Wire speed 5.00, 6.24, 7.51, 3
(m/min) 8.76, 10.00

Welding speed / 150
(m/min)

Peak current 250 265
Background 100(40%), 125(50%), 150(60%), 65

current 175(70%), 200(80%)
Volt 17, 20, 23, 26, 29
Gas flow 10 15

rate L/min

transfer process. The heat is adjusted by current control inde-
pendent of the wire feed speed. Therefore, variation of electrode
length has no effect on the heat value. The process is claimed to
produce TIG weld bed appearance.18�19

Figure 2 shows the waveform and images from a high speed
camera of the drop detachment from the filler wire to the weld
pool and the re-ignition of the arc.

Table II shows examples of results from experiments per-
formed on HSLA SA 516 of 5 mm thickness and on a 15Mo3
steam boiler component.21 The studies20�21 demonstrated the
usability of STT on sensitive heat material with CO2 as the
shielding gas, but also with an Argon and CO2 mixture. In addi-
tion, analyses of the weld bead revealed better penetration and
superior micro hardness. STT showed the lowest fume formation
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Fig. 3. RMD current waveform and droplet detachment.22

Table III. Example welding parameters with the RMD process.

Ref. Material Groove Wire Gas

[25] P5B grade of
P91

Specimen on
plate (cross
section plate)

ER90S-B9 Ar 90%+10%
CO2

[26] C-2000 thickness
6.35 mm flat
position AWS
G 1 Gap:
1.27–1.5 mm
Root land:
5.08 mm

Root pass
Single V
groove, 70�
Included
Angle 15.4 V,
135 A

Diameter
1.14 mm Ws:
0.5 m/min
Wfs:
5.7 m/min

10% He 0.4%
CO2-balance
Ar

rate and excellent weld bed geometry at higher wire feed
speeds.20

2.3. Regulated Metal Deposition (RMD)TM Process 3
Miller Electric Mfg. Co. introduced, in 2004, a new welding
technology process called RMD or Regulated Metal Deposition.

Fig. 4. Principle of Cold Arc voltage and current waveforms (a) and Cold Arc power at re-ignition (b).28

The technology is based on an advanced software application for
modified short circuit transfer GMAW that monitors the elec-
trode current in each step of the short circuiting. The wave pro-
file depends on the material being welded, although the typical
waveform shape remains, as shown in Figure 3.22

The software accurately adjusts the required speed and gas
combination for a specific wire diameter. Thus, based on the heat
history of the tips, it predicts future arc conditions and controls
the droplet transfer accordingly.22–23

Table III presents an example of RMD, showing the weldabil-
ity of a specimen plate of line pipe alloy steel P5B and P91
grade with a significant drop in heat input. The decrease in heat
input also benefits line pipe carbon steel X52 grade.25 Experi-
ments with the process on a Nickel alloy have also resulted in a
successful root pass.26

2.4. Cold Arc ProcessTM 4
The Cold Arc concept is a controlled short circuiting metal trans-
fer mode patented by EWM Hightec Welding GmbH and was
presented in 2004. The new welding process takes advantage of
highly dynamic inverter switching and very fast digital current
control. A digital signal processor (DSP) is used to control the
instantaneous extraction of the power just before re-ignition.27

Figure 4 compares the waveform of the conventional and
the Cold Arc process. The difference becomes apparent in
Figure 5(a); the metal transmission occurs at low current and a
special wave shape follows to stabilize the weld pool. In addition,
Figure 5(b) shows a comparison of re-ignition with conventional
GMAW.27

The Cold Arc process has been applied in butt jointing of
thin sheet plate aluminum grades such as 6XXX, 2XXX and
5XXX, presented in Table IV, although the manufacturer claims
usage with other material grades, too. Experiments on aluminum
showed improvement within a standard range as regards the
mechanical and micro-structure of the joint.29

2.5. ColdMIG Process 5
The ColdMIGTM process is patented by MERKLE. The process
is a modified short arc process enabled by the use of software
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Fig. 5. Comparison of conventional short arc and ColdMIG current and volt-
age waveform.30

Table IV. Example welding parameters with the Cold Arc process.

Ref. Material Groove Wire Gas Current Volt

[32] Mild steel Gap 5–10 mm, 1.2 mm Ar 80%+CO2 38 A 16.8 V
1.6 mm thickness solid 20%

to monitor the waveform. The process is characterized by opti-
mization of the voltage and current waveform. Figure 5 shows a
conventional short circuit and the ColdMIGTM curve. The short
circuit period is dramatically reduced compared to a conven-
tional short arc, which gives a new shape to the waveform in
this section, for the voltage as well as the current waveform. The
increase in current during necking is faster and rapid drop occurs
at molten metal breaking at the tips of electrode.30

2.6. Intelligent Arc Control Arc Process 6
Intelligent Arc Control (IACTM� is a modified short arc pro-
cess released by Migatronic in 2010. The process uses the latest
improvements in inverters and digital control. The software mod-
els and optimizes dynamical parameters of the short arc. The
process includes intelligent control of the shielding gas rate.31�32

Figure 6 shows the current and voltage waveform of IACTM,
which is significantly different from the conventional short cir-
cuit. After the peak, the current is suddenly reduced for low heat
transfer of the droplet and stable re-ignition of the arc. Table V
presents an example parameter setting for mild steel suggested
by the manufacturer. The manufacturer claims pre-set arc control
for mild steel, stainless steel, and other grades in the software
package.31�32

2.7. Super-Imposition Process 7
The Super-imposition (SP-MAGTM� process is a modified short
arc circuit patented by Panasonic. SP-MAG aims to overcome

Fig. 6. Voltage and current waveform of the droplet transfer sequence of
Intelligent Arc Control—Sigma Galaxy.31

Table V. Example welding parameters with the intelligent arc control
process.

Ref Material Groove Wire Ws Current Volt

[29] 6XXX Butt joint AlSi5 40–80 cm/min 68 A 11.6 V
2XXX 0.52-mm 1.2 mm
5XXX AlMg4�5MnZr

AlMg5 1.2 mm

limitations of conventional short circuiting and constant voltage
(CV) processes, such as spatter, low speed and low heat input.
The TAWERSTM robot series claims to successfully gather in one
process the benefits of pulse and CV.33–35 Figures 7(a) and (b)
present the waveform of the current and voltage. The Super-
imposition (SP) stabilizes the short circuit release and re-ignition.
Hyper-stabilization (HS) prevents a second short circuit.33–35

Successful experiments were done in the automobile industry36

to investigate robotic MAG process welding parameters
(Table VI). The thickness of the workpieces varied from 1.2 to
3.0 mm.

2.8. Controlled Bridge Transfer Process 7
The Controlled Bridge Transfer process (CBT) is a modified
short circuiting process. Figure 8 shows the current waveform
of the process. The switching occurs at the necking period; the
process senses the pinch effect and drops the current rapidly to

Fig. 7. (a) Current and voltage of MAG (a) and SP-MAG method and cor-
responding droplet transfer sequence (b).33
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Table VI. Effect of robot MAG process welding parameters.36

Joint date
(lap joint) Upper sheet Low sheet

Material S355 steel Material S355 steel
Thickness (mm) 1.3 Thickness (mm) 1.2

Weld data Current (A) 70 Stick out (mm) 9
Voltage (V) 17.4 Speed (m/min) 0.5

Fig. 8. Current waveform of MTS welding process.33�38

Table VII. Example welding parameters with the MTS process.

Ref. [39]

Material AISI304L 2.0 mm AISI304L 1.0 mm AISI304L 0.6 mm
Groove Lap joint Lap joint
Wire ER308; 1.0 mm ER308; 1.0 mm ER308; 1.0 mm
Shielding gas 98% Ar+2% O2 98% Ar+2% O2 98% Ar+2% O2

Wire speed 450 cm/min 410 cm/min 530 cm/min
Welding speed 70 cm/min 100 cm/min 300 cm/min
Current 100 A 100 A 115 A
Volt 15.0 V 14.0 V 14.0 V
Gas flow rate 15 l/min / /

allow only the surface tension to perform the molten transfer in
the puddle.37

EN (Electro-Negativity)-CBT has been applied successfully
and allows low heat input welding. CBT was suggested by a
group of researchers37 and is implemented as Metal Transfer Sta-
bilization (MTSTM� by Panasonic Corporation, with the aim of
improving the CO2 welding process in MAG.37

Table VII presents details of experiments performed with
AISI304L on a lap joint, the section of which varied from 0.6
to 2.0 mm. The results showed low distortion and significant
improvement in mechanical properties and the micro-structure.
In addition, low spatter and low fume emission were noted com-
pared to the conventional process.39

3. MECHANICALLY ASSISTED
DROPLET TRANSFER

The conventional GMAW process limited the electrode to pro-
vision of the current and metal deposition. Nowadays the filler

wire motion has become more dynamic and the forward motion
of the wire can be reversed to assist the breaking of the molten
metal during transfer into the molten pool. An inverter welding
current source is used for this purpose and the control algorithm
is conjugated with the electrode wire motion.7–8�40

3.1. Cold Metal Transfer ProcessTM 1
The Cold Metal Transfer (CMTTM� welding process was patented
by FORNIUS in 2004 and is based on a dip metal transfer mode.
The system is equipped with a high speed digital control, invert-
ers and a processor that control, for instance, arc length, cur-
rent and voltage. The main innovation is the oscillation of the
wire by AC servomotor, into the gun, at 70 Hz frequencies at
the moment of the short circuit occurrence to assist with droplet
detachment.38�40–42

FORNIUS has introduced CMT Advanced, presented in 2009.
The process integrates measurement and control of the arc length,
welding polarity and current. The deposition rate can be adjusted
by alternating the positive and negative process cycle (Fig. 9).

Table VIII presents example data for some cases of welding of
different material grades using CMT. The results showed good
weldability of cross-sections of 0.3 mm. Successful tests were
also made with welding of dissimilar materials such as aluminum
and steel. The results demonstrate the flexibility of the process
and acceptable results were obtained for steel, stainless steel and
aluminum.38�43�44�47�48

3.2. MicroMIG Process 2
The MicroMIGTM process was developed by the SKS Weld-
ing System Company and was launched at the Essen Welding
and Cutting Expo 2009. The process is mechanically supported
molten metal transfer located between the pulsed waveform. The
manufacturer claims a high deposition rate without increasing
the frequency, with less spatter and lower heat input. Figure 10
shows a typical waveform of the MicroMIG process:49

A pulse sequence (3) creates the weld pool and indirectly sets
the deposition rate. The last pulse creates a drop of molten wire.
In the droplet transfer (2) the wire is fed with low current until it
touches the workpiece, then (5) the direction of the wire changes

Fig. 9. Variation of welding current (IS), welding current (US) and wire feed
speed (Wfs) in CMT for dependence pulse CMT advanced in the EP and
EN-phase.41
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Table VIII. Example welding parameters with the CMT process.

Ref. [38] [43] [44] [47] [48]

Material Zinc coated steel AA 6111 Ni–Cr AlMg3 Hot-dip galvanized DC 0.4
(0.6 mm) Al 1060 (1 mm) Stainless steel steel and Al 1060

Groove Dissimilar lap joint Specimen on a Butt joint Butt joint 1.0 mm Lap joint; 1 mm Lap joint; 0.8 mm
plate 3 mm 0.3–2 mm

Wire Al–Si 1.2 mm 1–2 mm 4043 4316 1.0 mm AlSi5; 1.2 mm Al–Si 1.2 mm Autrod 1251; 1 mm
Gas Argon Pure Argon 97.5% Ar+2.5% CO2 Pure Argon Argon Ar 80%+CO2 20%
Wfs / / / / 3.9 m/min 5.4 m/min /
Ws / 1.0 m/min / 2.0 m/min 762 mm/min 913 mm/min 15-30 mm/s

and Torch 10 CTWD= 10–18 mm
Peak current / / / / 66 A /
Volt / / / / 11.8 V /
Gas flow rate 15 l/min / / / 15 l/min /

Fig. 10. Current waveform of the MicroMIG SKS Welding System.49

and the wire is retracted (4). The wire feeder is reversed (for-
ward) and a new pulse sequence starts (1).

Table IX presents example parameters for an experiment
with X5CrNi18-10. The MicroMIG process was able to achieve
acceptable mechanical properties and visual appearance, with few
defects.50

4. VARIABLE POLARITY GMAW OR
AC-MIG TRANSFER PROCESS

Variable polarity (VP) GMAW or Alternative Current (AC)
GMAW is a recently introduced pulse welding process.51�52 The
VP-GMAW waveform can be designed to provide a range of heat
inputs for a given wire feed speed, thus allowing optimization of
the travel speed for different weld deposit size applications.51�53

The polarity switches from EP to EN just after the pulse peak
current, and a cathode spot is formed on the surface of the
retained molten metal near the slender wire tip.54

4.1. AC-MIG (OTC-DAIHEN)TM Process 1
The AC MIG welding process presented in 2008 by the Japanese
OTC-Daihen Company uses a digital AC/MIG Pulse Inverter
DW300 to perform welding with low heat input. The innova-
tion has been extended from robotic to manual applications by
improving the arc stability at low welding current, permitting
welding of aluminum, mild steel, and structural steel.55 The EN
polarity ratio has a significant effect on the wire melting rate in
AC pulse MIG welding. DW 300 comprises software with an

Table IX. Example welding parameters with MicroMIG.

Ref. Material Groove Wire Shielding gas Welding speed (cm/min) Gas flow rate (l/min)

[50] 1,4301 (X5CrNi18-10) Lap joint; 0.8 mm 1,4370; 1.0 mm 98% Ar, 2% CO2 100 14
1,4301 (X5CrNi18-10) T joint; 1.5 mm 1,4370; 1.0 mm 98% Ar, 2% CO2 95 14

Fig. 11. Modified current waveforms in DW 300 with EN ratio up to 30%
(a) and above 30% (b).54

algorithm capable of varying the EN ratio up to 80% (P = 300 A
at 80%).53�56�57

Figure 11(a) is characterized with a conventional EN ratio lim-
ited to 30%. In Figure 15(b), the EN is divided into two areas;
the base current sustains the arc at the changing polarity, and the
pulse controls the penetration.54

The results of two experiments with AC-MIG welding are pre-
sented in Table X. The materials are SPCC and A5052. Welds
joints were performed on a specimen plate of 3.2 and 3 mm
to evaluate the penetration relative to the EN ratio. The results
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Table X. Example welding parameters with the AC-MIG process.

Ref. [58]

Material SPCC A5052
Groove Plate evaluate Plate evaluate

penetration; 3.2 mm penetration; 3 mm
Wire(in) ER70s-G; 1.2 mm ER5356; 1.2 mm
Shielding gas 80% Ar+20% CO2 100% Ar
Wire speed 700 cm/min 600 cm/min
Current 165–210 A 65–98 A
Volt 24.5–26.5 V 15.6–17.6 V
Gas flow rate 20 l/min 20 l/min

Fig. 12. Metal transfer process and current and voltage waveforms of non-
pulsed cold welding.60

Table XI. Example welding parameters with the cold process (CP).

Ref. [61] [62]

Material DC01 AISI 304L Low alloy steel Al CuSi3
Groove 2 mm 0.7 mm Lap joint Lap joint Lap joint;

1.5 and 4.17 mm (gap 1.5 mm) 1.0 mm
Wire / / / AlSi5; 1.6 mm 4.5 m/min
Wfs / / 2.25 m/min 9.0 m/min 4.5 m/min
Ws / / / 15 cm/min 80 cm/min
Current / / / / 132–135 A
Volt / / / / 16.0–16.5 V

showed lower penetration as the ratio increases and less risk of
burn-through.58

4.2. Cold Process 2
The German Company, Cloos, in 2002, successfully developed
the first variable polarity GMAW, the GLC 353 QUINTO Cold
Process (CP).59 DC positive polarity of the electrode in pulse

Fig. 13. ESAB Aristo SuperPulse waveforms: Pulse/pulse (a), Spray/pulse (b), Pulse/short arc (c).69

GMAW provides a stable arc and better penetration; however,
it is likely to generate undercut and burn-through on sheet metal.
Negative DC GMAW, on the other hand, generates an unstable
arc, difficult droplet transfer, shallow penetration, a high depo-
sition rate and low heat. CP integrates the advantages of both
approaches.58�59

The CP process has a special current waveform. Figure 12
combines the current and voltage waveform and can be detailed
as follows:59�62 the arc burning period (1), the short circuiting
period (2) and (3), the pinching period (4), the droplet transfer
period (5).

Table XI presents examples of welding parameters with the
CP process. In a manual test on DC01 steel (2 mm thick low
alloy steel) the welding process was faster than the same weld
with a semi-automatic conventional process. A 0.7 mm thick-
ness stainless steel was welded with CP and completion of the
weld was faster than the same weld done with a conventional
semi-automatic process and about as fast as the same semi-
automatic pulse welding process. The welding tests for 4 mm
thick S700MC and 4 mm thick AISI304L were not successful,
showing that CP is not suitable for this thickness.61�62

5. PULSE SPRAY/SHORT CIRCUIT
METAL TRANSFER

The GMAW-P process advances the concept of the combined
metal transfer mode. In normal transfer, different modes, e.g., free
flight transfer and bridging transfer, occur randomly.63–65 How-
ever, in combined metal transfer the relevant mode is attained
intentionally and in a controlled manner using features charac-
teristic of advanced power sources.66

5.1. Pulse/Pulse Arc Process 1
The Company ESAB developed a GMAW-P in 2003. The tech-
nology enhances accurate control of the waveform by utilization
of a multi-process power source, ARISTOTM Superpulse. The
concepts consist of pulse/pulse and pulse/spray, already available
from other manufacturers. The innovation is a pulse/short arc,
which aims to control the heat input and arc for sheet thin metal.
It is fundamentally a software solution included in the operator
pendant.67

Figure 13(a) illustrates the pulse/pulse, Figure 13(b) presents
the spray arc/pulse and Figure 13(c) depicts the pulse arc/short
arc process. The approach utilizes pulse in the primary phase and
a short arc in the second phase with very low heat input and a
GTAW bead appearance.68–70

Table XII presents welding parameters of stainless steel, as
given by the manufacturer for the combined pulse and dip or
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Table XII. Example welding parameters with the Pulse/Dip or Spray
process.69

Material type Stainless steel Travel speed

Mat. thichness 0.8 mm Primary wire feed 2.0 m/min
speed (WFS)

Joint type V. Butt Secondary wire feed 1.2 m/min
speed (WFS)

Welding position PA
Wire type 16.32 (316 LSi) Primary voltage 21.8 V
Wire diameter 1.0 mm
Gas type 97.5 Ar; 2.5CO2 Secondary voltage 14.8 (+0.8) V
Primary phase Pulse
Secondary phase Dip/Spray Primary time 0.30 sec
Pr. phase synrgic On
Sec phase synrgic On Secondary Time 0.10 sec

spray transfer mode process. An analysis by Ref. [71] of welding
process speed with combined pulse investigated the distortion
resulting when welding aluminum. The results showed that the
process reduces heat input without compromising productivity.

6. COMPARISON OF NEW ARC WELDING
PROCESSES AND CONVENTIONAL
WELDING PROCESSES

Table XIII presents a comparison of some key features of new
arc welding and conventional processes. It can be seen that a
significant amount of the information is from manufacturers. This
is because limited research has focused on testing new welding
applications; the main reason being the investment required to
conduct such comparative research.

A number of arc welding process concepts have been designed
during the recent decades. However, limited interest in scien-
tific research of such processes has been shown, despite the fact
that studies on WiseRoot, STT, and CMT have demonstrated

Table XIII. Comparison of low heat input welding processes for thin sheet plate metal.13–70

Material and thickness

Features Welding speed Thermal Stainless Mixed Gap-bridging
Group processes versus MIG/MAG input Steel≥mm steel≥mm Al≥mm joint (mm) Productivity

Advanced WiseRoot 10% faster 10–15% reduced 0.6 Yes / No 6 Good different position
controlled STT High welding speed Lower than TIG 0.9 Yes 0.9 Possible 5∗ High productivity

RMD 2 or 3 times faster∗ Reduced∗ 3.17 or less Yes 3.1 or less ∗∗ 4.7 High for root pass
Cold Arc Can improve Minimized 0.3 Yes 1.3 Yes Possible∗+ All positions∗
Cold MIG Increase Minimized 0.6 Yes 0.6 Yes∗ Can+ All positions

IAC 15% faster Reduced∗ 0.6∗ Program 0.6∗ ∗∗ Possible∗+ Increase
included productivity∗

SP-MAG Faster Reduced tested Yes ∗∗ ∗∗ Possible Increase
on 1.2 productivity

CBT Faster Reduced 0.8 Yes No No 1.4 ++
Mechanically CMT 50% slightly 30% 0.3 Yes 0.3 Yes 2.5 ++

assisted twice faster∗
CMT 50% slightly 30% 0.3 Yes 0.3 Yes 2.5 +++

advanced twice faster∗
Micro MIG Identical Reduced∗ 0.6 Yes 0.6 ∗∗ No exp ++

AC-MIG AC-MIG Increased+ Reduced 30–40%∗ thinner Yes Less than 0.8∗ No∗∗ 2 +++ good because
modified of melting rate

CP Increased++ Reduced − 0.5 Yes 0.8 No 2 +++
Mix Pulse/short arc Increased++ Reduced − 0.6 Yes 0.6 Yes No∗∗ High for root pass
Normal Short circuit Slower Moderately 0.6 — — No Difficult Thin sheet,

GMAW higher all positions
pulse Moderately slower Higher 0.6 Yes Yes No Difficult Thin and medium

Notes: ∗ = indication from the manufacture; −= decrease of feature; ∗∗ = No information; += increase in feature.

improvements in terms of heat input reduction, improved
speed and productivity, and an increased range of material
weldability.38�39�43�72

7. CONCLUSION
The aim of this study was to investigate recent innovations
in GMAW processes in terms of new concepts and significant
improvements. Analysis of available data leads to the following
conclusions.

New modified short arc welding processes are suitable for thin-
ner sheet metals, gap bridging, root pass welding, and materials
such as stainless steel, and heat-sensitive and coated sheet metal.
Some modified short arc processes have dissimilar material join-
ing capability.

The design of the power source has been a main target of
innovation and modern power sources have high speed switching
with new advanced inverter and electronic devices for digitalized
feedback control.

New welding devices have considerable flexibility in terms of
adjustment of waveforms. A waveform designer would be useful
to provide the welder with more options.

Mechanically assisted droplet detachment is synchronizable
with other variables. The concept affects the size of the gun and
a current trend is development of convenient size welding guns.

Parameters such as CTWD and shielding gases can affect the
voltage and current waveform. Shielding gases control can ben-
efit from intelligent optimization of the flow rate.

The voltage and current waveforms provided by the manufac-
turer differ from those obtained by independent laboratories with
the same settings.

New transfer modes such as combined pulse, short-circuiting
and mechanized droplet transfer implemented by innovative arc
welding concepts should be introduced in future metal transfer
classification.
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1. Introduction 
 

Gas metal arc welding (GMAW) is acknowledged 

as a process that is both easy to operate outside workshops 

and very economical. However, innovations leading to a 

constantly growing number of new metals and issues with 

the stability of the arc have often posed major challenges 

for the process. For example in ship and offshore terminal 

construction, the welding condition is difficult, welded 

cross sections are thick and the number of welds very high.  

Reduction in the welding operation time improves produc-

tivity, decreasing the costs of the work force, and avoids 

excessive heat, preventing distortion and other weld de-

fects. Innovations in the areas of feedback control, specific 

current and waveform shape, and highly responsive weld-

ing power sources have provided the GMAW process with 

an ability to adapt to irregularities in the weld zone and 

have made it possible to effectively regulate key parame-

ters such as current, voltage, and flow gas, thus enabling 

optimization of process performance. The GMAW process 

key development has significaly improved robot welding 

[1] and combination with other processes such as laser 

welding [2]. 

State-of-the-art welding equipment integrates 

electronics and software, and these components allow the 

process to read the change in the weld area between the 

workpiece and the torch, and then make corrections to ad-

just important parameters to ensure optimum results [3]. 

Modified short circuiting transfer mode processes have 

been an important research topic in recent decades and 

have largely proven themselves as stable and efficient pro-

cesses with lower heat input (Q) even when welding heat 

sensitive thin sheet sections and dissimilar materials [4]. 

Research is continuing to extend the applicability of the 

pulsed process. However, study has been limited, thus far, 

to a specific number of processes, such as synergic and 

self-regulation control, which itself dates from the 1970s, 

and little interest has been shown in study of the shape and 

combination of current and voltage waveforms[5].  

The study presented in this paper describes the 

improvements that have been made to the basic pulsed 

GMAW process, reviews latest innovations, and compares 

adaptive GMAW processes, allowing differences in weld-

ing performance to be identified. In the empirical part of 

the study, three different processes; synergic GMAW, 

WiseFusion
TM

 and Synergic Pulsed GMAW are used to 

weld a T-Joint (horizontal position), structural steel 

(S355MC), thickness (5 mm). Data from this experiment 

are used for comparison of the performance of the process-

es, and the microstructure and mechanical characteristics 

of the joints. 

The study is a base line of welding procedure 

specifications for the case of the adaptive pulsed GMAW 

process; benefits of control in terms of heat input reduction 

control, and profile and mechanical characteristics of the 

weld when welding structural steel are also identified. 
 

2. Pulsed GMAW 
 

In the past, there was little scope for process mod-

ification of the GMAW method. Notable exceptions were 

dual power source concepts for dip transfer and the early 

introduction of pulsed transfer GMAW using sinusoidal 

current pulses [6]. Pulsed GMAW (P-GMAW) provided 

additional control of the GMAW process by using a cur-

rent waveform consisting of a low background level to 

maintain the arc and a superimposed pulse current to de-

tach the material. 

The objective of P-GMAW was to produce spray 

type projected transfer at mean currents below the spray 

transition threshold. The process gave good positional 

spray performance and was particularly beneficial in the 

welding of aluminium alloys and stainless steel [7, 8]. The 

main limitation of the P-GMAW process was the power 

source design constraint, which meant that pulse frequency 

was usually a multiple of mains frequency and the pulse 

profile and duration were dependent on the fixed power 

source design.  

The introduction of solid state power control 

meant that power source statics, dynamics characteristics 

and output waveforms could be varied, for example, the 

relation between voltage and current under various fixed 

loads or changing load condition. Based on the early work 

of J. Ma [9] it became possible to produce drop spray 

transfer mode in a controllable and repeatable manner over 

a wide current range. 

In recent decades, as a result of improvements in 

power source technology, a number of innovations have 

been successfully implemented and have dramatically im-

proved the P-GMAW process. Structural steel has been 

added to the types of material weldable by P-GMAW. The 

pulsed parameters provide better control of the microstruc-

ture of the base and weld metal. For example, the micro-

structure and grain size change significantly depending on 

the pulse parameters [10, 11]. Fig. 1 presents a flow chart 

of the evolution of adaptive pulsed GMAW, its modifica-

tions and applications. It can be seen, listed beside pro-

cesses benefits from synergic and self-regulation control. 

Moreover, dual pulsed, alternative current (AC) GMAW, 

electrode extension and modified short circuit mode com-

bined with synergic or self-regulation control improve 

GMAW process efficiency significantly. 
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Fig. 1 Evolution of adaptive pulsed GMAW [12-24] 

 

3. Adaptive pulsed GMAW 

 

The adaptive pulsed GMAW process with com-

bined metal transfer mode such as spray and short circuit is 

designed so as to adjust for parameter variations and dis-

turbances of the process, improving weld quality, process 

effectiveness and efficiency. 

In the normal pulsed GMAW transfer mode, the 

dissimilar modes occur randomly. For example, during 

pulsed GMAW four different short circuits can occur [25]: 

(1) Instantaneous short circuit; no metal is trans-

ferred, occurs with longer and higher peak current and 

shorter base current;  

(2) Base short; metal transfer takes place, occurs 

generally with longer and smaller base current; 

(3) Peak short; metal transfer takes place, occurs 

at lower peak current, lower base time and higher base 

current; 

(4) Butting the electrode into the workpiece; takes 

place when the melting rate is lower than the feed rate.  

With advanced power sources, however, com-

bined transfer modes are intentionally obtained. The spray 

and short circuit transfer modes are successfully applied in 

the same current waveform and the process is continuously 

adapted by keeping the arc shorter and restricting the oc-

currence of short circuits. 

The main issues in control of pulsed GMAW with 

a short distance between the tips of the electrode and the 

weld pool are the occurrence of unexpected short circuits, 

which happen as the drop grows and touches the weld pool 

before breaking, and irregularity of the joint and welding 

feed speed. The short arc increases the pressure, the pene-

tration grows and, consequently, unwanted short-circuits 

result in more defects and spatter. 

The example process considered in this study ap-

plies pulses combined with the short circuit metal transfer 

mode. A Finnish company has recently introduced a pro-

cess with better control of arc distance and occurrence of 

short-circuiting. The principle of operation of the 

WiseFusion
TM

 function is based on controlled regulation of 

the pulse or spray arc current and voltage waveform, as 

shown in Fig. 2. The %-value indicates the number of short 

circuits (SC) in a pulse sequence. The power source moni-

tors the number of short circuits so that it remains at the 

level defined by the WiseFusion %-value. 

 

 

Fig. 2 Pulse sequence where the filler droplet short-circuits 

before detaching [26] 

 

4. Experimental  

 

The set-up used during the experiment included a 

gas regulator, welding machine, a support torch mecha-

nized unit, a flexible fume extractor, and workpiece sup-

port and fixtures. The power source characteristic and elec-

trode filler wire feeder unit were read from the machine 

rating data plate. Welding parameters such as welding 

speed, wire feed rate, gas flow and contact tip to work dis-

tance (CTWD) were kept constant, and a calibrated digital 

oscilloscope was used as data acquisition equipment for 

amperage and voltage values storage. The power source 

used in the experiments, FastMIG 450, is digitally con-

trolled multi-process equipment. FastMIG 450 can be 

changed from normal synergic GMAW to pulsed synergic 

control and Wise GMAW. The Wise concept software was 

installed on the equipment prior to the experiment.  
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Experiments were performed using the Synergic 

GMAW, Synergic Pulsed GMAW and WiseFusion
TM

 pro-

cesses to weld a fillet-weld (PB position). The air gap be-

tween the parts ranged from 0 to 2.5 mm. The base materi-

al was structural, low alloy steel grade S355MC, EN 

10149-2 standard. Table 1 presents the chemical and ten-

sile properties of S355MC. The chemical properties of the 

filler material G3Si1, classification EN ISO 14341-A, are 

presented in Table 2.  

Heat input, mechanical properties and microstruc-

ture of the welded joint were investigated. A mixture of 

82% Argon and 18% CO2 was selected as the shielding gas 

for the experiments. The same welding parameters for wire 

feeding speed, welding speed, gas flow and contact tip to 

work distance (CTWD) were used in all experiments. 

Metallography was performed based on the SFS-EN 1321 

standard. Specimens were resized, grinded and finished, 

after which etching was done to reveal the microstructure 

using Nital etchants containing 4% nitric acid (HNO3) in 

ethanol. 

 

5. Results and discussion 

 

This section is divided into six sub-sections and 

presents respectively; heat input, micro-section analysis, 

dilution analysis, microstructure, Vickers hardness test, 

and processes comparison. The sections present energy and 

harness data, weld dimension, microstructure details and 

discuss the processes by comparing weld input energy, the 

metallographic specimen and the Vickers hardness. 
 

5.1. Heat input 
 

A calibrated digital oscilloscope was used for data 

acquisition. The equipment captured amperage and voltage 

values and allowed estimation of the heat input. The heat 

input (Q) of the different processes; Synergic Pulsed 

GMAW, WiseFusion and Synergic GMAW, was investi-

gated by keeping constant; welding speed, wire feed speed, 

gas flow rate and contact tip to work distance (CTWD), 

then voltage and current were measured.  

The highest current and voltage were observed 

with Synergic GMAW and the lowest values were noted 

with WiseFusion
TM

. The reduction in current and voltage 

affected the heat input. Table 3 shows that the percentage 

number of short circuits has no effect on the heat input 

when operating with WiseFusion
TM

. Lower spatter and a 

more stable arc were found with WiseFusion
TM

 compared 

to synergic controlled welding, and higher spatter was ob-

served with the Synergic GMAW process. The trends of 

the results are similar to claims made by the manufacturer 

in the software manual [26].  
 

Table 1 

Chemical and tensile properties of S355 MC [27] 
 

Symbol  Chemical composition, wt% 

C Si Mn P S Al 

S355 MC 0.12 0.03 1.50 0.020 0.015 0.015 

Symbol Tensile properties 

Re ,MPa Rm , MPa Strain at fracture, % 

S355 MC 355 430-530 18 
 

Table 2 

Chemical properties of the consumable electrode, G3Si1 [28] 
 

Symbol Chemical composition, wt% 

C Si Mn P S Ni Mo Al Ti+Zr 

G3Si1 0.06-0.14 0.70-1.00 1.30-1.60 0.025 0.025 0.15 0.15 0.02 0.15 

Table 3 

Experiment welding parameters and heat input results 
 

Test Processes 
I, 

A 

U, 

V 

Welding speed, 

cm/min 

Wire feed speed, 

m/min 

Gas flow rate,  

L/min 

CTWD, 

mm 

Q, 

kJ/mm 

1 Synergic pulsed 170 26.7 34 9 14 18 0.64 

2 WiseFusionTM ( 35% SC) 167 25.1 34 9 14 18 0.59 

3 WiseFusionTM (50% SC) 167 25.1 34 9 14 18 0.59 

4 WiseFusionTM (20% SC) 167 25.1 34 9 14 18 0.59 

5 Synergic GMAW 200 24.3 34 9 14 18 0.69 

 

5.2. Macro-section analysis 
 

Macro-section analysis was used to evaluate the 

wall and root penetration, as well as the throat (Figs. 3-5). 

Three different categories of air gap were studied (0; 1 and 

2 mm) and samples cut from five weld specimens. The 

images were attached to AutoCAD version 2011, and 

scaled measurements of convexity, throat, leg length and 

root penetration were then carried out.  

Fig. 3 shows two metallographic cross section 

specimens for 0 mm air gap of the T-joint with values of 

weld shape dimensions. Figs. 3 (a) and (b) present, respec-

tively, samples from specimens welded using Synergic 

Pulsed GMAW and WiseFusion
TM

 at 35% short circuit. It 

can be seen that the heat affected zone (HAZ) in (a) is 

larger than that in (b), which confirms the greater heat in-

put when using the Synergic Pulsed GMAW process. In 

addition, there is a significant difference in root penetration 

length and profile. Both samples present quite similar legs 

length. 
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 a b 

Fig. 3 Cross section specimens at 0 air gap: a) Synergic 

Pulsed GMAW; b) WiseFusion
TM

 at 35% short  

circuit 

Fig. 4 presents five metallographic cross-sections 

from five welded samples of the different welding process-

es at 1 mm air gap. Fig. 4, a shows a synergic pulsed sam-

ple and Fig. 4, b WiseFusion
TM

 at 35% short circuit of a 

welded specimen with 1 mm gap at the T-joint. The speci-

men in (a) exhibits larger HAZ than (b), resulting from the 

greater thermal input of Synergic Pulsed GMAW.  
 

   

 a b 

   

 c d 

 

e 

Fig. 4 Cross section specimen  at 1 mm gap: a) Synergic 

Pulsed GMAW; b) 35% short circuit; c) 50%, d)  

20% short circuit; e) Synergic GMAW 

The difference in root penetration length between 

(a) and (b) is rather small, about 0.01 mm. However, a 

considerable increase in root penetration can be seen in 

Fig. 4, c. This change is related to the increase in short 

circuiting percentage to 50%. Both samples, (a) and (b), 

present quite similar legs length. It can be observed that the 

convexity using the curve at 35% short circuit is symmet-

ric, which is advantageous in stress repartition.  

Analysis of the effect of the short circuiting per-

centage on the penetration measurements reveals that wall 

penetration increases with the increase in the number of 

short circuits. The penetration is significantly higher at 

35% and 50% short circuiting (Figs. 4 b and c) than at 20% 

short circuiting (Figs. 4, d and e). It can also be observed 

that the legs lengths in b and in c are longer than in d, 

about 0.2 mm. Moreover, it is evident that the lower the 

percentage of short arc, the closer the weld shape is to that 

of the Synergic Pulsed GMAW process. The Synergic 

GMAW process, the specimen in Fig. 4, e, presents the 

lowest penetration and a greater porosity defect, indicated 

by the red arrow in e. 

Fig. 5 shows five metallographic cross sections 

from five welded samples of the different welding process-

es at 2 mm air gap. Figs. 5, a and b describe specimens 

welded using Synergic Pulsed GMAW and WiseFusion
TM

 

at 35% short circuit with a 2 mm air gap of the T-joint. The 

HAZ in sample Fig. 5, a is larger than in b, which indicates 

increased heat input when using the Synergic Pulsed 

GMAW process.  
 

   

 a b 

   

 c d 

 

 e 

Fig. 5 Cross section specimens at 2 mm gap: a) Synergic 

Pulsed GMAW; b) WiseFusion 35% short circuit; 

c) 50% short circuit; d) 20% short circuit; 

e) Synergic GMAW 

 

Measurement of the weld indicates that a slight 

difference appears in root penetration length. The smallest 

root penetration length can be found from sample (e). It 

can be observed that the vertical leg length of sample (b) is 

greater than that of (a) and, inversely, the horizontal leg in 

(b) is longer than in (a). WiseFusion shows the ability to 

produce a symmetric share of the weld pool downward and 

upward regardless of the gravitational force. The sample 

shown in (d) presents the highest throat (3.7 mm) but also 

the lowest reinforcement, which can weaken the joint 

strength.  

The gap bridgeability of WiseFusion
TM

 was eval-

uated and found to depend considerably on the short circuit 

percentage. It can be noted that the bridge at 35% and 50% 
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short circuit, Figs. 5, b and c, respectively, is higher than 

the 20% short circuit specimen, Fig. 5, d. Therefore, it can 

be concluded that with WiseFusion
TM

, the bridgeability 

decreases with the reduction in short circuit percentage. 

The Synergic GMAW process, Fig. 5, e, exhibits an ab-

sence of root penetration and bridgeability. Moreover, the 

HAZ and porosity defect (red arrow) are greater, as shown 

in Fig. 5, e. 

 

5.3. Dilution analysis 

 

Dilution analysis was used to evaluate the per-

centage of weld metal in the base metal. Dilution areas are 

given in Table 4. The cross section of the weld was divided 

into three sub-surfaces, a, b and c (Fig. 6), and values were 

estimated using AutoCAD version 2011 software. The 

dilution was then calculated based on Eq. (1) [29] 

100





cba

ba
Dilution% . (1) 

 The dilution at an air gap of 1 mm, presented in 

Table 4, is at a maximum for WiseFusion
TM

, particularly at 

35% short circuit. The WiseFusion
TM

 software manual 

states that this percentage is required for steel. The results 

clearly show different dilution compared with the 0 air 

gap. The dilution of Synergic Pulsed GMAW is 3.39% 

lower than that of the WiseFusion
TM

 35% short circuit. It 

should be noted that the smaller the number of short-

circuits the closer the wall dilution of WiseFusion
TM

 be-

comes to synergic control and Synergic GMAW. 

 

 

Fig. 6 Repartition of weld area for dilution calculation  

 

Table 4 

Dilution comparison at 1 mm air gap 
 

Area, 

mm2 

Synergic Pulsed 

GMAW 

WiseFusion  

35% SC 

WiseFusion  

50% SC 

WiseFusion  

20% SC 
Synergic GMAW 

a 5.2963 9.0672 7.4813 4.9985 5.756 

b 18.2772 17.9051 17.9363 17.5121 16.942 

c 4.4947 2.0329 2.5838 4.3726 3.2768 

Dilution, % 34.8829 38.2693 35.9450 34.8586 34.7752 

 

5.4. Microstructure 

 

The microstructure of the weld and HAZ is shown 

for different processes and heat-input in Fig. 7 below with 

a magnification scale 100 µm. Fig. 7, a shows the base 

metal microstructure. Strength and toughness derive from 

the very fine ferrite and second-phase microstructure (fine-

ly dispersed pearlite) that occur during accelerated cooling 

of the thermo-mechanically controlled process. 

Microstructure analysis of specimens at 1 mm 

gap, Fig. 7, revealed a greater presence of grain boundary 

ferrite (GBF) and acicular ferrite (AF) at the fusion zone in 

(b), (c) and (d). It was observed that the microstructure 

contains predominantly coarser and elongated primary 

austenite phases with fine interdendritic structures. The 

morphology of the dendrites changed with variation of the 

pulse parameters. There was no significant variation of the 

weld microstructure in the Synergic and WiseFusion pro-

cesses at a constant heat input. Specimens in Figs. 7, b and 

f show slightly lower GBF presence. 

 

5.5. Vickers hardness test 

 

The hardness test was based on the standard, SFS-

EN 1043-2 Destructive test on welds in metallic materials. 

A DuraScan hardness tester was used. The macro-hardness 

test was performed from the base metal to the centreline by 

considering the symmetry of the weld. The analysis com-

pared the same range of air gap for the base metal, HAZ 

and weld hardness with HV 5.  

Results for the macro-hardness test at 1 mm air 

gap are given in Fig. 8 and show that the Synergic GMAW 

specimen has the highest hardness, ranging from 3.5 to 

6.5 mm. The hardnesses (HV5) of the WiseFusion
TM

 spec-

imens at 35%, 50% and 20% short circuit are, however, 

very similar. It is observed that the hardness of the Syner-

gic Pulsed GMAW specimen increases sharply at the fu-

sion zone (FZ), while that of the Synergic GMAW sample 

grows moderately. The hardness growth for WiseFusion at 

50% and 20% short circuit is steady and in the same range. 

The observed fluctuation correlates with the perceived heat 

input and dilution for the Synergic Pulsed control and Syn-

ergic GMAW processes. 

 

5.6. Processes comparison 

 

Table 5 presents a comparison of the adaptive 

GMAW processes studied. The base of the comparison is 

the conventional GMAW process. The table compares four 

processes with five criteria; thermal input, root penetration 

dilution, microstructure and hardness. Changes in process-

es welding parameters resulted in specific improvements in 

the welds characteristics. From this study and related stud-

ies mentioned earlier [5, 13, 26], it can be seen that signifi-

cant benefits can be derived from the improved control of 

welding parameters possible with Synergic Pulsed GMAW 

and from the adjustment of short circuit occurrence in 

WiseFusion
TM

. The penetration is deeper and the micro-

structure constituent, such as acicular ferrite, is controlled 

at the required heat input without compromising the 

strength of the welded joint. 
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 a b c 

         

 d e f 

Fig. 7 Comparison of microstructure (magnification 100µm): a) Base metal (S355MC); b) Synergic Pulsed; 

c) WiseFusion
TM

35%; d) WiseFusion
TM

50%; e) WiseFusion
TM

20%; f-Synergic GMAW 
 

 
Fig. 8 Hardness test results for Synergic Pulsed GMAW, WiseFusion

TM
 (20, 35 and 50%) and Synergic GMAW. Base 

metal (BM), heat affected zone (HAZ), fusion zone (FZ) and weld metal (WM) 

Table 5 

Comparison of processes studied 
 

Feature Conventional GMAW Synergic Pulsed GMAW Synergic GMAW WiseFusionTM 

Thermal input higher medium high low 

Root penetration lower deep low deep 

Dilution lower medium low higher 

Microstructure poor good porosity good 

Hardness higher medium high low 

 

6. Conclusions  

 

1. The literature review revealed that the adapta-

bility of welding machine to randomly changes while pro-

cessing with the advanced GMAW process has become 

possible with a better control of the arc. Be it a dual 

pulsed, a variable polarity pulsed, an electrode extension or 

modified short circuit combined with pulsed GMAW. Con-

trol o the heat input (Q) and process optimization have 

shown to contribute in predicting for adequate weld micro-

structure and heat affected zone of the base metal to im-

prove the life cycle of the weld joint.  

2. Compared to Synergic Pulsed GMAW, the pro-

file of the weld generated with WiseFusion
TM

 is larger, 

with a deeper side wall, and with a considerably longer 

root penetration at 50% short circuit. The latter characteris-

      BM          HAZ       FZ                     WM 



700 

tic enables control of the penetration by adjusting the short 

circuit percentage and, when increasing the welding speed 

and energy input, reduces the risk of burn-through to weld 

plate of thin sections smaller or equal to 5 mm. 

3. There was no significant variation of the weld 

microstructure in Synergic Pulsed GMAW and 

WiseFusion
TM

 but the morphology of the dendrites chang-

es with variation of the pulse parameters. The presence of 

acicular ferrite (AF) with fine grains, which provides max-

imum resistance to crack propagation, was observed in the 

processes investigated. Synergic Pulsed GMAW and Syn-

ergic GMAW showed a sharp increase in hardness at the 

fusion zone which can be a location for stress concentra-

tion. 

4. Weld penetration has a major impact on joint 

strength and service life. The weld dilution dictates the 

degree of base metal fusion and must be adequate to main-

tain weld quality. The hardness variation at the interface of 

the weld zone and heat affected zone correlates highly with 

joint strength. The joint weakening tendency can be signif-

icantly reduced in ferrous welds and non-ferrous welds by 

heat input reduction. The WiseFusion
TM

 process exhibited 

better wall dilution and penetration. This ability increased 

as the percentage of short circuits grew. Furthermore, the 

legs lengths of WiseFusion
TM

 were much longer than syn-

ergic GMAW and slightly superior to Synergic Pulsed 

GMAW.  

5. The shape of the weld is defined by the pene-

tration, as well as the dilution of the weld seam. Synergic 

Pulsed GMAW manifested a straight profile and a longer 

root, while Synergic GMAW exhibited a straight wall fu-

sion line but short root penetration. The straight fusion line 

and shorter legs length lead to smaller dilution compared to 

WiseFusion
TM

. WiseFusion
TM

 presented a longer legs 

length and a more rounded seam weld fusion line with 

relatively symmetric repartition at the side wall of the 

weld. The shapes of the WiseFusion
TM

 welds demonstrate 

the factors necessary to guarantee strength rigidity and a 

long life cycle. 
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B. Mvola, P. Kah, J. Martikainen, E. Hiltunen 

ADAPTYVUSIS IMPULSINIS DUJINIS LANKINIS 

METALO SUVIRINIMAS IR JO PRIVALUMAI 

R e z i u m ė 

Šio tyrimo tikslas ištirti adaptyvųjį impulsinį me-

talo dujinio lankinio suvirinimo (MDLS) procesą ir nusta-

tyti, ar jį  galima taikyti storesnėms kaip 3 mm konstrukci-

nio plieno sekcijoms suvirinti. Adaptyvusis impulsinis 

MDLS procesas taikomas, kai elektrodo tiekimo greitis yra 

automatiškai  priderinamas ir koreguojamas pagal srovės ar 

įtampos pulsaciją. Be to, srovės ir įtampos impulsų forma 

ir suvirinimo parametrai yra modifikuojami norint pagerin-

ti pasikartojančių maksimumų ir vidutinių reikšmių val-

dymą suvirinant. Tyrimai patvirtino adaptyviojo suvirini-

mo proceso pritaikomumą ir nustatė jo poveikį siūlių savy-

bėms, siūlės medžiagos skvarbai ir formai. Darbe apžvel-

giamas adaptyvusis MDLS, siekiant įvertinti skirtingus 

priartėjimus ir jų taikymą ir nustatyti jo privalumus. Litera-

tūros apžvalga rodo, kad, pagerinus srovės impulso formos 

valdymą ir naudojant šiuolaikinius energijos šaltinius, ge-

rėja plonų metalo lakštų suvirinimo kokybė. Norint nusta-

tyti, ar MDLS galima pritaikyti storesniems metalo lakš-

tams (5 mm) suvirinti, buvo atlikti eksperimentai naudo-

jant sinergetinį MDLS. Sinergetinis impulsinis MDLS ir  

WiseFusionTM pritaikyti juostiniam suvirinimui. Oro tar-

pas tarp detalių buvo nuo 0 iki 2,5 mm. Pagrindo medžiaga 

buvo 5 mm storio konstrukcinis plienas S355MC, o siūlės 

– G3Si1. Eksperimento metu ištirtas šilumos perdavimas, 

mechaninės savybės ir suvirinimo siūlių mikrostruktūra.  

 Tyrimai parodė, kad WiseFusionTM siūlė dėl savo 

formos pasižymėjo didžiausiu maišumu ir mažu korėtumu,  

įgilėjimu ir dideliu arba mažu sustiprinamumu.  

Prieita prie išvados, kad adaptyvusis impulsinis 

MDLS procesas gali būti sėkmingai taikomas daug siūlių 

turinčioms konstrukcijoms suvirinti. Bendras šilumos su-

mažėjimas sušvelnina liekamuosius įtempius, o siūlės for-

ma leidžia naudoti didesnes sroves. Lankas suvirinimo 

proceso metu nesitaško ir leidžia padidinti suvirinimo grei-

tį. 

 

B. Mvola, P. Kah, J. Martikainen, E. Hiltunen 

APPLICATIONS AND BENEFITS OF ADAPTIVE 

PULSED GMAW  

S u m m a r y 

The aim of this study was to investigate adaptive 

pulsed GMAW processes, considering possible benefits 

when welding thicker sections (> 3 mm) and structural 

steel. Adaptive pulsed GMAW processes are adaptive in 

that electrode feed speed is automatically adjusted and 

corrected to the mean pulsed current or voltage variation.  

In addition, current and voltage waveforms and welding 

parameters are modified to improve control of repeated 

peak and background values occurring during pulsed 

GMAW. The study experimentally tested the usability of 

adaptive welding processes and evaluated effects on weld 

properties, penetration and shape of the weld bead. The 

study first briefly reviewed adaptive GMAW to evaluate 

different approaches and their applications and to identify 

the benefits of adaptive pulsed GMAW. The literature 

shows that better control of current waveform and use of 

advanced power sources successfully improved welding 

quality of thin sheet metal. To assess applicability with 

thicker sheet metal (5 mm) experiments were then per-

formed using Synergic GMAW, Synergic Pulsed GMAW 

and WiseFusion
TM

 to weld a fillet weld (PB position). The 

air gap between the parts ranged from 0 to 2.5 mm. The 

base materials were structural steel grade S355MC, 5 mm 

thickness, and filler material G3Si1. The experiment inves-

tigated heat input, mechanical properties and microstruc-

ture of the welded joint. 

The WiseFusion
TM

 bead had the highest dilution 

of the processes tested, due to the weld bead shape, and the 

weld showed low defects such as porosity, undercut, and 

excessive or lack of reinforcement. 

It was concluded that adaptive pulsed GMAW 

processes can be a favoured choice when welding struc-

tures with many welded joints. The total heat reduction 

mitigates residual stresses and the bead shape allows a 

higher amperage limit. The stability of the arc during the 

process is virtually spatter free and allows an increase in 

welding speed. 

 

Keywords: Adaptive Pulsed, GMAW, high energy, heat 

input, weld properties. 
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State-of-the-art of advanced gas metal
arc welding processes: Dissimilar metal
welding

Belinga Mvola, Paul Kah, Jukka Martikainen and Raimo Suoranta

Abstract
The manufacturing industry has for many years shown interest in opportunities offered by the welding of dissimilar
metals, for example, in transportation to reduce vehicles weight and in power plants, to fit heterogeneous working con-
ditions. Early gas metal arc welding (GMAW) processes had limited control of heat input, but advanced GMAW pro-
cesses of the last decades offer new perspectives for welding dissimilar metals. The study review briefly dissimilar metal
welding (DMW) and investigates advanced GMAW processes with emphasis on their general operating principles and
arc control. Experiments performed on dissimilar metals using GMAW processes are then reviewed, highlighting those
made using advanced gas metal arc welding processes. The study collates data from scientific literature on fusion dissimi-
lar metal welding, advanced gas metal arc welding processes and experiments conducted with conventional GMAW. The
study shows that the welding procedure specification is an important factor in dissimilar metal welding. Advanced
GMAW processes have significant potential in fusion welding of dissimilar metals in the case of ferrous metals, ferrous
and non-ferrous metal combinations and non-ferrous metals of different grades. Accurate control of heat input allows
more effective prediction of intermetallics and better control of post heat treatments. Increased understanding of
advanced processes will permit development of more suitable specifications of gas metal arc welding procedures for dis-
similar metal welding. Process flexibility and adaptability to robotic mass production will allow for wider application of
this process and the avoidance of costly alternative methods.

Keywords
Dissimilar welding, ferrous metal, non-ferrous metals, advanced adaptive gas metal arc welding
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Introduction

The range of applications of structures with welded
joints of dissimilar metals is relatively wide. Steel–alu-
minium welded structures are used quite extensively in
industry and aim to combine the high specific strength,
high heat and electrical conductivity of aluminium with
the good mechanical properties of steel. Dissimilar
metal welding (DMW) has become a critical technology
in many areas, such as Al-steel or Mg-Al for weight
reduction in motor vehicles,1,2 railway rolling stock and
maritime vessels, Al-Cu for electronic components, and
austenitic stainless steel-low carbon steel or high alloy
material-low alloy steel for parts requiring strength and
corrosion resistance. The integration of efficient quality
welding technologies for dissimilar metals will be a key
component in the successful weld quality of transporta-
tion and power plant systems.3,4 Welding of dissimilar

metals with melting of one of the metals is efficient if
the welding conditions, which determine the duration
of the interaction between the solid and liquid metal,
are strictly controlled.4

The properties of the welded joints and the feasibility
of the welding processes are influenced by many fac-
tors, for example, carbon migration from the low alloy
side, microstructure gradient and residual stress situa-
tions across different regions of the weld metal.1,5,6

Some weld defects, such as excessive dilutions, cracks
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and residual stresses, may develop in the weld metal
and may lead to considerable decrease in the weld metal
properties if the welding process is not well controlled.
Much significant work has been carried out on the
welding behaviour and mechanical properties of dissim-
ilar welding joints.7,8 For example, when fusion welding
is used for steel and aluminium joints, the aluminium
(Al) easily melts before the steel because of the different
melting temperatures. Furthermore, it is very hard to
control the components of the intermetallic compound
(IMC) layer in the fusion area, and significant growth
of crisp IMC layers can occur.4,9

The process of joining dissimilar joints is a very com-
plicated one because reactions between metal composi-
tion atoms can yield extremely brittle IMCs. Friction
stir welding,10 laser welding11 and laser-tungsten inert
gas (TIG)12 hybrid welding processes have been used to
join dissimilar metals. Unfortunately, these methods
involve expensive equipment and complex welding
procedures.13

Gas metal arc welding (GMAW) is an established,
versatile and cost-effective welding process and this
study focuses on the potential of advanced GMAW in
DMW. This article aims to investigate and identify key
improvements in weld mechanical properties and
microstructure compounds of dissimilar ferrous and
non-ferrous metals and combination of both in DMW
(Appendix 1).

The study gathers key data from scientific publica-
tions related to DMW with both traditional GMAW
processes and the latest innovations of advanced
GMAW. The analysis is carried out in terms of assess-
ment of the significant progress in joint quality made
over the last decades by advanced process GMAW.
This study is a contribution to improvements in weld-
ing procedure specifications for dissimilar metals by
advanced GMAW processes.

DMW

This section briefly presents different considerations of
welding procedure specifications for fusion welding of
dissimilar metals, focusing on the GMAW process. It is
divided into four subsections: fundamentals of DMW,
service considerations, filler metal selection and welding
process. Figure 1 illustrates the key issues involved. The
sequence of factors to be considered is as follows: first,
the principle which aim is to be aware of the differences
of metal involved, the consequences of the dilution and
the risk of IMC formation. Second, evaluate the effects
of the in-service weld integrity, the mechanical and
physical properties behaviour under working environ-
ment, the microstructure stability and the risk of corro-
sion. Third, different parameters are to be controlled
and the procedure to follow so as to achieve a suitable
welded joint. Fourth, the selection of the filler contri-
butes to meet in-service expectation. Finally, a suitable
welding process can perform the expected result.

Fundamentals

DMW requires consideration of all the basic factors
found in conventional welding, but in contrast to simi-
lar material welding, the difference of base metal (BM)
and weld must usually be analysed carefully. The most
important consideration is the weld metal composition
and its properties. This composition depends on the
composition of the BMs, the filler metal and their rela-
tive dilution.14,15

Service consideration

The service life of dissimilar metal joints depends upon
the mechanical and physical properties, microstructural
stability (typically at elevated temperature) and resis-
tance to oxidation and corrosion. The mechanical and
physical properties of the weld metal as well as those of
the two heat-affected zones (HAZs) must be suited for
the intended service.14

Filler metal selection

The selected filler metal must be compatible with the
BMs to be joined such that four major areas of require-
ments are met by welds that are produced within a
range of acceptable dilution rates: metallurgy compat-
ibility, mechanical properties, physical properties and
corrosion properties. Filler metal selection can best be
accomplished using a combination of scientific princi-
ple, and manufacturing and service experience of the
industrial disciplines involved.

Welding process

Welding process selection constitutes an important fac-
tor in dissimilar welding, because in the GMAW pro-
cess, for example, the process governs the melting rate,
the current and voltage, the gas flow rate and the elec-
trode feed speed.

Advanced arc control in GMAW

Using advanced arc control, it has been found to be
possible to produce more flexible synergic control sys-
tems that operate with all modes of transfer.16–18 The
adaptive configuration (Figure 2) presents control
applicable process control and trajectory control in a
fully automated process. The sensors give real-time
information to the feedback controller and the process
is adjusted accordingly. The technique can be imple-
mented in automated processes, from semi-automatic
processes to robotic systems.

It is well-known that the reliability of the weld is
strongly correlated to the microstructure and overall
geometry of the joint.20 These properties are determined
by the thermal and mechanical histories of the weld
puddle and the cooling rate. The thermo-mechanical
dynamics are driven by the flow of heat and droplet
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mass detached from the tips of the electrode as the
torch travels along the weld joint. The term adaptive
control is used in welding to mean that the process can
adapt to the changing welding conditions, which is

essentially nothing but feedback control.21 On the other
hand, in the control community, the term adaptive is
used in the literature22 to mean that the controller is
designed so as to adapt for parameter variations and

Figure 1. DMW welding factors.14

GMAW: gas metal arc welding; HAZ: heat-affected zone.
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disturbances in the process. In this context, an adaptive
controller is a controller with adjustable parameters
and a mechanism for adjusting the parameters on its
own (self-regulation or self-adjustment).

Application of advanced GMAW to DMW

The case studies discussed are related to DMW in
fusion welding. Relevant scientific published results
obtained from experiments with conventional GMAW
and latest improvements ensuing from the application
of advanced GMAW processes, are analysed. The fol-
lowing three subsections cover the main metals group
combination: the association of dissimilar ferrous
metals, the association of dissimilar non-ferrous metals
and the combination of ferrous and non-ferrous metals,
respectively.

Dissimilar welding of ferrous metals

Dissimilar welding of two typical ferrous metals
involves the BM and a filler metal. In many industrial
applications, for example, chemical and petrochemical
installations, power generation systems, and in the pulp
and paper industries, it is necessary to weld ferritic

steels to austenitic steel. The joints must meet detailed
and often stringent requirements, while the anticorro-
sive properties are also of importance. The combina-
tion of different categories of ferrous metal grades has
been successfully used in industrial applications such as
power plants.

Dissimilar ferrous metal welding difficulties. Welding dissimi-
lar ferrous metals presents some difficulties. Table 123

presents difficulties encountered and observations
made in previous investigations. It can be observed that
when welding stainless steel to carbon and low alloy
steels, hot cracking may occur because of low melting
point impurities such as phosphor (P) and sulphur
(S). Moreover, there is a risk of low-temperature
cracking, because of the increase of dilution of the
BM on the carbon/low alloy steel side; the weld metal
contains a hard martensite phase. This hard marten-
site phase has an extremely high hydrogen-induced
delay cracking.

Process weldability to dissimilar ferrous metal. Previous
studies have investigated problems related to the most
commonly used combinations, and a Schaeffler

Figure 2. Scheme of adaptive control of GMAW processes.19

GMAW: gas metal arc welding.

Table 1. Possible combinations of ferrous metal grades.

Combination Observations Difficulties Reference

Carbon and low alloy steels to
stainless and high alloy steels

Readily fusion welded using a filler
metal that can tolerate dilution and
better welding control

Cracking between ferritic steels, such
as 2.25Cr-lMo steel and austenitic
stainless steels

Olson et al.23

Buttering is also used to improve the
weldability between ferritic and
austenitic stainless steel joints

Carbon migration
Impurity migration such as phosphor
and sulphur
Risk of brittle phase
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diagram has been developed, which predicts the micro-
structure composition depending on the alloy element.
The Schaeffler constitution diagram in Figure 3 shows
the relationship between the weld metal constitution
and structure and possible problems. It can be noted
that the microstructure is determined by the chemical
composition of the metal. The thermal cycle is also a
major factor because it governs the microstructure
composition, which relate to the chemical composition.

An abundant literature exists on the fusion welding
of dissimilar ferrous metals. Some of the most important
recent research that implements advanced GMAW tech-
niques and associated automatic operative methods or
robotic methods is reviewed. Feedback controls enable
full control of welding parameters such as current, vol-
tage feed rate and gas flow rate and consequently result
in significant improvement of weld properties.

A study by Mir Sadat and Srinivasa25 evaluated the
mechanical properties of the welded joint formed
between dissimilar metals IS 2602 (S275JR according
to EN 10025) and IS 45 C8 (C45E according to EN 8)
and the effect of process parameters. The results lead
to the conclusion that when materials with considerable
differences in mechanical properties are joined by an
arc welding method, the mechanical properties of the
weld bead depend to a great extent on the type of filler
material used, the heat input applied and the preheat-
ing and post heating conditions of the weld bead. The
findings indicate that mechanical properties are consid-
erably improved by the process control rather than
being dependent mainly on the alloy element.

Lertora et al.26 highlighted the use of a welding robot
in a mass production setting. The weld source was con-
trolled by a computerized system, super-imposition
metal active gas (SP-MAG) welding process waveform,
to obtain stable filler material transfer. The study inves-
tigated the best welding parameters when working with
components with different metallurgical characteristics,
such as S355 (EN 10025) steel and DP600 HSS (EN

10338). For the welding parameters used, it was found
that the process demonstrated the ability to produce a
dissimilar weld with adequate structural characteristics.
Figure 4 shows the hardness profile with the absence of
a softening area. The investigation did not extend into
analysis of the weld microstructure of the dissimilar
joint; however, the results were confirmed by Mir Sadat
and Srinivasa.25

Semi-automatic metal active gas (MAG) welding
was used to weld a dissimilar butt joint in research by
Sedek et al.27 A fine grained low alloy 18G2A steel
(P355N according to EN 10028-2) and an austenitic
1H18N10T steel (X6CrNiTi18-10 according to EN
10088-2) were used. A weld was formed that was free
of unacceptable defects. The study evaluated the resi-
dual stress relief in GMAW of dissimilar metals.
Microstructures of the area close to the fusion bound-
ary of the ferritic 18G2A steel and austenitic weld
metal are shown in Figure 5(a) and (b), respectively,
for the test joint stress relieved by annealing and by
mechanically pre-stressing. It was found that mechani-
cal stress relieving was better than thermal stress reliev-
ing (Figure 6). Faber and Gooch28 investigated welded
joint between stainless and low alloy steel. The result
showed that thermal releasing was difficult to be
applied because of different thermal coefficients and a
potential for the reactive carbon to migrate to areas
with a higher concentration of carbide forming ele-
ments. Figure 6 presents the variations in proof
strength and hardness across a dissimilar joint for
Sedek et al.’s work. The higher weld strength is see-
mingly due to a combination of the filler wire with Mn
addition and the microstructure characteristic of the
solidified metal. The distribution of residual stresses
and their magnitude in as-welded dissimilar joints
between ferritic–pearlitic and austenitic steels are simi-
lar to those measured in joints made of only one of the
two materials. Vishniakas29 studied the structure of
welded austenitic 20X23H18 (X8CrNi25-21 according
to EN 10095) and non-austenitic structural steel CT-3

Figure 3. Schaeffler constitution diagram and problems facing
welding of dissimilar metals, stainless steel and carbon steel.24

Figure 4. Hardness profile measured in a S355 steel-DP600
steel heterogeneous joint.26

BM: base metal; HAZ: heat-affected zone.
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(S235JR according to EN 10025-2) steel joints and noted
that not only correct selection of welded materials influ-
ences the quality of joints, but the choice of optimal tech-
nology is important, as well. Teker and Kursxun30
pointed out that when welding AISI 430 ferritic steel
(X6Cr17 according to EN 10088-2) and AISI 1030
medium-carbon steel (C30E according to EN 10083-1)
with Pulsed GMAW GMAW-P, welded joints exhibited
superior tensile strength, less grain growth and a nar-
rower HAZ compared to a GMAW welded joint, mainly
due better heat control, a finer fusion zone (FZ) and
higher fusion hardness. That is to say, the GMAW
should provide optimal heat input and adequate perfor-
mance to prevent the need for post-weld heat treatment.

A study by Wang et al.31 evaluated the quality of
dissimilar weld joints in GMAW and GTAW welding

of UNS S31803 duplex stainless steel (X2CrNiMoN22-
5-3 according to EN 10088-3) and API X70 low alloy
steel (L485MB according to EN 10208-2) with ER2209
welding wires. The hardness profile of the dissimilar
joints, welded respectively with GTAW and GMAW,
in Figure 7 shows a higher hardness profile on the X70
side, due to carbon migration, which may be caused by
the formation of harder micro-constituents (martensite/
carbides). Bala Srinivasan et al.32 observed that the
diluting effect of X70 steel and fast cooling of the mol-
ten pool led to alloy element gradients near the fusion
line. The findings clearly show that different processes
provided different welding results. For example, the
current density of the GTAW weld metal was higher
than the GMAW process and as a consequence,
GMAW welded joints exhibited higher seawater

Figure 5. Microstructure of the 18G2A (S355 according to EN-10025)/1H18N10T (X10CrNiTi18-10 according to EN 10088-1)
steel joints after stress relieving:27 (a) after stress relieving by annealing at 850 �C and (b) after mechanical stress relieving.
HAZ: heat-affected zone.

Figure 6. Variation in proof stress and hardness measured after welding across dissimilar welds.27

HAZ: heat-affected zone.
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corrosion. High presence of austenite in the GMAW
weld increased the mechanical properties benefits and
corrosion resistance.

Kim et al.33 carried out an investigation on dissimi-
lar welds between STS441 (X2CrTiNb18 according to
EN 10088-2), a ferritic stainless steel, and SS400, a car-
bon steel, using GMAW with an STS430LNb
(Er430LNb) electrode. The fracture behaviour of the
dissimilar weld was analysed by microstructural obser-
vation and thermo-mechanical tests. Martensite was
formed between the SS400 (S275JR according to EN
10025-2) and the weld, and a high tensile temperature
test at 900 �C revealed that the tensile strength was
equal to that of the STS441 BM and the martensite
had little effect (Figure 8). However, fatigue life was
inferior because of softening and the presence of mar-
tensite. The microstructure and mechanical properties
such as tensile strength and fatigue resistance were sig-
nificantly affected by the heat input control.
Maruyama24 reported that during welding of stainless
steel to carbon and low alloy steels, it is of the utmost
importance to predict the nature of the mixed-
composition weld metal, and key aspects to be consid-
ered include appropriate selection of welding additives
and welding conditions. The observation gives clear
evidence that different factors are to be controlled care-
fully and need to be adjusted as the welding is per-
formed. Consequently, only feedback control is suited
for the task.

Dissimilar welding of non-ferrous metals

Some dissimilar non-ferrous metals have been joined
routinely for many years. A7xxx (AlZn5Mg according
to EN AC-71000) and A2xxx (AlCu4MgTi according
to EN AC-21000) series age hardening super-high-
strength aluminium alloys are widely used in the air-
craft structural industry and for lightweight carrier
structures, due to their specific set of characteristics,

namely, high strength, lightweight and good machin-
ability.34–37 Other dissimilar welds, such as aluminium
to titanium, titanium to nickel and aluminium to ura-
nium, are new combinations that can be found in appli-
cations in aerospace and nuclear hardware.

Dissimilar non-ferrous metal welding difficulties. Table 2 pre-
sents observations on and difficulties encountered in
welding dissimilar non-ferrous metals. Aluminium and
titanium fusion welds form IMCs that are exceedingly
brittle. The aluminium to copper dissimilar weld is also
limited by the formation of brittle IMCs. Titanium is
difficult to fusion weld to a nickel-based alloy because
it forms brittle IMCs with almost every element con-
tained in such alloys (Ni, Fe, Cr, Mn and Si). The phys-
ical properties of titanium differ widely from those of
copper. Moreover, the solubility of copper in a-tita-
nium is low. Copper and nickel are mutually soluble in
each other. Therefore, welding these two metals and
their alloys does not present serious problems.

Process weldability to dissimilar non-ferrous metal. An
abundant literature focuses on GTAW welding.
Although productivity of GTAW welding is signifi-
cantly less than GMAW welding, the research, how-
ever, gives an indication of the properties of the joints
formed and allows for an objective analysis by making
a comparison with available experience of advanced
GMAW processes.

Shang et al.45 investigated dissimilar welding
between AZ31B Mg (EN-MAMgAl3Zn1 according to
EN 12438) and 6061 Al (EN AW-AlMg1SiCu accord-
ing to EN 573-3), which were joined using the advanced
GMAW process of cold metal transfer (CMT) welding.
These aluminium grades were successfully welded using
advanced GMAW with improved weld quality.
Figure 9(a) and (b) shows the optical micrograph of the
FZ, Mg side and Al side, respectively. A variety of Al-
Cu IMCs were observed, that is, Al-Cu, CuAl2 and

Figure 7. Hardness distribution of DMW (UNS S31803 duplex
stainless steel/X70) weld metal and X70 side.31

GTAW: gas tungsten arc welding; GMAW: gas metal arc welding.

Figure 8. High-temperature tensile strength with various
ageing times.33
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Cu9Al4 were present in the FZ, and a Cu-based solid
solution was generated in the weld zone, while Cu2Mg
and Al-Cu-Mg ternary eutectic structures were formed
in the FZ of the Mg side.

The distribution of micro-hardness of one sample in
Shang et al.’s study is shown in Figure 10; the values in
both sides increased sharply in the FZ. The maximal
values were 362 HV in the Mg side and 260 HV in the

Table 2. Combinations of DMW of non-ferrous metals.

Combination Observation Difficulties Reference

Aluminium to titanium This combination has not been
accomplished successfully by
conventional arc welding processes

These metals form intermetallic
compounds during fusion that are
exceedingly brittle (Ti3Al, TiAl and
TiAl3)

Feduska38

Titanium to nickel An attempt to weld Ti and Ni using
TIG was not successful. However,
the use of columbium or copper
alloy as an insert led to a joint
without harmful intermetallic
compounds

These metals form brittle intermetallic
compounds with almost every element
contained in the alloys (Ni, Fe, Cr, Mn
and Si)

Gorin39

Titanium to copper Joints with the highest tensile
strength and ductility were those
produced with Ti-30Cb and Ti-3Al-
6. 5Mo-l 1C.r

Physical properties of titanium differ
widely from those of copper

Mikhailov et al.40

Solubility of copper in a-titanium is
low

Copper to aluminium Before GMAW welding, a layer of a
silver-based filler metal (Ag-15.5Cu-
17.5Zn-18Cd) was deposited on
the surfaces of the copper
workpiece40

Use of this combination is limited by
the formation of brittle intermetallic
compounds during the fusion process

Mikhailov et al.,40

Klyachkin,41

Lezovskaya
and Rabkin,42

Cook and Stavish43

Chemical compound CuAl2
contains 54.1% copper and will
form a eutectic with a solid
solution of copper in aluminium41,42

Copper alloys to nickel Copper and nickel are mutually
soluble in each other

Welding these two metal and their
alloys does not present serious
problems

Hayes et al.14

Copper–nickel or nickel–copper
filler can be used

Magnesium to aluminium Due to the brittleness of the
intermetallic compound, the
intermetallic formation has to be
controlled and kept as low as
possible

Intermetallic compound is found in the
phase diagram between Mg and Al;
Al2Mg2, Al12Mg17 and Al30Mg23 form
even at relatively low temperature

Zhong et al.44

There is a small difference in melting
point between magnesium and
aluminium

TIG: tungsten inert gas; GMAW: gas metal arc welding.

Figure 9. Optical micrograph in fusion zone of (a) Mg side and (b) Al side.45
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Al side. The tensile strength of the joint was 34.7 MPa.
Fracture, however, occurred in the FZ of the Mg side
where the value of micro-hardness was the highest.
These results are particularly important because they
support the hypothesis that enhancement of welding
processes improves the mechanical properties of Mg/
Al dissimilar welds. Studies by Liu et al.,12 Zhu and
Xuan46 and Li et al.47 confirmed the structural com-
pounds and their effects on the weld. A variety of
IMCs of Al-Cu and Al-Mg that formed near the FZ
endowed the weld its high hardness and the IMCs
inevitably led to embrittlement of the joint and caused
stress concentration, which reduced joint strength.

AZ31 magnesium and 2B50 (ENAW-AlCu4SiMg
according to EN 573-3) wrought aluminium alloys were
fusion welded using the advanced GMAW Cold
Process (CP) in experiments by Zhang and Song.13

Joining of aluminium and magnesium alloys is feasible
with zinc foil as the interlayer, the presence of which
prevents weld burn-through and macroscopic cracking.
There was an absence of Al-Mg compounds when zinc
foil was used as the interlayer. The tensile strength of
the lap joint reached 64 MPa. These results validate a
new method by which AZ31 metals may be joined
using adaptive GMAW processes.

Weldability with GMAW-P of aluminium alloy
AA6082 (EN AW-AlSi1MgMn according to EN 573-
3) with an aluminium AA6092 (AlMgSiCu) reinforced
with ceramics at 25 vol.% SiC particles, with sizes in
the range of 1–8 mm, giving a composite matrix mate-
rial with specification (AA6092/SiC/25p), using as filler
metals, both Al-5Mg (ER5356) and Al-5Si (ER4043)
alloys have been studied by Lean et al.48 One of the
main requirements to gain reasonable weldability was
to reduce the maximum heat input to limit a possible
reaction between the molten aluminium matrix and SiC
particles, which would produce aluminium (Al4C3)
inside the weld pool and fusion line. The application of
a post welding heat treatment made possible 100%

recovery of the parent unreinforced alloy tensile
strength. Ellis49 and Lane50 pointed out the difficulties
in heat input control, arc stability and optimization of
welding parameters that are encountered when welding
dissimilar metals of reinforced and unreinforced
aluminium alloys with conventional arc welding.
Consequently, weld mechanical properties of dissimilar
metal can be achieved with the process ability to con-
trol heat input and the post welding treatment.

Luijendijk51 conducted experiments in which differ-
ent grades of aluminium were welded using GTAW
with different filler metals. The ultimate tensile strength
(UTS) result, given in Figure 11, showed that the UTS
of welds of dissimilar materials of strain hardened
alloys of the 5xxx (EN AC-AlMg according to EN
573-3) series does not depend significantly on the travel
speed and the plate thickness of the material. Only a
small increase in strength was measured with increasing
travel speed and decreasing plate thickness. Menzemer
et al.52 carried out an experiment with AA6061 and
AA5083 (ENAW-AlMg4.5Mn0.7 according to EN
573-3) with electrode 5053 to weld a dissimilar fillet
weld by a manual GMAW process. The result revealed
that the manual welding process produces adequate
fusion, while minimizing structure defects. According
to Olabode et al.,53 in aluminium alloys welding pro-
cesses, challenges such as heat input control, hot crack-
ing, porosity and weldable thickness vary with the
process used. This comparison suggests that advanced
GMAW processes can be considered to be an alterna-
tive to GTAW in welding aluminium in such
combinations.

Dissimilar aluminium 6061 and 7075 (ENAW-
AlZn5.5MgCu according to EN 573-3) alloys in various
combinations were investigated by Sevim et al.54 The
combinations were set in two groups: as-received 6061

Figure 11. Ultimate tensile strength (UTS) versus travel speed
for three different material combinations; thickness of 5 mm;
filler metal ER5356 and ER4043.51

Figure 10. Micro-hardness distribution of AZ31B Mg/6061 Al
welded joint.45
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and 7075, coded respectively 6x and 7x, artificial aged
specimen 6061 and 7075, coded respectively 6a and 7a.
Their study used an advanced synergic pulsed GMAW
process that is a digital power source using software to
control welding operation. It was shown that pre-
welding ageing heat treatment improves the mechanical
properties of the weld. Figure 12 shows micrograph
areas of the dissimilar weld: weld metal, FZ, BM and
HAZ. It can be observed that the HAZ in the 6061 Al
alloy portion is narrower than in the 7075 Al alloy

because of thermo-physical differences. Moreover, 6061
Al has two distinct areas whereas the 7075 Al has three
distinct areas. Al-Zn and Al-Mg intermetallic forma-
tion was detected in an X-ray diffraction (XRD) analy-
sis of the weld metals.

The effects of a pulsed current of gas tungsten arc
welding (GTAW) and post-weld ageing treatment on
the tensile properties of argon arc-welded high-strength
7075 Al alloy were studied in Balasubramanian et al.55

The enhancement in strength is approximately 25%,

Figure 12. (a) Dissimilar weld cross-section macrograph 6061 Al/7075 Al, (b) base metal and HAZ, (c) weld metal and (d) 6061 Al
HAZ, 7075 Al HAZ.54
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compared with continuous current GMAW joints, and
an additional enhancement in strength of 8%–10% is
obtained by the post-weld ageing treatment. In addi-
tion, the pulsed current effect on 6061 Al was investi-
gated in Senthil Kumar et al.,56 where it was found to
improve the mechanical properties of the welds com-
pared to continuous current welds due to grain refine-
ment occurring in the FZ. The effect of ageing on the
distribution of hardness in dissimilar welds of 6061 Al
and 7075 Al is illustrated in Figure 13. A slight effect
was observed in both directions: 6x: 6061Al alloy; 6a:
6061Al alloy; 7x: 7075 Al alloy; 7a: 7075 Al alloy. The
results support the correlation between pre-welding age-
ing treatment and weldability of 6061 Al and7075 Al
dissimilar joints and the welding process.

Dissimilar welding of ferrous and non-ferrous metal

Despite industrial interest in welding ferrous and non-
ferrous metal, relatively little research has been
reported. The joining of ferrous to non-ferrous metals
is far more complicated than the joining of dissimilar
ferrous metals because of the greater variation in the
physical, mechanical and metallurgical properties of
the metals being joined. The extent of these property
differences is an excellent indication of the difficulties
to be anticipated in joining such metals.

Dissimilar ferrous–non-ferrous metal welding difficulties. Table
3 presents an overview of various combinations of dis-
similar ferrous and non-ferrous metals that have been
studied. Nickel-based alloy welds are hot cracking sen-
sitive to the quantity of impurities such as phosphor

and sulphur. Consequently, the dilution in dissimilar
welds should be carefully controlled because of the
presence of high amounts of phosphor and sulphur in
some steels. Nickel-based weld metal can accept a sub-
stantial amount of iron dilation, but the dilation limit
generally varies with the welding process. With gas
shielding processes, for instance, nickel–copper weld
metal is less tolerant of iron dilution, especially if the
weld is to be thermally stress relieved.23 Welding beha-
viour of dissimilar cobalt-based alloys to steels displays
similar characteristics to high-temperature nickel–
chromium alloys. Titanium is not compatible with iron.
Solid solubility is limited and brittle IMCs are formed
in the solid state, causing low ductility welds.
Aluminium and steel have a wide difference in the melt-
ing temperature and consequently, the aluminium will
be molten and fluid before the iron is well heated.
Based on the aluminium–iron phase diagram, these
metals form IMCs and eutectic compositions. Copper
and iron mix completely in the liquid state but have lim-
ited mutual solubility in the solid state. In a copper–
iron alloy system, a large number of compositions have
wide freezing ranges and hot cracking is, therefore,
likely to occur in copper–iron alloy welds.

Process weldability of dissimilar ferrous and non-ferrous
metal. The presence of an IMC layer causes embrittle-
ment of dissimilar welds of steel and aluminium.
According to Zhang and Feng59 and Lee et al.,60 the
embrittlement of the weld can be minimized if the IMC
is kept lower than 10 mm. A study by Park et al.61 eval-
uated the characteristics of welds resulting from joining
of the dissimilar alloys, steel SPRC440 (cold rolled
structural steel: 440 N/mm2 of tensile strength) (C440
according to EN 10139) and aluminium alloy 6K21(EN
AW-6022) (AlSi1.2Mg0.6 according to EN 573-3). The
joint was made with AC pulse metal inert gas (MIG)
welding, which alternates between direct current elec-
trode positive (DCEP) and direct current electrode neg-
ative (DCEN) modes based on the EN ratio. A thin
IMC layer was obtained due to the lower heat input to
the BM resulting from the EN ratio control (Figure 14).
The quality of the weld was enhanced as a result of AC
ratio GMAW control. Figure 15 shows the results of
tensile strength tests. It can be observed that as the EN
ration increased, the tensile strength increased regard-
less of the existence of a gap.

In the study carried out by Potesser et al.,62 alumi-
nium (5xxx and 6xxx (Al-Mg-Si)) and steel sheets (low
carbon steel with a zinc coating) were welded using
CMT GMAW process. The morphology and thickness
of the intermetallic phases (IMPs) correlate with the
content of the alloying elements Si, Mn and Zn. The
IMP is thicker when using the solder alloy SSAlSiMn
than when using AlSi5. The lower Si content is respon-
sible for this effect. The advanced GMAW CMT pro-
cess forms the ductile FeAl3 phase using a solder alloy
like SSAlSiMn or AlSi5. Lu et al.63 investigated the arc

Figure 13. Micro-hardness of GMAW welded joints of
dissimilar 6061 Al/7075 Al.54

MIG: metal inert gas.

1704 Proc IMechE Part B: J Engineering Manufacture 229(10)

 at Lappeenrannan Teknillinen on November 16, 2015pib.sagepub.comDownloaded from 



Table 3. Combinations of DMW of ferrous and non-ferrous metals.

Combination Observation Difficulties Reference

Copper-based
alloys to steels

Copper and many copper-based alloys
can be joined to carbon, low alloy and
stainless steels by GTAW and GMAW

In the copper–iron alloy system, a
large number of compositions have
wide freezing ranges. Therefore,
hot cracking is likely in copper–iron
alloy weld metal

Olson et al.23

Molten copper will often attack
iron along its grain boundaries and
produce hot cracking or fissuring in
the heat-affected zone of steel

Aluminium-based
alloys to steels

Aluminium can be joined to carbon or
stainless steel by advanced GMAW

Both metals have almost no
solubility for the other in the solid
state, especially iron in aluminium,
and several brittle intermetallic
phases can form (FeA12, Fe2A15 or
FeA13)

Olson et al.,23

Richard et al.57 and
Kattner and Massalski58

Titanium to steel If titanium is fusion welded to low
carbon or low alloy steel, the weld will
have little or no ductility

Solubility of iron in a-titanium is
very low, and if the concentration
of iron exceeds about 0.1%, TiFe-
and TiFe2-type intermetallic
compounds are formed

Olson et al.23

Difficulties increase if titanium is
welded to stainless steel because
complex intermetallic compounds of
titanium are formed with iron,
chromium and nickel

Nickel-based
alloys to steels

Nickel-based alloys are easily welded
to steels using a suitable filler metal
and proper control of dilution
Filler wire should be nickel-based
metal

Sulphur and phosphorus in nickel
and nickel alloys cause hot cracking
Nickel–copper weld metal is less
tolerant of iron dilution

Olson et al.23

Cobalt-based
alloys to steels

Cobalt-based alloys behave similarly to
high-temperature nickel–chromium
alloys with respect to welding

Filler metal selection, welding
process and welding procedure for
the application should be
established by suitable tests

Olson et al.23

A filler metal with a composition
similar to that of the cobalt alloy is
recommended. A nickel alloy filler
metal may also be suitable for some
applications

GTAW: gas tungsten arc welding; GMAW: gas metal arc welding.

Figure 14. SEM analysis of SPRC440 joining of SPRC 440 steel to aluminium 6K21:61 (a) EN ratio 0%, (b) EN ratio 10% and (c) EN
ratio 20%.
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welding method for bonding steel with aluminium, and
Zhang et al.64 studied Al 1060-Zn-coated steel
(DX54D + Z200 according to EN 10346) welded
using the advanced GMAW CMT process. Both con-
firm that the growth of the IMC crystal can be effec-
tively controlled by reducing the heat input in the arc
welding process. These findings support claims that
advanced adaptive GMAW processes can optimize
welding parameters and control the heat input.
Moreover, associated with a suitable alloy the enhanced
controllability of advanced GMAW can ameliorate the
ductility of IMCs.

Figure 16 presents the hardness testing results of
Zhang et al.’s64 study, which confirm the presence of a
hard IMC layer. The bar graph compares low heat
input (sample A: 613.2 J/cm) and higher heat input
(sample B: 961.5 J/cm). The hardness of the interface
layer is much higher than that of the BM and the weld
metal and is found to vary for the corresponding IMC
phases. The hardness is much higher for the high heat
input weld (Sample B).

Welding copper to low carbon steel can result to the
occurrence of various flaws, such as cracks, shrinkage,
porosity and the formation of fragile intermediate
layers in the different carbon steel HAZ.65,66

Scutelnicu67 states that the most important issues
caused by the welding processes are encountered in the
transition area from weld to carbon steel. Figure 17(a)
and (b) shows the microstructure of carbon steel and
copper, respectively. It can be observed that there are
considerable differences in the grain size. The investiga-
tion revealed the influence of the welding process para-
meters on the structural modification, both in the HAZ
of the carbon steel and in the grain growth in the HAZ
of the copper. Therefore, in order to achieve a qualita-
tive joint, it is recommended that a welding technology
be used, which affects the carbon steel as little as possi-
ble, minimizing the width of the transition zone and
HAZ.

Figure 17. Low carbon steel and copper microstructures:67 (a) grain-coarsening region of low carbon steel and (b) HAZ of copper.

Figure 15. Tensile strength of welded joints of SPRC 440 steel
to aluminium alloy 6K21.61

Figure 16. Micro-indentation hardness test results of joints
made using different heat inputs (A: lower heat; B: higher heat).64
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Comparison and benefit

Advanced GMAW processes with conventional

GMAW process in DMW are compared. Table 4 pre-

sents the relationship between welding control technol-

ogies, combinations of BMs and expected weld quality.

It can be clearly seen that the control mode has a very

significant effect on the chemical, physical and mechan-

ical properties of the weld. The control modes regulate

the size of the HAZ, the composition of IMCs and the

microstructure of the weld and the HAZ, and thus

overall weld quality. The acceptable weld properties

require thin layer of IMC, sufficient dilution to mini-

mized alloy elements migration and excessive HAZ,

which result to softening area.

Conclusion

This study investigated advanced and adaptive GMAW

processes as applied to dissimilar welding and presented

data of relevance to improvements to welding proce-

dure specifications. Based on the review of previous

studies, the following conclusions can be drawn.
The weldability of dissimilar ferrous requires differ-

ent criteria, the BM properties, the electrode, the in-ser-
vice, as well as the selection of the welding process. The
efficiency of adaptive controlled processes is around
85% when measured with a liquid nitrogen calorimeter.
The utilization of robots with advanced process
GMAW for welding dissimilar metals, such as S3455
and advanced high-strength steel (AHSS), gives satis-
factory results as regards both the composition of the
microstructure and the physical properties. When
STS441, a ferritic stainless steel, and SS400, a carbon
steel, were welded with GMAW, the dissimilar weld
had a high-temperature tensile strength equal to
STS441, and martensite at the interface had nearly no

influence on the high-temperature tensile strength of
the dissimilar weld.

Adaptive control GMAW permits optimization of
welding parameters such as current, voltage, electrode
feeding rate and contact tip to work distance (CTWD),
which improves its feasibility for fusion welding of dis-
similar metals. This feasibility is achieved by dilution
control improvement and the reduction of alloys ele-
ments migration, such as phosphor, sulphur and car-
bon, are minimized. The ability to control dilution is
beneficial for dissimilar weld of high alloy to stainless
steel, and quenched steel to ferritic steel.

Welding quality of dissimilar non-ferrous metal is
enhanced using adequate process. Mg/Al dissimilar
metals could be successfully joined by CMT welding,
with pure copper as a filler metal. A variety of Al-Cu
IMCs were formed and the bonding strength of the
joint was 34.7 MPa. Fractures occurred in the FZ of
the Mg side, where the value of micro-hardness was
highest. The fractures occurred in locations with
embrittlement compounds. AZ31 magnesium and 2B50
wrought aluminium alloys were successfully fusion
welded using an advanced GMAW CP. The melting
zone and HAZ of the GMAW welds had different
widths in heat-treated 6061 and 7075 alloys in various
combinations. The hardness value of the welded metals
can increase significantly depending on ageing tempera-
ture and time. Tensile strength and hardness values of
the weld increase with the intermetallic formation
accomplished. Joining aluminium and magnesium
alloys is feasible with zinc foil as the interlayer, the
presence of which prevents weld burn-through and
macroscopic cracking.

The fusion weldability of dissimilar non-ferrous and
ferrous is very difficult for most combination because
there are very little solid-state compound in their bin-
ary phase diagrams. The conventional GMAW process
produces fairly different non-ferrous welds because of

Table 4. Comparison of advanced GMAW concepts when used in DMW.

Control technique Limitation Metal combination Observations of
applicability

Advanced and
adaptive GMAW

Waveform control If restricted to the
waveform, the technique
may only affect control of
heat input and stability of
the arc

Ferrous DMW Very good ability
Non-ferrous DMW Very good capability
Ferrous and non-ferrous
DMW

Acceptable and fair
aptitude

Waveform and
filler control

If restricted to the
waveform and alternative
wire motion, the
technique may only affect
control of heat input and
stability of the arc

Ferrous DMW Higher, excellent ability
Non-ferrous DMW High, excellent capability
Ferrous and non-ferrous
DMW

High, excellent aptitude

Conventional
control

Limitations in control
dramatically affect control
of heat input, stability of
the arc and regulation of
the flow gas

Ferrous DMW Fair ability
Non-ferrous DMW Low capability
Ferrous and non-ferrous
DMW

Poor aptitude

GMAW: gas metal arc welding; DMW: dissimilar metal welding.
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poor quality control. Inadequate control does not alloy
the process to meet the narrow range of solubility
between non-ferrous metal (e.g. Al/Fe). Enhancement
of control found with advanced GMAW gives the pos-
sibility to meet the welding parameters required. The
best achievement is to reduce significantly the IMC
layers.

When joining SPRC 440 steel and 6K21 aluminium
alloy by AC pulse MIG welding, a thin IMC layer was
obtained due to lower heat input to the BM. As the EN
ratio increases, the IMC decreases. Based on the analy-
sis of tensile strength in relation to changes in the EN
ratio, it was found that as EN ratio increased, the ten-
sile strength value improved with good gap bridging
ability.

Dissimilar metal joining of Al to zinc-coated steel
sheet without cracking is possible in a lap joint by means
of a modified MIG (CMT) welding–brazing process.
The thickness and composition of the IMC layer varied
with the weld heat input. Despite the formation of IMC
phases, the interface between the steel and weld metal is
not the weakest point of the joints. To perform a quali-
tatively acceptable weld of steel to copper, it is recom-
mended that a welding technology be adopted that
affects the carbon steel as little as possible, minimizing
the width of the transition zone and HAZ.

Selection of the welding process is a key factor when
welding dissimilar non-ferrous and ferrous metal, just
like selecting the proper electrode. Since heat input
affects dilution and alloy element migration, the greater
flexibility and sensitivity of adaptive GMAW allows a
reduction in the dilution and residual stress caused by
differences in the thermal coefficient.
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Appendix 1

Table 5.

Material Original standard European standard equivalent

Ferrous metals
Mild steel IS 2062 Indian standard S275JR according to EN 10025
IS 45 C8 Indian standard C45E according to EN 8
S355 European standard EN 10025
DP600 HSS International standard ISO 14590 (2005) HDT580X according to prEN 1.0338
Ferritic 18G2A Poland standard P355N according to EN 10028-2
Austenitic 1H18N10T steel Poland standard X6CrNiTi18-10 according to EN 10088-2
Austenitic 20X23H18 Russian standard X8CrNi25-21 according to EN 10095
CT-3 Russian standard S235JR according to EN 10025-2
AISI 430 ferritic steel American Iron and Steel Institute (USA) X6Cr17 according to EN 10088-2
AISI 1030 medium-carbon steel American Iron and Steel Institute (USA) C30E according to EN 10083-1
UNS S31803 duplex stainless steel Unified Number System (USA) X2CrNiMoN22-5-3 according to EN 10088-3
API X70 low alloy steel American Petroleum Institute (USA) L485MB according to EN 10208-2
STS441 South Koran standard X2CrTiNb18 according to EN 10088-2
SS400 South Koran standard S275JR according to EN 10025-2
SPRC440 Japanese Standard C440 according to EN 10139
DX54D + Z200, Zn-coated steel European standard EN 10346 DX54D + Z
Non-ferrous metals
7xxx American National Standard (USA) ENAW-AlZn5.5MgCu according to EN 573-3
2xxx American National Standard (USA) ENAW-AlCu4SiMg according to EN 573-3
AZ31B American Society for Testing

and Material (ASTM)
EN-MAMgAl3Zn1 according to EN 12438

AA 6061 American National Standard (USA) EN AW-AlMg1SiCu according to EN 573-3
2B50 Chinese standard ENAW-AlCu4SiMg according to EN 573-3
AA6082 American National Standard (USA) EN AW-AlSi1MgMn according to EN 573-3
AA6092 American National Standard (USA) ENAW-AlMgSiCu according to EN 573-3
AA6092/SiC/25p Society of Automotive Engineers (SAE),

Aerospace Material Standard (AMS) (USA)
Metal Matrix Composite (EN not found)

5xxx American National Standard (USA) ENAW-AlMg according to EN 573-3
AA6061 American National Standard (USA) EN AW-AlMgSiCu according to EN 573-3
AA5083 American National Standard (USA) ENAW-AlMg4.5Mn0.7 according to EN 573-3
AA 7075 American National Standard (USA) ENAW-AlZn5.5MgCu according to EN 573-3
aluminium alloy 6K21 Japanese Standard EN AW-AlSi1.2Mg0.6 according to EN 573-3
6xxx American National Standard (USA) ENAW-AlMgSi according to EN 573-3
AA 1060 American National Standard (USA) EN-AW-Al99.6 according to EN 573-3

1710 Proc IMechE Part B: J Engineering Manufacture 229(10)

 at Lappeenrannan Teknillinen on November 16, 2015pib.sagepub.comDownloaded from 





Publication IV 

Mvola B. 

Adaptive gas metal arc Welding control and optimization of welding parameters 

output: influence on welded joints 

Reprinted with permission from 

International Review of Mechanical Engineering 

Vol. 10, no 2, pp. 67-72, 2016  

© 2010, Praise Worthy Prize 





Publication V 

Mvola B., Kah P., Martikainen J., Suoranta R., 

Dissimilar high-strength steels: fusion welded joints, Mismatches, and challenges 

Reprinted with permission from 

Reviews on Advanced Materials Science 

Vol. 44, no 2, pp. 146-159, 2016 

© 2016, Advanced Study Center, Co. Ltd 





146 B. Mvola, P. Kah, J. Martikainen and R. Suoranta

© 2016 Advanced Study Center Co. Ltd.

Rev. Adv. Mater. Sci. 44 (2016) 146-159

Corresponding author: B. Mvola, e-mail: Eric.Mvola.Belinga@lut.fi

DISSIMILAR  HIGH-STRENGTH  STEELS:  FUSION  WELDED
JOINTS,  MISMATCHES,  AND  CHALLENGES

B. Mvola, P. Kah, J. Martikainen and R. Suoranta

Lappeenranta University of Technology, School of Energy Systems, P.O. Box 20, 53851 Lappeenranta, Finland

Received: June 16, 2015

Abstract. One of the major obstacles to the use of conventional steels in higher height infrastruc-
ture has been their weight. The demand for materials with a good ratio of high strength and light
weight has arisen from new challenges inherent in changed working conditions and environ-
ments. In recent years, conventional steels have been successfully welded to high-strength
steels (HSS). It is expected that demand for dissimilar welding of HSS will grow because of the
characteristics of HSS and its diversity.
The objectives of this study are to develop a framework for dissimilar high-strength metal weld-
ing compatibilities and to provide suitable welding procedure specifications necessary to achieve
acceptable weld quality and flawless joints. In addition, the study takes into consideration the
effect of high-strength steel manufacturing techniques on welding properties.
The methods comprise an experimental review of scientific papers based on dissimilar metal
welding experiments of high-strength steels and an analysis of the properties of different HSS
grades, and the paper suggests different combinations of steels, electrode selection, welding
processes and suitable heat treatments.
The results show that dissimilar high-strength steels provide better mechanical joint properties
with higher impact toughness resistance and better ductile-to-brittle transition. The corrosion
resistance of the heat-affected zone and the weld depend on the alloy elements and the manu-
facturing of the base metal.
Due to their diversity, dissimilar high-strength steels offer advantages in demanding applica-
tions such as industrial applications for nuclear plants, equipment operating in challenging
environments, higher amplitude lifting devices and sustainable energy production.

1. INTRODUCTION

Welding joints with different metals is common,
particularly when responding to the stress associ-
ated with the welded joint. It is often recommended
that a welded joint with the same base metal should
have a mismatch weld. This mismatch characteris-
tic of the weld is to ensure that the welded joint
withstands in-service constraints and provides good
weld quality. Besides the desire to achieve accept-
able weld quality, dissimilar welded joints may be
aimed to meet a functional need. Particular func-
tional needs can concern a specific quality of the
weld, such as different thermal conditions near the

joint, strength, type of wear, corrosion, or reduced
total weight while maintaining essential physical
properties. The need for dissimilar weld metals is
significant because their application is becoming
increasingly essential in design.

The definition of high-strength steel varies de-
pending on the source. Steels with ultimate tensile
strength (UTS) below 450 MPa are called conven-
tional high strength steels. Steels with a UTS rating
between 450 and 800 MPa are defined as advanced
high-strength steels (AHSS). Ultra high-strength
steels (UHSS) are those with a UTS beyond 980
MPa. Other sources designate all steels with a UTS
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above 550 MPa as UHSS. Several studies have been
carried out on the welding of dissimilar HSSs. Most
of these focus on resistance spot welding (RSW)
[1,2], others on laser welding (LW) [3] and a rather
small number on gas metal arc welding (GMAW)
[4]. However, there are only few studies that ad-
dress the DMW of HSS comprehensively consider-
ing the major challenge of the continuous reduction
of the weldability lobe as the strength increases.

This study aims to investigate the fusion weld-
ing of HSSs to identify the difficulties involved, raise
awareness of possible problems that may be en-
countered during welding, and provide guidance on
various combinations of HSS. The study investigates
combinations from 300 MPa up to the maximum
available.

The study briefly reviews the welding of HSSs,
then analyses the different categories of DMW and
finally develops a cross-examination of different com-
binations, their associated incompatibility in differ-
ent manufacturing processes and the effect of ther-
mal treatments. Fig. 1 shows the different catego-
ries of DMW in fusion welding investigated in this
study.

Better knowledge can mean significant progress
in dissimilar welding in HSS welding procedures,
and the advantages thus obtained are as vast as
the wide range of applications of these metals, for
example, in the energy industry (power plants, wind
power), transportation (cars, vehicles, rail vehicles),
lifting devices (mobile cranes, truck mounted
cranes), infrastructure (housing, bridges), features
that highlight precision and demand consistency,
offshore platforms, and highly loaded applications
such as roof supports in mines.

2. CHALLENGES IN WELDING
DISSIMILAR HIGH-STRENGTH
STEELS

High strength steels are designed to improve
weldability of steels in general, however, it has been

Fig. 1. Dissimilar welding categories.

observed that some challenges still surround these
steels. For example, it has been noted that difficul-
ties and sensitivities in welding effects increase with
increasing carbon content and alloying elements
(e.g. Al, Si, Mn) [6]. The method of manufacturing
of HSS steels, which combines thermal and me-
chanical control, poses additional challenges to the
welding process [5]. To maintain HSS weldment
qualities, it is necessary to perform very strict con-
trol of welding parameters. Transformations of these
metals at the end of the welding operation, which
significantly affect the microstructure and mechani-
cal properties and fatigue life, are difficult or practi-
cally impossible to reverse despite post heat treat-
ments after welding [7,8]. Because of the different
methods that are used to manufacture the various
high strength steels available, welding conditions
that are applicable to one steel may not be appli-
cable to another [7,9,10]. This is an important fac-
tor to consider in the case of welding dissimilar
metals. Fig. 2 shows how two different high-strength
steels from different weldability zones may exhibit
different challenges in welding and require the de-
signing of specific welding procedures.

The carbon content is a factor to be considered
along with other austenite stabilizers, as has al-
ready been noted above. Risks are particularly as-
sociated with a significant increase in the diffusion
quantity of brittle component elements during very
rapid cooling, especially around the fusion zone (FZ)
and heat affected zones (HAZ) [1]. These risks are
the fundamental reason for the establishment of
appropriate welding procedures for these metals in
general and particularly for the dissimilar welding of
high strength steels.

Welding procedures in the case of high strength
steels include several key factors. Among them,
there are the use of equivalent carbon (CE) equa-
tions to evaluate weldability. Grafille’s diagra] in
Fig. 2 is an illustration for determining the degree of
difficulty of welding a high strength steel. In addition
to carbon equivalent must be added analysis of the



148 B. Mvola, P. Kah, J. Martikainen and R. Suoranta

Fig. 2. Weldability of structural steels by the Graville diagra]. Reprinted with per]ission fro] Gáspár et al.
//  Production Processes and Systems, 6 (2014  1.  © 2014 OSZK.

Fig. 3. Welding frames of S335K2+N and S1100QL
grades. Reprinted with permission from
Thyssenkrupp, (2015  28.  ©  2015 Thyssenkrupp.

(UTS<600 MPa)
Characteristic features Example

BH (bake hardening): increase strength during paint treatment BH 280/400 (YS: 300-360 MPa,
by controlled carbon (C) aging UTS: 420-480 MPa)
IF-HS (high-strength interstitial free):increase strength  by IF 300/420 (YS: 320 MPa,
manganese (Mn) and phosphorus (P) addition UTS[mini]: 420 MPa)
P (rephosphorised): phosphorus-alloyed strength steels H220PD (YS[mini]: 220 MPa,

UTS [mini]: 420)
IS (Isotropic): increase in strength with sisotropic flow behaviour, HC260I (YS: 220/260,
micro-alloyed with Ti or Nb UTS[mini]: 300/380)
CMn (Carbon-manganese): strengthened with an increase of C, CMn 440 (YS[mini]: 295 MPa,
Mn and Si addition for solid solution strengthening UTS [mini]: 510)
HSLA (high-strength low-alloy): strengthened by HSLA 550/650 (YS: 585 MPa,
micro-alloying with Nb or Ti UTS[mini]: 650 MPa)

Table 1. High-strength steel (HSS) characteristics and examples.

thermal conditions of the welding process, as they
define the welding cooling time and conditions. The
admissible temperature limit takes into account the
preheating and possible inter-pass temperatures. It
is possible to define an acceptable welding lobe for
each HSSs on the basis of the temperature of the
pre-heat or inter-passes and heat input required.
Software thus makes it possible to plot the allow-
able welding limit frame of the HSS. Fig. 3 presents
the two welding frames of S355K2+N and high
S1100QL grades given by welding software based
on the CE method [12]. In the case of a dissimilar
weld between the two metals, it is necessary to
take care to keep the temperature within S1100QL
limits, since its welding temperature condition is
smaller and inside the allowable heat frame of
S355K2+N. This example is evidence that high-
strength steels have more restrictions on welding
conditions than mild steel and require a method to
ensure these conditions are respected.
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Tables 1, 2, and 3 give an idea of the variety of
high strength steels. Each table shows the ultimate
tensile strength (UTS) limits, the method used to
increase the strength and examples of existing
grades. It can be observed that the methods uti-
lized in manufacturing become increasingly com-
plex as the strength increases. In addition it can be
seen that strengths are becoming higher up to 1300
MPa.

3. WELDING CONSUMABLE

Apart from the welding category that does not use
an electrode for welding, it should be noted that the
filler metal plays a leading role in fusion welding.
Filler metal is used for the case of different base
metals, metals of the same group but differing in
strength characteristics or alloying elements, and
finally the same class of base metal but a different
metal filler.

For the most common case in welding, the dis-
similar welds with the same base metals but differ-
ent filler metal, there is a relationship between the
mismatch of the electrode and weld joint strength.
In the specific case of consumable electrode weld-
ing, the performance of the weld depends on the
size and the level of mismatch [13]. The following
categories usually emerge from this mismatch; over-
matched, matched or undermatched welds, respec-
tively a weld metal (WM) whose ultimate strength

Table 2. Advanced high-strength steel (AHSS) characteristics and examples.

(600 MPa<UTS<1060 MPa)
Characteristic features Example

DP (Dual phase): content ofmicrostructure of ferrite and DP 980 (YS: 644 MPa,
5–30 volu]e % ]artensite islands. UTS: 1009 MPa)
TRIP (transformation induced plasticity): TRIP 800 (YS: 478 MPa,

UTS: 825 MPa)
PM (partially martensitic):  partially or fully martensitic steels M220 YS[mini]: 295 MPa,

UTS [mini]: 510)
CP (complex phase): Mixture of strengthened ferrite, CP 1050//1470 (YS: 1060 MPa,
bainite and martensite UTS: 1470 MPa)

Table 3. Ultra high-strength steel (UHSS) characteristics and examples.

(UTS>1060 MPa)
Characteristic features Example

HMS-TRIP (high manganese-TRIP): contents an alloying concept MS1250/1500 (YS: 1265 MPa,
with strain-induced UTS: 1500MPa)
HMS-TWIP (high Mn-twining induced plasticity): Content alloying TWIP 1000 (YS: 496 MPa,
that mechanical twining occurs when straining. UTS: 1102 MPa)

is greater, equal or below the base metal (BM). The
choice of the mismatch depends on the application
of the weld strength in service. Thus, overmatched
welding is generally applied to components sub-
jected to tension, to ensure an efficient transfer of
strength [14]. Generally, failure takes place either
in the weld metal or heat affected zone.
Undermatching is generally used for joints with high
strength steels to minimize the risk of defects re-
lated to hydrogen such as the cold cracking. This
application of undermatching can help to reduce or
prevent the need for costly pre-heating operations.
The reduction gain in temperature depends on the
deposited metal and, in particular, the strength and
impact toughness required for the welded joint [15].
Fig. 4 shows the effect of different filler metals on
the tensile strength and yield strength of a welded
X96 grade metal. The difference becomes increas-
ingly significant from the fusion line (FL), heat-af-
fected zone (HAZ) and weld metal (WM).

Because of the significance for welding quality
of the choice of electrode, it is important to re-asses
the prescriptions of European standards and gaps
must be filled to meet the requirements of higher
high strength steels and most importantly for the
welding of dissimilar high strength steels. The bench-
mark for the design code is EC 3-1-8 [17], which
defines the characteristics for matching electrodes
of all welds. It is recommended that matching elec-
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Fig. 4. Strength of filler metals in terms of the joint
region. Reprinted with permission from
Hitsaustekniikka, (2010  3. © 2010 SHY.

trodes be applied, if the steel grades are less than
460 MPa yield strength, which is a requirement that
poses no significant difficulty. However, reassess-
ment of the requirement for matching electrodes is
needed for higher strength steels because there are
no electrodes to date with sufficiently high strength
and use filler metal will likely cause some problems
from the viewpoint of manufacturing, which is not
the case with available electrodes with lower strength.

Research in the area of mismatch is currently a
topic of considerable interest. For example, while it
was established years ago that overmatching is a
necessary condition to obtain acceptable weld
toughness of structural steels, it is very difficult to
combine both acceptable toughness and overmatch-
ing strength for AHSS. Consequently, it is essential
to assess the need to apply overmatching for this
type of steel and to determine the possible level of
undermatching that could best be applied [18].

There are some consideration for the design of
the weld that provide guidance and form a basis for
this reflection. For the case of a T-joint, because of
demands related to this type of welding, there is no
specific need for matching electrodes. However, there
is a requirement for mismatching in some codes;
an example of such a rule can be found in the Swed-
ish code [19]. Björk et al. [20] studied the behaviour
of T-joints of high strength steels, including in their
analysis the effect of the geometry of the joints and
their ability to resist deformation. It appeared from
this study that the distortion of these joints is cru-
cial to their quality. To this end, the use of under-
matching filler metals can improve the performance
of this type of joint. Furthermore, given the essen-

tial contribution of heat input for welding UHSS, one
should take this factor into account as an additional
failure criterion in the design code. This additional
precaution is necessary because of the softening
of the zone affected by heat.

Regarding butt joints, lack of strength is gener-
ally associated with undermatching electrodes. For
example, if the joint is completely subjected to trans-
verse load, a matching electrode is the best fit. For
other butt joints, undermatching electrodes are suit-
able. Note that the European Code 1-12 design rules,
in part I, encompass yield strength grades up to
700 MPa and recommend use of an undermatching
consumable electrode [21]. Fig. 5 depicts the ten-
sile strength of the weldment as a function of the
tensile strength of the base metal depending on the
strength of the filler material. It can be seen that as
the tensile strength of the base metal increases the
weldment strength increases as well but there is a
difference depending on the type of filler used.
Higher-strength filler metals provide a stronger
weldment compared to filler metals with lower
strength. Therefore, attention should be paid to the
base metals and consumable electrode strength and
a compromise should be made choose compatibil-
ity with both resistances. This should take into ac-
count forces related to the in-service use and their
directions and orientations.

4. PRE OR POST-HEAT TREATMENT
AND INTERPASSES

The number of publications related to the welding of
steels of very high strength is abundant, but a large
part is only concentrated on the chemical composi-
tion of these steels, the microstructure and mechani-
cal properties. A very limited number is dedicated
to the thermal treatment related to the actual weld-
ing. Among the studies available, the vast majority
just address the effect of some alloying elements
and focus only on high strength low-alloyed steels.

Heat treatments, despise their cost, are crucial
operations for welding high strength steels. The heat
treatment operations depend primarily on the com-
position of the base metals of the steel and the filler
metal and consist of pre-heat treatment, and post-
heat treatment (PWHT). Pre-heat treatment is used
to limit heating metal too long at critical tempera-
tures or to reduce cracking risk. For example, pre-
heating is used to prevent cracks due to hydrogen.
It increases the cooling period, and a longer cooling
period allows the diffusion of hydrogen from the weld,
which avoids the creation of hydrogen cracks. In
addition, using higher inter-passes temperature in-
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Fig. 5. Influence of filler metal strength in arc welding of DP and MS. Reprinted with permission from Cuddy
et al. // EU Report, R585 (2004 . © 2010 EU.

Fig. 6. Effect of PWHT (post-weld heat treatment)
time on the mechanical strength/ structural robust-
ness of the weld metal. Reprinted with permission
from Faragasso  et al. // National Congress on
Welding  (2011 . © 2011 ABS.

creases, time spent in the critical temperature range.
Post-heat treatment allows relaxation of the inter-
nal tensions and leads to desired microstructures.
These operations are guided by the EN-1011-2 stan-
dard [25]. Fig. 6 shows the effect of PWHT on the
energy absorbed by the weld.

Certain studies have emphasized the importance
of post weld heat treatment as this treatment im-
proves quality of welding. Jorge et al. [27] studied
the effects of post weld heat treatment by analyz-
ing the effects on mechanical properties. The tested
steel had a tensile strength greater than 860 MPa.
The operation was applied with filler metal e of 4
mm diameter, joint design was a butt-welded joint
with several passes. The base metal was 19 mm
thick and preheating at 200 and 250 °C and post-
weld heat treatment performed at 600 °C for 2 h.
The results showed a higher mechanical quality re-
quired.

The close relationship between the microstruc-
ture obtained after post weld heat treatment and
mechanical properties noted in Jorge et al. [27] con-
firms earlier studies. For instance, Svensson [28]
reports, following analysis of a weld of yield strength
higher than 690 Mpa, that the weld metal was com-
posed of acicular ferrite, martensite and bainite. This
is corroborated by Karlsson et al. [29] who presented
that a high strength steel containing between 2%
and 3% Ni in the weld consists of acicular ferrite,
martensite and bainite. In addition, the variation of
the percentage of each of these elements had a
direct influence on the mechanical properties of the
weld.

Dissimilar welding of HSSs can produce brittle
welds if they are not post-weld heat-treated (Fig. 7).

For that reason there is growing interest in reduc-
tion of the carbon content in DP steel to below 0.1
weight percent and reduction in carbon content has
become an important issue in steels manufacturing
[30]. Despite the possibility of improving the quality
of welds through post-weld heat treatment, it must
nevertheless be noted that because of the sensitiv-
ity of these steels, post weld heat control opera-
tions are very strict. For dissimilar welds, there
should be room for compatible heat treatment.

5. CASE STUDY AND APPLICATIONS

As mentioned earlier, case studies on welding high-
strength dissimilar metals are not numerous. This
is due to the fast increase in the metals available,
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Fig. 7. Appearance of cold cracking in the heat affected zone of spot welded DP780 (0.15%C). Reprinted
with permission from M. Hardy // Adv. Manuf. 1 (2014  28. © 2014 Springer.

their diversity, the complexity of their manufactur-
ing process, as well as the slow updating of weld-
ing procedures. There is however enough material
to build a benchmark of this research. For each of
the categories listed in this study, experimental
example cases using different welding processes
such as arc welding, laser welding and hybrid arc-
laser welding are analysed.

5.1. Welding different base metals
with and without filler metal

Dissimilar welding of high strength steels can take
place in two categories; without use of a consum-
able electrode and with use of the consumable elec-
trode. The cases that serve as examples for our
study in this subsection include both types. In this
case, evaluation of the carbon equivalent of the weld
between the two base metals is used.

Santillan Esquivel et al. [3] studied different com-
binations of welding steels of very high strength
(DP600, DP780, TRIP780: DP600 / TRIP780, DP780
/ TRIP780) using the laser diode welding process. A
comparative study of combinations of similar and
dissimilar metals was performed. The analysis af-
ter welding was to examine the mechanical proper-
ties of the weld microstructure and the different com-
ponent parts of the weld. A curve analysis of the
fusion zone was plotted (Fig. 8), under the calcu-
lated carbon equivalent, and the outcome of hard-
ness tests. Fig. 8 shows the three main regions.
Region I with the highest carbon equivalent shows
a complete martensite structure or close to the theo-
retical calculated martensite hardness. Region II is
characterized by a mixture of martensite and bainite,

Fig. 8. Variation of FZ hardness as a function of the
carbon content in AHSS laser welds: Calculated
martensite hardness Hm using the Yrioka formula
is also included as a straight line to assist in pre-
dicting FZ microstructure. Reprinted with permis-
sion from  Santillan Esquivel et al. // Canadian Met-
allurgical Quarterly 51 (2012  3. © 2012 Maney.

which is the average level of hardness. Region III as
the region II deviate from the hardness obtained from
experiment. This area is a mixture of ferrite and
martensite and has a considerably lower carbon
equivalent. It is clear from this analysis that the
carbon equivalent can actually be used to predict
the microstructure of the fusion zone.

The influence of alloying elements of the above-
mentioned metal combinations is confirmed by other
experiments carried out with different welding pro-
cesses. Hernandez et al. [1] during their study of
the resistance spot welding (RSW) of metals of dif-
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ferent high strength (DP600 / HSLA DP780 /
TRIP780) observed an increase in hardness at the
fusion zone of the dissimilar combinations. The in-
crease in hardness at seemed to grow as the per-
centage of alloying elements increased. In the spe-
cific case of the combination DP600 / HSLA a pre-
dominant presence of martensite was noticed. Fig.
9 shows the carbon equivalent of each pair with
DP600 and their standard deviation. It is observed
that the hardness increases with increasing level of
alloying elements in the carbon equivalent (CE). It
appears in this analysis that in the case of welding
of high strength steels without filler metal, hardness
depends on the fusion level of both metals. The
mechanical properties depend on the microstruc-
ture and fusion zone as well as the welding process
used.

Arc welding process such as gas tungsten arc
welding, and gas metal arc welding are welding pro-
cess which has been used for decades, have re-
gained larger applications with significant improve-
ments from the point of view of control of welding
parameters. Gas metal arc welding (GMAW) has
shown in recent years promising results in welding

Fig. 9. Average fusion zone hardness and standard deviation.

(a) (a)

Fig. 10. Metallographic examination of (a) TWIP/DP and (b) TWIP/MnB weld seams. Fusion zone (not
etched) and HAZ. Reprinted with permission from Spena et al. // National Cofenrence, IGF XXII,  (2013 .  ©
2014 IGF.

HSS. This weld quality improvement was achieved
by use of advanced technology control or hybrid
welding processes.

The next cases considered in this section are
those of welding of different metals with a consum-
able electrode. Russo Spena et al. [4] conducted a
study to examine dissimilar high-strength steels
(TWIP1000 / DP600, TWIP1000 / MN-B) weld us-
ing GMAW and a consumable electrode 307L. It
was observed in the HAZ of the TWIP steel that the
microstructure was of a coarse austenitic grain size
compared to DP and Mn-B. The full martensite mi-
crostructure was noted in the HAZ of DP and Mn-B
steels near the fusion zone (Fig. 10). The HAZ ob-
served in the Mn-B side was higher than noted in
the side of the DP and TWIP steels. The difference
between the maximum and minimum hardness in
MN-B is greater than in DP. This hardness differ-
ence is due to the lower carbon percentage of DP
compared with Mn-B. The tensile test showed that
for the TWIP / DP combination, rupture occurred
sometimes in the fusion zone or in the HAZ of the
DP steel. In the case of the combination TWIP /
MN-B, rupture occurred either in the HAZ of TWIP
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Fig. 11. Cross-weld hardness profiles for dissimilar
spot welds. Reprinted with permission from
Hernandez et al. // Science and Technology of
Welding and Joining ,13 (2008  8.  © 2008 Maney.

or Mn-B. It is recommended to avoid incomplete
penetration because it is the origin of fracture fail-
ure initiation and brittle fracture failure because of
the notch in the fusion zone.

5.2. Welding different alloys of the
same base metal with and without
filler metal

Welding the same type of base metals but different
strength or different alloying elements (e.g. DP600
/ DP780 dissimilar welding) with or without filler metal
is the second case of this study. This case is not
far from the previous case in terms of the applicable
welding processes, procedural rules to be observed
and the risk of brittle element formation. It is also
necessary here to consider the carbon equivalent
(CE), analysis of critical temperatures t

8.5 / 5
 and the

Graville diagram to predict the quality of the weld.
The risk hardness and brittle components is how-
ever less than in the case of the previous study,
because the principle of manufacture of the base
metal is the same. The difference between the base
metals is basically in alloying elements. High-risk
areas include; the fusion zone (FZ) and heat affected
zone (HAZ). The former because it may result to
alloying elements gradients and an increase in car-
bon or the formation of structural martensitic com-
pounds, and the latter because difference of heat
resistance capacity can lead to dramatic softening
of the HAZ of the base metal with lower heat capac-
ity resistance. The risk of diffusion of the alloying
element is greater in welds without consumable
electrode. In the case of use of an electrode, it is
necessary to ensure a proper mismatch that does
not cause fracture failure at the weld or HAZ. Some

example to better illustrate the case are presented
below.

Hernandez et al. [1] in their experiments stud-
ied dissimilar high strength steels welding using the
welding process without filler metal resistance spot
welding (RSW). Several combinations were ana-
lyzed. Considering in that investigation the case that
correspond to this specific case of investigation (eg
DP600 / DP780). Fig. 11 shows that in dissimilar
welding of DP600/DP780 without use of filler metal,
the HAZ of DP780 has undergone a noticeable soft-
ening. This softening is due to the tempering of the
martensite. One can also see an increase in the
hardness in the fusion zone, in comparison to both
base metals. This increase in hardness is the re-
sult of a growth of each alloying element quantity.
[31]

The second example analyzes the case of weld-
ing with use of a filler metal. Rak et al. [32] studied
the welding of dissimilar high strength low alloyed
steels (HSLA) using a submerged arc welding
method (SAW). The weld joint design was a narrow
gap, the base metals were S355NL (HT50) (YS: 380
MPa) and S690QL1 (HT80)(YS: 680 MPa) and thick-
ness 50 mm. The cold cracking parameters (Pcm)
for S355NL, S690QL1 and the weld metal, were re-
spectively 0.101, 0.256, and 0.205. Given the dis-
similar nature of the welded joint, mismatching was
calculated for each side in all weld parts such the
base metal, weld cap, weld middle and weld root.
The results of calculation on the matching factor M
indicated undermatching for S690QL1 and over-
matching for S355NL1. Because of a very large dif-
ference in the mismatching, failure fracture occurred
in the crack tip opening displacement (CTOD) test
from the coarse grain heat affected zone (CGHAZ)
to the weld or the base metal. Fig. 12 shows the
mismatch of the two side welding of the different
base metals. The difference in the weld metal and
area close to both base metal is significant.

5.3. Welding the same base metal with
a different filler metal

Welding dissimilar metal with the same base metal
and a different filler metal is probably a more fre-
quent case than the earlier two cases. This case is
essentially based on mismatching between both the
base metal and the filler metal. This mismatching
in advanced ultra-higher strength steels constitutes
one of the key research topic in welded joint design
[33,34].

Unlike with mild steels, steels for high strength
can well accommodate undermatching to reduce
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the risk of cold cracking and lamellar tearing. Analy-
sis for the matching level should reflect not only the
strength but also ductility. As the strength increases,
the choice of mismatching filler metal should be more
precise and delicate. The strength requirement in
the case of advanced high strength steels (AHSS)
or ultra-high strength steels (UHSS) is that the filler
metal should be one or two percent categories lower
than the base metal. However, this suggests at the
same time four to five percent higher categories for
elongation. To combine both undermatching for
strength and overmatching for elongation, the de-
sign of the filler metal can rely on appropriate alloy-
ing elements choice such as nickel (Ni) and molyb-
denum (Mo) in the constitution of a filler metal [35].
The alloying elements of the filler metal promote a
microstructure beneficial for weld properties. An
example experiment shows how the change in al-
loying element portion influences the formation of
microstructures and its effect on the properties of
the joint.

Fig. 12. Global/local mismatch factor M in the dissimilar weld joint cross-section. Reprinted with permis-
sion from Rak and Treiber // Kovine, Zlitine, Technologije (Metals, Alloys, Technologies) 32 (1998  2.  ©
1998 KZLTET.

Fig. 13. Quatitative analysis result of weld metal microstructure of different types of electrodes. Seo et al.
// Journal of Achievement in Materials and Manufacturing Engineering 27 (2008  2.  © 2008 ACMSSE.

Seo et al. [36] made an investigation of the type
of microstructures parameters that control cold
cracking risk. The results shows that for the same
level of exposure to hydrogen, filler metal having
1.5% Ni is more resistant to cold cracking com-
pared to filler metal containing 0% of Ni, regardless
of any high strength microstructure componund and
carbon equivalent. Fig. 13 shows the difference in
percentage of acicular ferrite (AF) in a weld made
with a filler metal with Ni 1.5% in comparison with a
weld made with a filler metal with 0% Ni.

The second case examines the mismatching of
base ]etal with the filler ]etal. Gáspár et al. [11]
examined the matching and mismatching between
the base metal and the filler metal. Base metal
S960QL according to EN 10025-6, of thickness of
15 mm was welded with a filler metal (4 T69
Mn2NiMo MM) or (G 5 89 M Mn4Ni2, 5CrMo) solid
wire electrode using GMAW. The weld joint design
was X with the use of multi-pass welding and opti-
mal control parameters for t
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Fig. 14. Hardness distribution of the matched and undermatched welded joint. Reprinted with permission
from Gáspár and Balogh // Production Processes and Systems, 6 (2014  1. © 2014 OSZK.

hardness profile of the two cases of experiments
performed; one for a matching and the other an
undermatching welded joint. One can observe that
the hardness of the matching joint was 350-360 HV,
which is 60-70 HV lower than the hardness of the
undermatching welded joint. However, the maximum
hardness was 450 HV in both cases with 400 HV at
peak in both cases. The lack of homogeneity in-
creases with the growth of the strength, which could
result in failure during in-service of the joint.

6. COMPARATIVE DISSIMILAR
COMBINATIONS AND WELDING
PROCESSES

In the case studies section a particular emphasis
has been placed on the microstructures and the
mechanical properties of the welded joints made of
dissimilar metals and very few comparisons are
made as regards the welding processes. This sec-
tion examines the relationship between results ob-
tained and the welding process used. Note that the
use of a filler metal or not also depends on the welding
process used. Resistance spot welding (RSW) for
example does not use a filler metal while GMAW,
laser or hybrid laser/GMAW do. In the welding of
dissimilar metals, the amount of energy and heat
input have a significant effect on the fusion zone
between the welded metals and the heat affected
zone. Laser beam welding (LBW) gives a smaller
area of HAZ but can lead to very hard and brittle
regions in the middle of the weld metal. The combi-

nation of processes allows advantage to be taken
of the best aspects of both processes.

An example illustrates the effect of welding pro-
cesses on the welding of dissimilar metals of high
strength steels. Cortez et al. [37] carried out an
investigation of the weld integrity of TRIP800 steel
using the GMAW process and CO

2
 laser welding. A

filler metal of high strength used for the GMAW pro-
cess whose designation is Mn3Ni1CrMo G accord-
ing to EN ISO 16834-A. The results showed very
high hardness for laser welding (LBW) due to a pre-
dominant presence of martensite in the fusion zone.
The hardness was slightly above 500 HV for LBW
with a peak of 600 HV, then the hardness of the
GMAW welding reached up to 500 HV. A composi-
tion of bainite and ferrite was noted in both HAZ of
GMAW and LBW. The fracture tests found failure in
the base metal (BM) for GMAW, whereas the sample
welded with LBW exhibited brittle fracture failure at
the HAZ.

Table 4 compares on the basis of risk associ-
ated with a component thereof, the choice of the
filler metal, the strength of the base metal and the
differences of the filler metal for the main categories
considered in this study. It is observed that the risk
and constraints become greater when welding in-
creasingly higher-strength steels. Moreover, it can
be noted that the risk of faults (e.g. cracks, marten-
site) and the prediction requirement to evaluate the
susceptibility to a brittle microstructure depend sig-
nificantly on whether a filler metal is used. The need
to predict the microstructure of different joint parts
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follows the same trend with the use of heat treat-
ment.

7. CONCLUSION

The objective of this study was to analyze the con-
ditions and the quality of welded joints of dissimilar
high-strength steels. After analysis of experiments
carried out with different methods of fusion welding
processes, the following conclusions can be drawn:

The carbon equivalent (CE) can be used to evalu-
ate the hardenability, brittleness and solidification
cracking susceptibility of the weld. In the Graville
diagram, weldability prediction of advanced high-
strength steels is located in Area III Welding of AHSS
category steels should primarily be planned based
on the manufacturing process, yield limit, thickness
and expected load with controlled linear energy and
preheating. It is necessary to prescribe the t
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 ex-

pected cooling time interval during welding. In heat
treatment control of the DP/TRIP welds, for example,
the preheating procedure improved the splash of
welding to some extent. The post-heating proce-
dure improved the mechanical properties of spot
welds owing to the temper of the spot weld micro-
structure. This improvement is also possible for other
welding processes used in the experimental cases
of this study.

Due improvements in welding technology and
welding procedures for dissimilar base metals, the
parent metal dilution width and the HAZ range have
become smaller than in traditional welding pro-
cesses. The welding process has an effect on the
control of the heat input and consequently the mi-
crostructure of the weld as well as the fusion zone.
In GMA (MIG) welding of AHSS, for example it is
important that the HAZ remains very small because,
of the carbon mobility in the atoms. The cooling
process in steel manufacture is very precisely con-
trolled; something that it is difficult to duplicate in
welding after heating above the critical temperature.
Metals in dissimilar joints should be compatible with
the welding process as well as the heat treatment.

Combinations with other types of steels with a
non-equilibrium structure may lead to a weakened
area. The reason is that the non-equilibrium struc-
ture of advanced high-strength steels becomes
strenghtened by strain hardening, transformation
hardening and controlled temperature hot-forming,
which is unfavourable to welding. Pre-heat, post-
heat weld and welding generate heat energy input
that can causes disadvantageous changes in the
microstructure. Welding of high-strength low-alloy
steels (HSLA) involves the usage of undermatching,

matching and overmatching filler materials, the se-
lection of which depends on the welding process,
the application of the welded joint and the
obtainability of the filler material.

The alloying elements also play a fundamental
role in dissimilar welding; their constitution has
shown the ability to promote acicular ferrite micro-
structure that improves mechanical properties.

In terms of microstructural development, the use
of low-alloyed filler material is beneficial to avoid
excessive weld metal overmatching. The welding of
advanced high-strength steels is impeded by sev-
eral factors, partly because these steels are char-
acterized by a chemical composition determining a
high carbon equivalent. During their production, the
steels also undergo a special heat treatment lead-
ing to the formation of a specific structure.

The application of dissimilar weld metals with
different base metals with or without filler metal pre-
sents varying complexity. In the case of welding
without a filler metal, it is essential to predict the
effect of the alloying element, which may generate
a hard microstructure component that can produce
cracks. The different ways of predicting suggested
in this study must be applied. Moreover, a compro-
mise between pre and post-heat treatment must be
carefully determined in order not to harm the quality
of the weld. In the case of filler metal use, it is nec-
essary to predict the structure between both the
fusion zone and the risks identified and associated
with different metal compositions.
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Abstract The vast expanses of the Arctic have for some de-
cades been the subject of considerable scientific interest as
regards potential industrial exploitation. However, the cold
climatic conditions of the area pose major challenges, partic-
ularly with respect to the metals used, infrastructure design,
and manufacturing techniques required for cold-resistant
structures. Dissimilar welding of metals can supply added
value (lightness, thermal difference) in the construction of
Arctic structures, but the behavior of dissimilar high-strength
metal welds in very cold environments remains under-
investigated and improved understanding is required before
such metals can be adopted for Arctic applications. The ob-
jective of this research is to identify possible difficulties aris-
ing from the use of dissimilar metal welds in Arctic structures,
in particular the causes of potential defects and failures, and to
propose means to remedy or prevent such failures through the
adoption of suitable procedures and the choice of suitable
metals. This study covers steels used for structural design of
work in cold environments such as low-carbon content steels
with tensile strength from 379 to above 586 MPa along with
alloyed steels containing nickel (Ni) up to 4.5 % or chrome
(Cr) and molybdenum (Mo) and stainless steels like austenitic

stainless steels which keep their ductile properties even in sub-
zero temperature. These steels are known for their better
weldability and toughness. The methodology consists of a
review of scientific articles and research experiments on the
microstructures and physical and mechanical properties of
dissimilar welded structures for low-temperature environ-
ments. In-service behavior is analyzed on the basis of litera-
ture data and the relationship between the types of structure
failures and weld defects investigated. Finally, appropriate
joints and applicable methods are proposed. The analysis
shows that a microstructure with very large grains and a large
HAZ are features that increase the size and prevalence of
cracks. An acicular ferrite microstructure is required in the
weldmetal. Migration of carbon is a further aggravating factor
for cracking. With nonferrous metals, the risk of undesired
intermetallic compound hardness and brittleness increases,
and processes that minimize the temperature of the HAZ are
recommended. Heat treatment is recommended to refine the
grains. The major implication of the work is that significant
care is required in the selection of the base metal, electrodes
and welding parameters, and appropriate heat treatments.
Effective control of such factors can lead to improvement in
the quality, reliability, and service life of Arctic welded
structures.

Keywords Ductility . Brittleness . Toughness .Weld quality .

Microstructure . Dissimilar metal . Sub-zero temperature

1 Introduction

The Arctic region and sub-oceanic resources still offer huge
potential for oil and gas energy exploitation, and the Arctic
area has been the subject of much exploration in recent years
to assess its true energy potential and ascertain possible
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pipeline routes. One example, and currently the longest pipe-
line, is the trans-Alaska oil pipeline (TAPS), which connects
the Arctic coast to the west coast of Alaska. In addition to the
opening of hitherto unexploited regions, sub-sea deepwater
explorations are another option to meet energy supply needs.

In environmentally sensitive applications such as those in
Alaska or the Arctic region, there is a need to ensure the
reliability of welded equipment while simultaneously increas-
ing its performance. The temperatures are very low in Arctic
and Alaska where in winter it can fall down to −40 °C [1]. In
recent decades, specialist steels have been adopted to reduce
the weight of infrastructure and to optimize operability, and
dissimilar welded joints have been used to meet functional
needs. Most studies only address specific and partial aspects
of the issue, and it is difficult to identify comprehensively and
understand thoroughly the challenges to and options for
achieving a desired result in terms of steel grade. Two exam-
ples from existing research illustrate this dilemma. Nissley
et al. [2] conducted an interesting study that welded two dif-
ferent steels N50HS and 25 % Cr super duplex stainless steel.
Although their study provides valuable and relevant informa-
tion about the gradient and diffusion of carbon as well as the
microstructure, the study focuses only on a single case. Dodge
et al. [3] presented a fairly large study on crack effects related
to sub-oceanic environment exploitation and the use of dis-
similar metals. The study investigated development of the
combination of API X65 and 8630 M low-alloy steel using a
filler metal alloy 625. Prior to recent interest in sub-oceanic
exploitation and equipment for Alaska and the Arctic, re-
search concentrated on the behavior of dissimilar welds at
higher temperatures. For example, Samal et al. [4] studied
the failure behavior of ferritic-austenitic dissimilar welded
joints and Wang et al. [5] analyzed fracture mechanisms of
dissimilar welds in nuclear power plant operations.

There are a considerable number of metals which have
the necessary qualities for application in the above-
mentioned harsh environments [6]. This study, however, will
limit its considerations essentially to steel and components
that affect the resistance to hydrogen cracking and
weakness-induced failure at very low temperatures. For in-
stance, low-alloy, high-strength low-alloy (HSLA), and
high-strength steels allow better mechanical properties to
be achieved and exhibit high resistance to corrosion in se-
vere environments. These steels can endure low tempera-
tures without fracture and offer mechanical properties that
are superior to those of conventional carbon steels. This
study covers steels used for structural design of work in cold
environments such as carbon steels, alloy steels, and stain-
less steels. Low carbon content steels with tensile strength
from 379 to above 586 MPa along with alloyed steels con-
taining nickel (Ni) up to 4.5 % or chrome (Cr) and molyb-
denum (Mo) and stainless steels like austenitic stainless
steels keep their ductile properties even in sub-zero

temperature. These steels are known for their better
weldability and toughness.

Table 1 presents combinations of dissimilar metal welds and
lists potential difficulties that are associated with their dissimi-
lar welding. It is for example observed that a degree of distor-
tion may result from the welding of a carbon steel whose ther-
mal expansion is lower than that of austenitic stainless steel;
i.e., the coefficient of thermal expansion for mild steel is about
12, whereas that for stainless steel is 17 μm/m/°C in a temper-
ature range from 0 to 300 °C. Furthermore, there is a difference
of thermal conductivity: carbon steel has a better thermal con-
ductivity than stainless steel, with 49 and 15W/m/K at 200 °C,
respectively. It means that the stainless steel cooling rate is
slower than that of carbon steel, which can result to complex
residual stress in a DWM joint. In addition, a difference in
carbon content could lead to carbon concentration gradient
and hence the carbon migration. The difficulty is not limited
to the carbon content; it also relates to other alloying elements
and impurities that can lead to microsegregation and
macrosegregation in the diluted area [11].

As part of intense research activity on metals able to with-
stand climatic conditions in the Arctic and sub-ocean environ-
ments, this research aims to enhance understanding of steels
and dissimilar welding for low-temperature and harsh envi-
ronments and advance knowledge of welding procedures for
dissimilar fusion welding. The study analyzes the challenges
of dissimilar welding for Arctic and sub-oceanic conditions.
The main factors contributing to effective service life are then
studied: joint design, choice of electrode, microstructure of the
joint, welding process selection, thermal treatment, and possi-
ble failures and remedies while in service. Finally, the study
analyzes the prospects for improvements in dissimilar welding
performance in light of metal grade development.

The study opens with discussion of the behavior of dissim-
ilar metal welded joints in low-temperature and harsh environ-
ments. This leads to reflection on and suggestions for the
development of welding procedures, including actions to in-
crease the toughness of welded joints for low-temperature
environments.

1.1 Potential defect and in-service failures

To accurately identify the key issues appertaining to the usage
of dissimilar welds in the harsh environments discussed in this
study, it is important to analyze the potential defects that may
be factors aggravating the possibility of failure during the in-
service period of the welded joint (Fig. 1a, b).

The weld defects of dissimilar welded steels have often been
attributed to a sudden change in hardness and strength [14].
This sudden change in hardness and strength can be accompa-
nied by significantly different residual stress and thermal ex-
pansion. For example, welding two steels with substantial dif-
ference in alloying content can generate inclusions and an
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excessive element gradient. Moore et al. [13] analyzed the ef-
fects of inclusions on the toughness of the heat-affected zone
(HAZ). It was noted that the girth welded pipeline
manufactured in X70 steel grade usually has good toughness
when tests are conducted at ordinary service temperatures.
However, when tests are performed with offshore-like temper-
ature conditions, −20 °C, or conditions similar to environments
like Alaska and the Arctic, with temperatures approaching
−40 °C, the welds fail due to brittle components in the HAZ.
Figure 2 shows inclusion on brittle components close to a fu-
sion zone in welding a 20-mm-thick X70-grade pipe in which
the weld metal overmatched the base metal. The inclusion was
composed of manganese sulfite, titanium and niobium, alumi-
num, and calcium. Such carbon-rich inclusions increase fragil-
ity and are more subject to an imbalance of strength.

The main defects of steels at lower temperatures include
failure due to brittleness and various types of cracks. Defects

due to brittleness are characterized by the fact that the welded
joint breaks suddenly [16]. The failure is sudden and cannot
be foreseen during visual routine inspection; there is no plastic
deformation before failure. Therefore, adequate measures
must be taken in the design stage by choosing ductility-to-
brittle transition steels at below zero temperature. Steels for
Arctic environments must have good impact resistance at very
low temperatures. Joint strength must be ensured by carefully
designed mismatching. The harmful effects induced by the
welding process heat source must be minimized so as not to
compromise the steel qualities. Other risks are inclusions, car-
bon diffusion, and alloying gradients, which can be initiation
points from which cracks can develop. The selection of suit-
able filler materials and strict control of the process are crucial
for the final quality of the weld.

Although new steel design has yielded steels with good
cold-medium strength, the problem of loss of toughness

Table 1 Challenges in welding dissimilar metals

DWM Dilution and
alloying

Melting temperature
range

Thermal
conductivity at
room temperature
(25 °C) [W/m-K]

Thermal expansion
at room temperature
(25 °C) [10−6/K]

Heat treatment WM and BM
interaction

Ref

CS to
LAS

• Risk of carbon
depletion

• Need correct
austenite and
enough ferrite

• Liquation cracking
at carbon steel

• Carbon steel: higher
carbon
content→ lower
melting point

• High residual stress
filed

• LAS thermal
conductivity vary
with alloy element

• K: CS (24.3–65.2);
LAS (26–48.6)

• High stress
concentration at
carbon steel side

• CTE: CS (11–16.6);
LAS (9.0–15)

• Difficult control of
ferrite and
martensite

• Preheat if C
<0.20 % or if
thickness >30 mm

• Delta ferrite
control difficulty

• Risk of martensite
if directly welded

[7–9]

CS to
HAS

• Segregation of brittle
components

• Very heat sensitive
alloy (risk of
vaporization)

• Risk of overheating
• Undesired structures

at weld metal or at
heat affected zone
(HAZ)

• Complex residual
stress field

• Asymmetric
internal or locked-
in stresses

• K: CS (24.3–65.2);
HAS (11.2–36.7)

• Differences may
cause high stress

• CTE: CS (11–16.6);
HAS (9.0–20.7)

• HAS cool slowly
than CS

• Occurrence of
complex phase

• Risk of brittleness
for in reheated and
slowcooled

• Risk of granular
crack

• Delta ferrite
control

•Mn segregations in
the fusion zone

[9] [10]

LAS to
HAS

• Chemical
segregations in the
fusion zone

• Very heat sensitive
alloy

• (Risk of vaporization)

• Softened zone
formation

• HAZ
softening→ bigger
in higher grade

• Asymmetric
internal or locked-
in stresses

• K: LAS (26–48.6);
HAS (11.2–36.7)

• Difference in stress
concentration Risk
of stress
concentration

• CTE: LAS (9.0–15);
HAS (9.0–20.7)

• Risk of brittleness
for in reheated and
slowcooled

• Instability of
complex phase

• Formation of
extensive hard
and brittle
martensite
regions

•Mn segregations in
the fusion zone

[10]

CS carbon steels (e.g., hot rolled carbon steel), LAS low-alloy steels (e.g., Q&T steels), HAS high-alloy steels (e.g., austenitic stainless steels), CTE
coefficient thermal expansion, K thermal conductivity

(a) (b)Fig. 1 Failure and defect. a
Brittle fracture in service squared
tube joint. b Feature of the
damaged clustered inclusions
apparent close to the fusion line
[12, 13]
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caused by the welding heat remains a concern. Andrews et al.
[17] studied the loss of toughness of X70 and X100 steels
meeting the requirements of offshore codes. The study recom-
mended that standards be followed (e.g., ISO 19906, API
2RD, DNV-OS-C101, DNV-OS-F201, M-001, ASME
B31.3) and steels selected whose resistance to brittle fracture
corresponds to temperatures and anticipates any brittle-related
failure.

The very hostile nature of the environment such as very
low and fluctuating temperature and ice load are the causes of
different types of cracks that may appear in and around the
weld. Table 2 shows common types of defects and their loca-
tion and gives a brief description of the cause of such defects.
One can see the flaws categorized into two groups. In the first
group, there are defects that occur during welding. Although
these faults may be encountered in all types of welding, they
are particularly accentuated in the case of dissimilar welds
because of the differences in physical and alloy elements be-
tween the base metal and the consumable electrode. These
defects are risks and aggravating factors of failures in cold
environment welds. The second group list of service failures
like the first group as well as their location and description are
given.

2 Dissimilar welded joints in cold environments

In general, the notion of dissimilarity involves three catego-
ries: two identical base metals with a different electrode, two
different base metals with a different electrode, and base
metals which differ in their composition. Welded joints regu-
larly conform to one of these categories to meet the require-
ments of match, overmatch, and under-match. Whenever it is
necessary or desirable to weld different metals, complexity
occurs and the risk of generation of a brittle component be-
comes great [18]. Careful analysis is required to predict the
microscopic constituents of the joint structures. Therefore, it is
necessary to analyze the joint design, type of electrode,

microstructure, type of welding processes, and conditions
while in service (Table 3).

This study focuses on steels used in cold environments.
Carbon steels designed for various industries such as high-
strength steels (e.g., class 690MPa) for shipbuilding are avail-
able; their impact toughness reaches −60 °C, but their appli-
cation is still very limited. The class that ranges from 355 to
500 MPa is already used for ice breakers. Austenitic stainless
steels are suitable for very cold environments due to their high
impact toughness. Grades such as duplex steels, super ferrite,
and martensitic steels have a very high impact toughness at
temperatures down to −70 °C.

2.1 Effects of joint preparation shape

Different approaches can be applied to improve the quality of
joints depending on the base metal to be welded and the elec-
trode selected. Examples are modifications to the shape of the
joint or the application of buttering. Table 4 shows different
techniques in the design of dissimilar metal joints. Narrow gap
welding uses reduction in the groove size to reduce the dilu-
tion, the HAZ, and, consequently, the metal gradient.
Cladding and buttering help to protect the metal against cor-
rosion and reduce the gap difference between the base metals.
An asymmetric groove design aims to shift the heating source
away from the more sensitive material.

Studies have been conducted to evaluate the usefulness of
changes in joint design in terms of improving the macrostruc-
ture and the mechanical properties of welded joints. Mendoza
et al. [19] studied dissimilar welding between API X52 and
SAF 2507, which are respectively an HSLA steel and a super
duplex stainless steel, using an electrode (ER 25.10.4L and
ER 2209) and gas tungsten arc welding (GTAW). Their study
examined the effect of variation in the angle of the weld joint
from 60° to 90°. The results indicated that the size of the joint
angle influences the cooling time. With welding at 60°, upper
bainite (UB) was observed in the pass filler, and
Widmanstätten ferrite (WF) and grain boundary ferrite

Fig. 2 Effect of alloy additions
on notch toughness of the weld.
Transition temperature measured
at 20 J. a Submerged arc welding.
b Gas metal arc welding [15]
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(GBF) in the root pass. However, when welding with a 90° V-
groove, the weld had polygonal ferrite (PF) in the root pass
and acicular ferrite (AF) and grain boundary ferrite were
found above the filler pass.

Joseph et al. [20] assessed the residual stress of dissimilar
welded metals. The welded steels studied were a combination
of 2.25Cr-1Mo ferritic steel and AISI 316 stainless steel, using
in one case Inconel-82 as buttering on the ferritic steel side and
in the second case welding without buttering. It appeared that
the use of buttering helps to prevent and minimize the effects
of residual stress in the HAZ.

Prager et al. [21] suggested a particular asymmetric weld
design (Table 3) to increase the in-service life of super-heater
tubes in power plants. The weld is asymmetric and can better
distribute the stresses to which the joint is subject. This im-
provement of the weld resistance is probably due to an en-
hancement in the welding conditions of the welded joint
which harmonize heat dissipation taking into account the dif-
ference between the two metals: stainless steel (SS) and
chrome-molybdenum steel (T-22). This joint design principle

can be adopted to improve the ductile-to-brittle transition of
exposed cold joints.

2.2 Effect of consumable electrode alloy elements

The electrodes ensure the strength and integrity of the welded
joints. Welds must absorb constraints from the base metal and
also provide the balance between their different alloying ele-
ments. Therefore, selection of consumable electrodes is of
significant interest for dissimilar welding for Arctic applica-
tions. To minimize the risks related to dissimilarity between
the base metals, consumable electrodes are often adopted.
However, the content of each alloy elements must be able to
meet the requirements of residual stress and end phases of the
metallographic structure in the fusion zone. The alloying ele-
ments, Mn, Ni, Mo, Cr, and V, are essential in a weld metal
deposit in cold medium service. Chromium, vanadium, and
specially nitrogen are known as elements which degrade the
quality of impact toughness and fatigue in temperatures below
zero. However, nickel and molybdenum rather enhance these

Table 2 Types of defects and in-service failure

Type of defects Location Description

Prior in-service

Inclusion • Base metal from steel manufacturing
• Fusion zone
• Weld metal
• Buttering

•Nonmetallic solid material entrapped in weld metal or
between weld and base metal.

•Low-density or high-density nonmetal compounds lead to
stress, especially under fatigue or impact loading

•The larger the inclusion size, the lower the fatigue strength.

Segregation • Macrosegregation in a weld pool
• Fusion zone
• Weld metal
• Buttering

•Macrosegregation→ lack of weld pool mixing by
conviction during solidification

•Microsegregation→ consequence of solute redistribution
that takes place during solidification of alloys in
nonequilibrium conditions

Carbon migration/carbon
diffusion

• Interface between fusion zone and
weld metal

• Fusion line between buttering and
weld or base metal

•Carbon migration is primarily
driven by elemental differences.
•At high temperature, carbon migration takes place from

higher concentration to lower concentration.

Intermetallic compound/side
wall interface

• Fusion zone
• Interface between fusion zone and

weld

•Direct joining of these metals results in brittle intermetallics
• Phase formation like FeTi and FexTiy, at the weld interface

In-service defects

Stress corrosion crack (SCC) • Fusion zone
• Heat-affected zone
• Buttering

The combined impacts of:
• Residual stresses
• Thermal sensitization
• Possible galvanic effects between dissimilar metals

Stress due to complex
constraints

• Weld metal
• Buttering
• Heat-affected zone

Complex residual stresses due to:
• Mismatch between the physical material data
- Thermal expansion coefficient
- Thermal conduction
- Diffusivity

Brittle fracture • Weld metal
• Heat-affected zone
• Buttering

• Brittle fracture risks are enhanced by high tensile residual
stress field.

• The more brittle fracture is generally associated with more
ductility loss or a higher SCC susceptibility
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features. The knowledge of alloy element taken individually is
not a sufficient as indicator to anticipate the properties of the
weld joint. Figure 2a, b shows that the alloying elements react
according to welding parameters. Thus, it must be noted that it
is necessary to meet all factors to obtain the qualities required
of a weld to a hostile environment. Therefore, there should be
optimum welding parameters, adequate metallographic struc-
ture, and a suitable geometry [22, 23].

Bhole et al. [24] studied the effect of nickel (Ni) and molyb-
denum (Mo) on the impact resistance of API steel HSLA-70

using the submerged arc welding process. The results showed
that both additive elements had a significant effect. Figure 3a, b
shows data for two types of electrodes with different element
addition; nickel makes the major contribution to joint tough-
ness at low temperatures, but it should be noted that molybde-
num maintains high impact toughness. In addition, the weld
joints are subject to the risk of brittle fracture at low tempera-
tures, as the amount of ferrite in the weld is greater than that in
the base metal. Filler metal having a lower ferrite number is the
most suitable type in conditions where safety is a crucial factor.

Table 3 Weld joint designs

Designation illustration

Narrow gap 

Buttering and 

cladding 

Asymmetric 

weld design 

Observation 

The narrow weld gap

extent of the areas affected by heat 

and overheating linked to multiple 

passes. 

Cladding a workpiece to protect 

against corrosion may be required

Additional design constraint

necessitate the use of different steels

and buttering to minimize the 

incompatibility between the steel

may be necessary. 

Based on the capacity of each steel 

to absorb or dissipate the heat from 

the welding source, the seal 

eccentric with excess solder over the 

side of the steel less sensitive to 

heat. 

 reduces the 

. 

s can 

s 

may be 

Table 4 Effect of alloying element on DBTT

Shift Alloying elements Features DBTT diagram

Advantageous shift to the left Nickel (Ni) 1 % of Ni shifts DBTT to the left
at ∼20 °C.

Niobium (Nb), vanadium (V), titanium
(Ti), aluminum (Al), zarkodium (Zr),
nitrogen (N)

Shifts DBTT to the left at ∼40 °C by
affecting grain refinement.

Disadvantageous
shift to the right

Carbon (C) 0.1 % C shifts DBTT to the right at ∼25 °C.
Phosphore (P) 0.1 % P shifts DBTT to the right at ∼55 °C.

Nitrogen (N) as solution 0.01 % N shifts DBTT to the right.

Oxygen (O) as solution 0.01 % O shifts DBTT to the right.
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The study by Bhole et al. [24] revealed that the increase in
impact toughness is due to Ni growth, which increases the
amount of AF microstructure. In addition, the combination of
Ni and Mo reduces the fraction of GBF and promotes the
formation of a tougher AF microstructure in the weld metal.
This result confirms the study of Bose-Filho et al. [25], who
studied the effect of the addition of Ti, Ni, Mo, and Cr on the
microstructure of the weld metal in multipass welding of
HSLA steels. The addition of Ti to the carbon-manganese at
levels of 50 to 300 ppm had no major effect, but the combina-
tion of Ti, Ni, Mo, and Cr alloying elements induced a change
from an allotriomorphic structure of Widmanstätten ferrite,
acicular ferrite, and microphases to a mixture of AF, bainite,
low-carbon martensite, and microphases.

Optimizing therefore the impact toughness, strength, and
crack propagation requires a precise understanding of minor
alloying elements and impurities, minimizing the content of
oxygen, the amount and size of inclusions, and especially the
formation of undesirable microstructures. Inclusions appear to
have an effect with respect to the formation of AF and bainite.
However, it is not clear yet whether their complex mode of
action in phases and segregation has been established. To try
to take advantage of all the benefits of the alloy elements,
efforts are made to optimize the content of chemical elements
through artificial intelligence. The selection made with the
neural network has identified an alloy of 0.006 C, 7 Ni, and
0.5 Mn wt% whose welded joint properties are of high quality
[26, 27].

2.3 Microstructure of welded joints

Analysis of a dissimilar joint or similar metal welded joint
necessitates study of the different areas of the weld. The mi-
crostructure of the different zones characterizes the ability of
the weld to withstand cold environments. This sub-section

discusses the microstructure and factors influencing the weld
metal, fusion line, and HAZ. Such analysis should include
assessment of hydrogen crack susceptibility and comparison
of Charpy toughness of the HAZ. Aside from these two key
criteria, the properties of the weld metal and fusion area are of
importance. These depend significantly on the welding pro-
cess and filler metal, as seen in the previous sub-section.

Arivazhagan et al. [28] assessed the microstructure and
mechanical characteristics of dissimilar welds of two steels,
austenite stainless steel (AISI 304) and low alloy steel (AISI
4140), using GTAW welding, electron beam welding (EBW),
and friction welding (FRW). The results revealed that al-
though the tensile strength when using EBW was greater than
when using GTAW and FRW, the ductility of EBW and
GTAW welds was higher than that of FRW welds.
Moreover, the impact toughness of GTAW welds exceeded
that of EBW and FRW welds. Figure 4 shows a weld joint
made with the GTAW method and a magnification of the
fusion line and weld metal area in the joint. Figure 6b shows
the fusion line between AISI 4140 and AISI 304. It can be
seen that the weld zone has a coarse microstructure with la-
mellar pearlite. On the other side of the austenite stainless steel
fusion line, weld metal can be seen in the form of carbide.
From the work of Arivazhagan et al. [28], it is clear that dif-
ferences between the chemical composition of the filler and
the metals lead to different microstructures on each side of the
fusion line of the DMW and that each welding process has a
different impact on the microstructure of the welded steels.

Selection of appropriate metals is important to ensure a
microstructure that provides sustainability of welded joints
in sub-zero environments. For example, a coarse grain type
of microstructure promotes high brittleness in cold environ-
ments, and thus it is necessary to develop procedures that
ensure microstructures that maintain impact toughness at
low temperature.

Fig. 3 Effect of consumable
electrode alloy elements on
impact energy at different
temperature: a different
percentage of nickel, b different
percentage of molybdenum [24]
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Suh et al. [29] developed a type of steel for very low-
temperature environments such as the Arctic. In their study
on specified minimum yield strength (SMYS), 345 and
420 MPa grade steels with a thickness of 100 mm were
achieved by changes to the chemical composition and by
use of an improved thermo-mechanical control process
(TMCP). Crack tip opening displacement (CTOD) of more
than 0.54 mm was achieved for steel with 345 MPa minimum
yield strength. Figure 7a shows the transition temperature of
the Charpy impact toughness (t8/5) and energy absorbed
(T100J). It can be noted that the proportion of martensite-
austenite (M-A) is not sufficient to explain the toughness
change of the HAZ by heat under t8/5 (Fig. 5a). Other param-
eters must be taken into account, such as grain size, hardness,
and precipitation of alloying elements in carbonitrides such as
niobium (Nb) or vanadium (V). The M-A component is the
consequence of carbon enrichment, so carbon reduction must
be compensated by alloy elements likeMn, Cu, or Ni to main-
tain the strength of the steel. It is observed in this study that, to
maintain a good balance between a suitable microstructure
and impact toughness, there should be a good set among fac-
tors which includes alloyed elements and control of the tem-
perature and grain size.

Zhang et al. [30] studied the effect of the grain size of the
primary grain of austenite on low-temperature toughness of
steels. Figure 5b shows that for a martensitic weld (M), the
size of primary austenite decreases with increasing oxygen,
together with decreasing absorption of energy. One can also
note that a decrease in the grain size can reduce the size of
microcracks and increase the impact toughness. However, a
decrease in the grain size of austenite does not necessarily
result in better impact toughness at low temperatures for
bainitic steels (B). From the study, it can be noted that where
a reduction in the grain size of austenite increases impact
toughness in a martensitic weld, quite the opposite is the case
in a bainitic weld.

2.4 Effect of the welding processes on weld properties

The welding process used is a fundamental element in deter-
mining the chemical and physical properties of dissimilar
welded joints. Each welding process produces a different en-
ergy source in intensity and size, which can lead to important
differences in the outcome of weld impact toughness tests.
Aside from this effect on impact toughness, the welding pro-
cess determines the degree of dilution and the size of the HAZ.
In addition, the amount of the heat introduced influences the
grain size and the reactions of the various alloy elements that
drive major changes in the microstructure. One can easily
understand that this influence can also be a shift in the ductility
to brittle transition temperature (DBTT) curve.

Shin et al. [31] analyzed the influence of the welding pro-
cess on the impact toughness of the HAZ and the welds of
structural steels. Two processes were used: shielded metal arc
welding (SMAW) and flux-cored arc welding (FCAW). The
steel used was an equivalent of ASTM A131 steel and was
manufactured with the TMCP method. Such structural steel is
widely used for ship construction. On the basis of Shin et al
[30], comparative Charpy impact test results for the HAZ and
weld are given in Figs. 6 and 7 to compare the processes.
Figure 6a, b presents the impact toughness values in the
HAZ as a function of temperature. It can be seen by compar-
ing Fig. 7a, b that, at low temperatures, SMAW welding pro-
vides an impact toughness superior to that of the FCAW pro-
cess. Figure 8a, b shows the impact toughness at the weld.
Again, the SMAW process leads to higher impact toughness
than does FCAW. This difference can be explained by a dif-
ference in the morphology of the ferrite microstructure and
acicular ferrite in the HAZ and the weld. The formation of
these microstructures is dependent on the heat input and the
design of the weld joint. The formation of acicular ferrite is,
for example, correlated with the amount of heat input. Higher
amounts of heat input lead to slower cooling with a reduced

(a) 

(b) (c) (d) 

Fig. 4 a Macrostructure of GTA
welded AISI 4140 and AISI 304
dissimilar metals; a weld and
fusion line, b weld/HAZ AISI
4140 side, c weld metal, and d
weld/HAZ AISI 304 side [28]
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amount of acicular ferrite. The FCAW process in this experi-
ment had a higher heat input, which explains the lower per-
formance compared to the SMAW process.

In the same vein, using the study conducted by
Arivazhagan et al. [28], a comparison can be made between
the mechanical properties of dissimilar joints of austenite
stainless steels and low-alloy steels. Three processes, namely,
FRW, GTAW, and EBW, are compared on the basis of

maximum hardness of the weld, yield strength, and impact
toughness. It is observed in Fig. 8 that the GTAW process
has a higher impact toughness, while EBW exhibits the
greatest yield strength, up to 681 MPa, followed by GTAW
with a maximum yield strength of 635 MPa. The EBW and
GTAW processes have, for the most part, the same maximum
hardness, and the FRWprocess has a relatively lower hardness
compared to the other two welding processes.
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Fig. 6 Charpy impact test results
for the HAZs. a SAWM, b FCAW

Fig. 5 Effect of weld
microstructure on the joint
toughness: a effect of t8/5 on
T100J, HV10, and M-A fraction
[29]; b relationship between the
oxygen content, prior austenite
grain size and absorbed energy in
the weld metals [30]
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2.5 Effect of heat treatment on the welded joint

Heat treatment introduces complexity into dissimilar metal
welding because advantageous effects for one metal can be

disadvantageous for the other. However, by careful selection
of the electrode, ensuring it is compatible with both metals,
improvement in both the microstructure of the joint and the
fusion zone is possible. The following two studies illustrate
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the effect of heat treatment on different steels in DMW. These
effects cannot be neglected in view of the different results
observed for heat-treated and nonheat-treated steels.

Lee et al. [32] carried out an investigation on the effect of
heat treatment on the microstructure and mechanical proper-
ties of low-alloy steel SA508 Gr.4N. The welded specimen
underwent austenitization at 880 °C and then tempering and
postweld heat treatment at four different temperatures. Impact
toughness improved for samples tempered at 630 °C.
However, the DBTT curve showed serious deterioration as a
result of a growth in carbides.

Olden et al. [33] investigated the effect of post-weld heat
treatment (PWHT) on the material properties and microstruc-
ture of Inconel 625 (Europe NiCr22Mo9Nb) and Inconel 725
(Europe NiCr21Mo8Nb3Ti) buttered joints. It was observed
that post-heat treatment at 665 and 690 °C led to a reduction in
toughness and coarse grain in the HAZ as a result of decarbu-
rization and ferrite formation. Figure 9 compares the Charpy
V-notch (CVN) impact fracture energy of Inconel 625 and 725
for as-welded samples and samples which have undergone
post-weld heat treatment.

One can thus note that some caution is required as regards
the heat treatment of dissimilar steels, for example, the post-
weld heat treatment of a combination of dissimilar austenitic-
ferritic steel. However, heat treatments such as annealing or
residual stress relieving can be essential and inevitable. In this
case, these heat treatments should comply with the require-
ments of low-alloy steels since the thermal treatment exposes
the joint to carbon diffusion of the higher carbon percentage
steel towards the lower percentage carbon steel (e.g., austen-
itic to low-alloy steels). In addition, heat input can affect dif-
ferently both base metal, a carbon enrichment of the low-alloy
steel side, coarse grain in HAZ, and brittleness in austenitic
steel side due to precipitate phases (e.g., sigma phase) [34].

3 Toughness at lower temperature

The toughness of a welded joint depends on the level of mis-
match between the parent metal and filler metal. The alloying
elements of the filler metal must contribute to strengthening of

the base metal mechanical properties of fracture toughness,
bending, and corrosion resistance. With dissimilar metal
welds, compatibility between the base metals and the filler is
an essential factor in achieving the required strength properties
in the weld. To this end, it is important to analyze the influence
of alloying elements in relation to the effect of cold tempera-
tures on welded joints.

3.1 Influence of alloying elements

The difficulties inherent in welding of dissimilar metals mean
that it is desirable to have an inventory of metals suitable for
sub-zero temperature that identifies the compatibility of the
metals and their differences so that better weld quality can
be achieved and in-service constraints better understood.
The hardness, yield strength, tensile strength, modulus of elas-
ticity, and fatigue resistance of nearly all metals and alloys are
temperature-dependent.

Table 4 shows how different alloying elements have advan-
tageous and disadvantageous effects in steels. Alloying ele-
ments such as nickel (Ni), niobium (Nb), vanadium (V), and
titanium (Ti) provide the advantage of increased ductility at
lower temperatures by moving the DBTT curve to the left. On
the other hand, carbon (C), phosphorus (P), nitrogen (N), and
oxygen (O) reduce the ductility by moving the DBTTcurve to
the right [35].

3.2 Effect of low temperature on welded joints

As temperatures drop below zero, the ductility of steel chang-
es, gradually or quickly, and the steel becomes brittle. This
behavior affects both the parent metal weld and the neighbor-
ing HAZ, which has undergone welding transformations. In
addition, the welded joint may be subject to different forms of
corrosive attack, crack, and embrittlement.

Corrosion and cracking can be triggered by the heteroge-
neous nature of the joint. Cladding or buttering can cause
migration of elements and generate excessive hardness. For
example, welding steel ferrite and high-alloy steel austenite
using buttering during PWHT result in microstructures and
hardness-induced elements that are sensitive to hydrogen
cracking [36].

Figure 10a from the study by Akselsen [38] illustrates how
a welded joint exhibits loss of ductility as the DBTT shifts to
the right. A steel having undergone welding sees its impact
toughness reduced in areas affected by changes resulting from
heat input.

Kim et al. [37] studied the metallurgy and mechanical prop-
erties of a welded joint of X80 steel (submerged arc welding
(SAW) wire: A-3(ϕ 4.0), flux: S-777MXH). The CVN tough-
ness test results for different places in the welded joint, as well
as the weld metal (WM), the fusion line (FL), and the area close
to the fusion line at 1, 2, and 3 mm, are presented in Fig. 3b. It

Fig. 9 Charpy V-notch toughness comparison of AW and PWHT
samples of Inconel 625 and 725 [33]
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can be seen that the profile of the curve is different for each
sample. The FL shows the lowest impact toughness from −20
to −60 °C compared with FL 1, FL 3, FL 5, and the WM.
However, the weldmetal has almost the same impact toughness
from 20 to 0 °C with FL. The weld metal has the greatest
impact toughness at −60 °C. In addition, it can be seen that,
insofar as one moves away from the fusion line to the HAZ, the
impact-absorbed energy increases. Values of impact toughness
can be observed at FL 1, 2, and 5 mm very close at +20 °C
temperatures; however, these values are significantly different
at −60 °C. The fusion line appears to be the critical area in this
test. This experiment showed that heterogeneity in heat input
leads to different impact toughness in the same weld.

Beyond the Charpy impact test method used to assess the
toughness of welded joint in low-temperature environment,
another technique is often used which is the CTOD. This tech-
nique is generally conducted according to the specifications of
−10 °C; however, with activities in lower-temperature environ-
ment, requirements have gone down to −40 °C [39]. Xu et al.
[40] conducted a study on effects of temperature and crack tip
constraint on cleavage fracture toughness in the weld thermal
simulation X80 pipeline steel. Fig. 11 shows the tendency for
fracture toughness to scatter for both temperatures −30 and
−90 ° C. The scattering increments with increasing temperature
in both single edge notched tension (SENT) and single edge
notched bending (SENB) are also shown, which was corrobo-
rated by the initiation of the cleavage fracture that is preceded
by a ductile crack extension. However, a significant effect of
temperature on the hardeningwas not observed, suggesting that
the constraint at the tip of the crack is less temperature-depen-
dent. In addition, Baek et al.[41] studied the effect of tempera-
ture on the CTOD of the 304 type stainless steel with dissimilar
weld. It was observed that the plasticity decreased significantly
as the temperature decreases, whereas the elasticity was rela-
tively insensitive to temperature. The reduction of the fracture
toughness of the weld is associated with the decrease in plas-
ticity as the temperature drops.

There are several crack assessment techniques; howev-
er, in this study, attention is directed towards CTOD (δ5)
because of the complexity of the constraints of the dis-
similar weld. The use of CTOD (δ5) is locally based at a
depth of 5 mm perpendicular to the end of the crack. As
developed by Schwalbe [42], its local application makes it
appropriate to assess the fracture toughness in the weld
metal, HAZ, and the bi-metal interface. Therefore, it is
very useful for the evaluation of dissimilar welds, because
in dissimilar welds mismatch affects the result of the
CTOD. Figs. 12 shows for example how the mismatch
influences the result of the resilience of fracture. At the
HAZ+BM, lower mismatch results in higher CTOD (δ5).
Furthermore, it may happen that the dissimilarity between
the workpieces is significant. Thus, the crack mouth open-
ing displacement (CMOD) can be an alternative to assess
the fracture toughness due to the asymmetry of the crack
tip opening and remote plasticity [45].

Fig. 10 a Transition from ductile
to brittle fracture in steel [20]; b
Charpy V-notch impact toughness
of SAW [37]

Fig. 11 CTODs for CGHAZ in X80 at −90 and −30 °C [41]

3630 Int J Adv Manuf Technol (2016) 87:3619–3635



4 Trends in dissimilar metal welding materials
and welding processes

The strength of metals has increased sharply thanks to
improvements in manufacturing techniques and alloy ele-
ment control. For instance, steel for welded constructions
such as bridges is produced via normalizing, and these
steels with 0.10 to 0.15 % C apply only niobium as a
microalloy, which is much more effective than vanadium
with regard to strength increase, guarantees better low
temperature toughness, and shows more homogeneous
properties. These steels are not brittle even at the temper-
atures of −40 to −60 °C that exist in certain regions of
Russia. Use of dissimilar metal welding in Arctic applica-
tions is expected to increase because new oil and gas
production fields face material challenges. There is likely
to be more use of cladding to increase corrosion resistance
as well as changes in consumable electrode use to im-
prove the impact toughness of welded joints at sub-zero
temperature. In this regard, there is growing interest in
research into the design of new consumable electrodes.
From the welding process perspective, the trend is to im-
prove the heat input controllability of welding processes
in order to minimize the HAZ and ensure suitable welding
parameters for narrow-gap joints. Although the field of
dissimilar metal welding has been investigated for over
half a century, new developments in welding technology
have provided some significant results and new metals
capable of meeting the challenges of demanding applica-
tions and environments have kept the topic in the front
line of research.

4.1 Innovative steels and dissimilar material welding

Steels have undergone constant innovation as regards produc-
tion techniques and increased strength. However, in tandem
with this development, the margin for the settings required to
achieve acceptable welded joints has constantly reduced; as
the strength increases, the welding lobe decreases. Therefore,
designer and welders are faced with a situation where the steel
fulfils the climatic operating requirement, but the welding op-
erations require very strict temperature control. Another im-
portant factor is selection of a suitable filler metal; higher
strength filler metals need to be developed. It should never-
theless be noted that with advanced welding processes, signif-
icant achievements have been obtained with dissimilar com-
binations of steels of 355 and 690 MPa and filler materials
corresponding respectively to one or the other resistor. The
research discussed below offers some indication of the poten-
tial behavior of new steels in cold environments.

Advanced high-strength steels show better performance as
regards DBTT. Chao et al. [46] investigated ductile to brittle
transition of advanced high-strength steel (DP 590) and medi-
um low-carbon steel (AISI-1018). Their study revealed that
the CVN impact toughness energy of DP590 is high, to some
extent due to its alloying elements. DP 590 steel exhibits a
DBTT of −95 °C, which is far below that of AISI-1018 steel
which is 5 °C.

The use of advanced welding technologies with accurate
heat input control and innovative steels can result in signifi-
cant improvement in the DBTT of dissimilar welds. Rak [47]
investigated dissimilar joints of HSLA steels of yield strength
680 and 380 MPa and filler metal using the narrow gap and
SAW processes. The critical metal parameter (Pcm) was, re-
spectively, (0,256) and (0,101) and filler metal (0,205).
Although the overall result revealed exceptional values for
DBTT, the advantageous weld quality was mainly due to the
narrow gap made possible by the SAW process, which meant
that dilution and the HAZ are significantly reduced compared
to conventional methods. The study found, however, a weak
local mismatch area in the fusion line at the weld metal side.
The steel with 680 MPa showed a DBTTof −40 °C (∼70 J) in
the HAZ, while the steel with 380 MPa showed a DBTT of
−35 °C (∼160 J).

The above studies suggest that significant gains can be
made by making use of such innovative steels. However, it
must be observed in Fig. 11 that, in terms of their strength and
their carbon equivalent, the two steels show great differences
in welding difficulty. This difference in weldability constitutes
a challenge to reaching the required welding quality (Fig. 13).

4.2 Contribution of welding technologies for DMW

Advanced GMAW processes have significant potential in fu-
sion welding of dissimilar metals in the case of ferrous metals,

Fig. 12 Locally measured CTOD vs. crack depth of the mismatched
SENB specimens showing the effects of M and a/W on the HAZ
toughness [43]
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ferrous and nonferrous metal combinations, and nonferrous
metals of different grades. Accurate control of heat input al-
lows more effective prediction of intermetallics and better
control of post-heat treatments. Increased understanding of
advanced processes will permit development of more suitable
specifications of gas metal arc welding procedures for dissim-
ilar metal welding. According to Mvola el al. [48], process
flexibility and adaptability to robotic mass production will
allow for wider application of this process and the avoidance
of costly alternative methods.

There are several welding processes, and with the advent of
new metals and higher yield strength, challenge for welding

has arisen, and the conventional welding processes have been
found to be insufficient. Welding processes based on the fu-
sion of base metals are those that present the greatest chal-
lenges for the welding of dissimilar metals because melting
and solidification of different metals in the welding pool may
result in brittle intermetallic compounds. Chaudhari et al. [49]
conducted a study on the reliability of the weld fusion of
dissimilar metals. Their study confirms that welding processes
with limited heat input controllability result in very unreliable
welded joints. Heat input controllability is an important issue
in efforts to increase the reliability and efficiency of DMW
joints in general and joints for operation in cold environments

Fig. 13 Weldability of structural
steels by the Graville diagram
[44]

Table 5 Comparison of dissimilar welding technology

Welding type Welding technology Principle Technological improvement Impact on the achievement

Fusion welds Shielded metal arc The base metals need to melt to
form a joint. Filler material
needs to be added.

Electronic, component, sensors,
software, and artificial
intelligence

Optimization of welding
parameters, prediction of
weld quality, quality
assurance

Gas tungsten arc
Submerged arc

Low delution welds Electron beam welding, Relatively little base metal is
melted. Very small amount of
filler metal is used.

High energy Low dilution, deeper penetration
Pulse arc welding Thermal control, data control,

software
Low heat input, higher range of

base metal thickness, lower
intermetallic compound

Modified short arc welding Thermal control, data control,
software

Low heat input, lower
intermetallic compound

Nondiffusion joining Friction welding, Friction stir
welding

Friction between the two parts or
using a special tool

Low heat input, solid state nature
of the joint

Excellent mechanical properties
such as fatigue, tensile, bend
test values, distortion,
shrinkage, as well as
applicability to long welds

Explosion welding The particles of a base metal are
projected at a very high speed
through the use of chemical
explosion.

None of the base metal is melted,
but both metals are plasticized
on the adjacent surface

Beneficial for bimetal cladding,
corrosion protection,
difficult-to-fuse metals can be
welded.

Diffusion bonding Atoms of two solid, metallic
surfaces intermingle over
time under elevated
temperature.

No liquid fusion or filler metal.
Typically implemented by
applying both high pressure
and high temperature to the
materials to be welded

Welding of materials normally
impossible to join via liquid
fusion, relatively high-cost
process

Brazing and soldering Metals parts are joined by
melting both base and filler
metal at the lowmelting point
temperature of the filler metal

Melted filler metal runs into the
gap stick on base metal by
capillary action.

Ability to join the same or
different metals with
considerable strength.
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in particular. Artificial intelligent control combined with ad-
vancedwelding equipment provides optimumwelding param-
eter output which can result in a significant reduction in inclu-
sion and brittle compounds. These improvements in weld mi-
crostructure control have a beneficial effect on the DBTT. As
can be seen from Table 5, technological developments bring
an increase in the reliability of dissimilar metal welds.
Improved heat control provided by new electronic equipment
and software has brought about appreciable results for welds
made by advanced arc welding, such as controlled pulse or
modified arc welding. Laser welding methods with their ad-
vantage of focused high energy are also increasingly widely
used. Low dilution processes are best able to attain the expect-
ed results in the context of our study.

5 Conclusions

This study focused on analysis of dissimilar joints of steels for
applications at temperatures below zero. The types of welding
considered are characterized by fusion of metals in the joint.
Based on analysis of the challenges associated with welding
of dissimilar metals, alloying elements, and heat treatment in
the different cases analyzed, the following conclusions can be
drawn:

& Welded dissimilar joints for sub-oceanic, Arctic, or
Alaskan applications must exhibit excellent metallurgical
and mechanical properties in the HAZ as well as in the
weldmetal. The quality of the weld metal is determined by
the chemical composition, the filler wire, and the effect of
flux on the metallurgy, as well as welding parameters that
affect dilution, and the heat treatment of the weld.

& Higher fracture toughness does not represent the real load-
ing that the crack tip is subjected to. Consequently, there is
a need to develop new solutions of plastic eta functions for
cracked bi-metallic pipes so that correct fracture toughness
can be obtained experimentally. Use of fracture mechanics
to demonstrate structural integrity in the presence of
cracks or defects is well established in the offshore indus-
try. However, there is an intense research activity to im-
prove the standards that is designed specifically for arctic
structures and other places where the temperature is low,
such as ISO 19906 and API-RP-2N, because it does not
clearly give adequate requirements for conditions in the
Arctic.

& In an undermatched weld, plastic strains become concen-
trated within the weld, and thus, the crack driving force is
high. Narrow gap welding can reduce this mismatch effect
if undermatching is mild. However, if the undermatching
is too severe, a very high constraint occurs at the crack tip
due to the adjacent harder material and thin welds would
be more detrimental and may be subject to brittle failure.

& Regardless of the improvement nickel offers alloys for
Arctic service in terms of improved low-temperature
toughness, if the material is welded, metallurgical changes
from the welding may adversely affect the properties of
the base metal. Thus, suitable electrode selection and a
correct welding procedure are necessary to ensure that
the entire component is suitable for Arctic service.
Nickel makes a major contribution to the joint toughness
at low temperatures, but it should be noted that molybde-
num maintains high impact toughness.

& With multipass welding, there are two distinct microstruc-
tures in each weld pass. One consists of columnar prior
austenite and acicular ferrite grains, and the other consists
of equiaxed ferrite grains formed by re-austenitizing of the
columnar microstructure.

& Acicular ferrite structure is found to be superior both in
strength and toughness even at low temperature compared
to a mixed structure of acicular and irregular ferrite. Weld
joints are subject to a risk of brittle fracture at low temper-
atures if the amount of ferrite in the weld is greater than
that of the base metal. Filler metals having a lower ferrite
number are more suitable in conditions where safety is a
crucial factor.

& To meet the required ductility in the welded joint and
ensure a suitable ductility to brittle transition temperature,
the weld must be made under conditions that allow the
application of optimal settings. The weld geometry, dilu-
tion, and constituent microstructure must match those pre-
dicted. Thus, correct choice of the welding process is es-
sential. It is observed in this study that each welding pro-
cess has a particular effect on the mechanical property of
the weld and the best one for service at below-zero tem-
peratures should be selected.

& Although the new generation of steels have good ductility
and strength in cold environments, it should be noted that
they are very sensitive to the critical temperature (t8/5). It is
therefore necessary that, especially with the thick sections
generally used in deeper sea environments or the Arctic
and Alaska, the duration of pre-heating or post-heating
treatments at critical temperatures is kept within strict time
limits. To avoid the effects of overexposure at critical tem-
peratures, such as softening, is almost irreversible.

& This development has to consider particular aspects of
weldability such as low susceptibility to cold cracking
and preventing low HAZ toughness. Current research
has centered on methods to improve HAZ toughness with
higher heat input welding of newly developed structural
steels.

& Austenite stainless steels have been successfully utilized
for very low-temperature applications, and UHSS today
has a very good potential for its toughness. Carbon is
characterized by its poor ability for ductility to brittle tran-
sition and is significantly reduced in the UHSS. Therefore,
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an interest is to provide knowledge and welding procedure
on possibly dissimilar combination (e.g., stainless steels
and UHSS).

& The harsh marine environment together with low temper-
atures makes stainless steel grades, titanium, and high-
strength steels more favorable than conventional carbon
steel. Their better qualities partly compensate for the dif-
ference in cost.

& Development of the properties of structural steels for cur-
rent and future offshore structures, particularly toughness
at lower temperature, is prompting welding researchers to
develop process and consumable combinations that match
the new parent plate specifications.

References

1. Davis JR (1995) Stainless steels, in Low-temperature properties,
Ohio, ASM International, 1995, p. 495

2. Nissley N, Anderson TD, Noecker II F F, Roepke C, Gallagher M,
Hukle M (2014) Dissimilar Metal Welding of Nitronic 50 HS® and
25% Cr Super Duplex Stainless Steel, in ASME 2014 33rd
International Conference on Ocean, Offshore and Arctic
Engineering, California

3. Dodge MF, Dong HB (2012) Environment–induced cracking In
weld Joints In subsea oil And gas systems – part I, in Proceedings
of the ASME 2012 31st International Conference on Ocean,
Offshore and Arctic Engineering OMAE2012, Rio de Janeiro

4. SamalMK, SeidenfussM, Roos E, Balani K (2011) Investigation of
failure behavior of ferritic–austenitic type of dissimilar steel welded
joints. Eng Fail Anal 18:999–1008. doi:10.1016/j.engfailanal.2010.
12.011

5. Wang HT, Wang GZ, Xuan FZ, Tu ST (2013) Fracture mechanism
of a dissimilar metal welded joint in nuclear power plant. Eng Fail
Anal 28:134–148. doi:10.1016/j.engfailanal.2012.10.005

6. Thompson J, Effects Of Low Temperature on Performance of Steel
& Equipment . Spar ta Design solu t ion , h t tp : / /www.
spartaengineering.com/effects-of-low-temperature-on-
performance-of-steel-equipment/. Accessed 27 April 2015

7. Gao Y, Tsumura T, Nakata K (2012) Dissimilar welding of titanium
alloys to steels. Trans JWRI 41:7–12

8. Łabanowski J (2007) Stress corrosion cracking susceptibility of
dissimilar stainless steels welded joints. J Achievements Mater
Manuf Eng 20:255–258

9. Aguilar S, Tabares R, Serna C (2013) Microstructural transforma-
tions of dissimilar austenite-ferrite stainless steels welded joints. J
Mater Phys Chem 1:65–68

10. Park JH, Kim TH (1999) Tailored blank welding between low car-
bon steel sheet and STS 304 stainless steel sheet by CO2 laser
beam. Met Mater 5:55–62. doi:10.1007/BF03026005

11. Gittos MF, Gooch TG (1992) The interface below stainless steel
and nickel-alloy claddings. Weld J 71:461–472

12. Langill T, (2003) Cracking of HDG in the area of the weld,
American Galvanizers Association. http://www.galvanizeit.org.
Accessed 7 7 2015

13. Moore P, Nicholas J (2013) The effect of inclusions on the fracture
toughness of local brittle zones in the HAZ of girth welded line pipe,
in Proceedings of the ASME 2013 32nd International Conference on
Ocean, Offshore and Arctic Engineering, Nantes, France

14. Jodei J (2007) Avoiding dissimilar metal failures with graded tran-
sition joints. Lehigh Energy 25:1–4

15. Stout RD. and W. D. Doty, W. D (1978) Weldability of steels.
Welding Research Council, New York

16. Mons H (2011) Material challenges for arctic offshore applications,
a reliability study of fracture of a welded steel plate based on ma-
terial toughness data at -60°C, in Proceedings of IPC 2004
International Pipeline Conference IPC04-0422, Hawaii

17. Andrews RM, Morgan GC (2004) The significance of low tough-
ness areas in the seam weld of pipelines, in Proceedings of IPC
2004 International Pipeline Conference IPC04-0422, Alberta

18. Mvola B, Kah P, Martikainen J (2014) Dissimilar ferrous metal
welding using advanced gas metal arc welding processes. Rev
Adv Mater Sci 38:125–137

19. Mendoza BI, Maldonado ZC, Albiter HA, Robles PE (2010)
Dissimilar welding of superduplex stainless steel/HSLA steel for
offshore applications joined by GTAW. Engineering 2:520–528.
doi:10.4236/eng.2010.27069

20. Joseph A, Rai SK, Jayakumar T, Murugan N (2005) Evaluation of
residual stresses in dissimilar weld joints. Int J Press Vessel Pip 82:
700–705. doi:10.1016/j.ijpvp.2005.03.006

21. Prager M, Grunloh HJ, J. Foulds J R, Ryder RH, Dahms CF,
Krishnan M (1989) Dissimilar-Weld Failure Analysis and
Development; Design and procedure guide for improved welds.
Electric Power Research Institute (EPRI), CS-4252-V8, California

22. Węgrzyn M, Miros M (2010) Truck frame repair low-oxygen
welding methods. Logistics 2:2419–2427

23. Guangxu Cheng ZB, Kuang ZW, Lou HL (1996) Experimental
investigation of fatique behavior for welded joints with mechanical
heterogeneity. Int J Press Vessel Pip 67:229–242. doi:10.1016/
0308-0161(94)00020-4

24. Bhole SD, Nemade JB, Collins L, Liu C (2006) Effect of nickel and
molybdenum additions onweld metal toughness in a submerged arc
welded HSLA line-pipe steel. J Mater Process Technol 173:92–
100. doi:10.1016/j.jmatprotec.2005.10.028

25. Bose-Filho WW, Carvalho AM, Strangwood M (2006) Effects of
alloying elements on the microstructure and inclusion formation in
HSLA multipass welds. Mater Charact 58:29–39. doi:10.1016/j.
matchar.2006.03.004

26. Keehan E, Karlsson L, Andrén HO (2006) Influence of C, Mn and
Ni on strong steel weld metals: part 1—effect of nickel content. Sci
Technol Weld Join 11:1–8. doi:10.1179/174329306X77830

27. Keehan E, Karlsson L, Andrén HO, Bhadeshia HKDH (2006)
Influence of C, Mn and Ni on strong steel weld metals: part 2.
Impact toughness grain resulting from manganese reductions. Sci
Technol Weld Join 11:9–18. doi:10.1179/174329306X77849

28. Arivazhagan N, Singh S, Prakash S, Reddy GM (2011)
Investigation on AISI 304 austenitic stainless steel to AISI 4140
low alloy steel dissimilar joints by gas tungsten arc, electron beam
and friction welding. Mater Des 32:3036–3050. doi:10.1016/j.
matdes.2011.01.037

29. Suh IS, Kim SH, Park YH, Kim WG, Lee JK, Lee CS (2011)
Development of SMYS 345/420MPa steel plates for arctic offshore
structures, in Proceedings of the Twenty-first International Offshore
and Polar Engineering Conference, Hawaii

30. Zhang XF, Han P, Terasaki H, SatoM, Komizo Y (2012) Analytical
investigation of prior Austenite grain size dependence of low tem-
perature toughness in steel weldmetal. JMater Sci Technol 28:241–
248. doi:10.1016/S1005-0302(12)60048-6

31. Shin HS, Park KT, Lee CH, Chang KH, Van Do VN (2015) Low
temperature impact toughness of structural steel welds with differ-
ent welding processes with Different Welding Processes. KSCE J
Civ Eng 19:1431–1437. doi:10.1007/s12205-015-0042-8

32. LeeKH, JhungMJ,KimMC,LeeBS (2014) Effects of tempering and
PWHT on microstructures and mechanical properies of SA508 Gr.
4N. Nucl Eng Technol 46:413–422. doi:10.5516/NET.07.2013.088

3634 Int J Adv Manuf Technol (2016) 87:3619–3635



33. Olden V, Kvaale PE (2003) The effect of PWHT on the material
properties and microstructure in Inconel 625 and Inconel 725
buttered joints, in Proceedings of OMAE 2003: The 22nd
International Conference on Offshore Mechanics & Arctic
Engineering, Mexico

34. Canale LCF, Mesquita, RA, Totten GE (2008) Failure Analysis of
Heat Treated Steel Components, Ohio: ASM International

35. Bateson PH, Harrison PL, Martin IW, Kapoor S (1994)
Development of TMCR Steel for Offshore Structures,” in
Strutural Materials in Marine Environments, London

36. Mons H (2012) Arctic offshore materials and platform
winterisation, in Proceedings of the Twenty-second International
Offshore and Polar Engineering Conference, Rhodes, Greece

37. Kim CM, Lee JB, Yoo JY (2005) A Study on the Metallurgical and
Mechanical Characteristics of the Weld Joint of X80 Steel, in
Proceeding of the Fifteenth International Offshore and Polar
Engineering Conference, Korea

38. Akselsen OM (2014) Cold Comfort: The importance of materials
for the increasing levels of working undertaken in the arctic climate.
Pan Eur Netw: Sci Technol 10:78–80

39. Ichimiya K, Fujiwara T, Suzuki S (2015) Offshore structural steel
plates for extreme low temperature service with excellent HAZ
toughness. JFE Tech Repport 20:20–25

40. Xu J, Zhang ZL, Østby E, Nyhus B, and D. B. Sun, DB (2010)
Effects of temperature and crack tip constraint on cleavage fracture
toughness in the weld thermal simulation X80 pipeline steel,” in
Proceeding of ISOPE 2010, Beijing

41. Beak JH, Kim YP, Kim WS, Kho YT (2002) Effect of temperature
on the charpy impact and CTOD value of type 304 stainless steel
pipe for LNG transmission. KSME Int J 16:1064–1071

42. Schwalbe KH (1994) Introduction of δ5 as an operational definition
of the CTOD and its practical use,” in ASTMNational Symposium
on Fracture Mechanics, Idaho Falls

43. Koçak M, and Schewalbe, KH (1994) Fracture of welds joints:
strength mis-match effect,” in IIW Doc.X-F-003-94, Paris

44. Gáspár M, Balogh A (2014) Behaviour of mismatch welded joints
when undematching filler metal is used. Prod Process Syst 6:63–76

45. Koçak M, Hornet P, Cornec A, and Schwalbe KH (1995) Fracture
toughness testing of bi-metal joints with high strengthmis-match, in
Fracture mechanics, Philadelphia, American Society for Testing
and Materials ASTM STP1256, p. 378

46. Chao YJ, Ward JD Jr, Sands RG (2007) Charpy impact energy,
fracture toughness and ductile–brittle transition temperature of
dual-phase 590 Steel. Mater Des 28:551–557. doi:10.1016/j.
matdes.2005.08.009

47. Rak I, Treiber A (1999) Fracture behaviour of welded joints fabri-
cated in HSLA steels of different strength level. Eng FractMech 64:
401–415. doi:10.1016/S0013-7944(99)00085-5

48. Mvola B, Kah P, Martikainen J, Suoranta R (2014) State-of-the-art
of advanced gas metal arc welding processes: dissimilar metal
welding. Proc IMechE Part B: J Eng Manuf. doi:10.1177/
0954405414538630

49. Chaudhari R, Parekh R, Ingle A, (2014) Reliability of dissimilar
metal joints using fusion welding: A review, in International
Conference on Machine Learning, Electrical and Mechanical
Engineering (ICMLEME’2014), Dubai

Int J Adv Manuf Technol (2016) 87:3619–3635 3635





Publication VII 

Mvola B., Kah P. 

Effects of shielding gas control: welded joint properties in GMAW process 

optimization 

Reprinted with permission from 

International Journal of Advanced Manufacturing Technology 

Vol. 88, no 9, pp. 2369-2387, 2017 

© 2016, Springer-Verlag London Limited  





ORIGINAL ARTICLE

Effects of shielding gas control: welded joint properties in GMAW
process optimization

Belinga Mvola1 & Paul Kah1

Received: 28 September 2015 /Accepted: 16 May 2016 /Published online: 1 June 2016
# Springer-Verlag London 2016

Abstract One function of shielding gases used in
welding processes, such as hydrogen (H2), oxygen (O2),
carbon dioxide (CO2), nitrogen (N2), helium (He), argon
(Ar) and their mixtures, is protection of the weld pool
against harmful contamination that could generate de-
fects. In addition to this primary function, shielding gas-
es significantly affect the shape of the weld, weld geom-
etry, seam appearance, metallurgical and mechanical
properties, welding speed, metal transfer, arc stability or
beam and fume emissions. The shielding gas is thus a
key factor in determining weld joint properties and
welding process efficiency. As welding processes have
become enhanced and welding research has advanced,
different combinations of shielding gas mixtures have
become available under a wide variety of trademarks,
each claiming to offer the best efficiency. The shielding
gas flow rate in GMAW welding is usually set according
to empirical experiment. The flow generally remains un-
changed throughout the entire welding process and is set
at maximum values of the welding parameters so that
there is sufficient gas cover. This setting means, howev-
er, that unnecessarily large quantities of shielding gas
may be consumed in other phases of the welding pro-
cess. In view of constantly increasing prices and short-
falls in helium supply, there is a need to optimize the use
of shielding gas. Consequently, an ability to closely
monitor the shielding gas blend and reduce waste can
provide valuable cost savings. This paper examines the

effects of shielding gas mixtures and their components,
presents a cross-comparison of shielding effects in fusion
welding and suggests guidelines for adaptive controlla-
bility of shielding gas in advanced adaptive fusion
welding. The study reviews scientific case studies and
experiments from the point of view of the effect of the
shielding gas on the process efficiency and process out-
come. The study considers shielding gases for welding of
both ferrous metals (i.e. carbon steels, stainless steels,
high-strength steels) and non-ferrous metals (i.e. alumin-
ium and its alloys, nickel and its alloys and copper and
its alloys). Appropriate choice of shielding gas and use
of an optimum flow rate results in better quality in terms
of increased productivity, reduced gas consumption and
improved weld geometry properties, microstructure and
mechanical properties. Although some blends can be
used effectively in many different processes, other blends
appear process-dependent; they produce far poorer results
when utilized in non-appropriate processes. Particle im-
age velocimetry (PIV) and Schlieren techniques can be
used for visual sensing of gas flow during fusing
welding. Moreover, an adaptive alternative gas supply
can improve welding performance and weld quality and
reduce harmful fume emission.

Keywords Shielding gases .Weld properties . Productivity .

Adaptive welding . GMAW

1 Introduction

For any welding process using a shielding gas such as
hydrogen (H2), oxygen (O2), carbon dioxide (CO2), ni-
trogen (N2), helium (He), argon (Ar) and their blends,
the shielding gas is used not only to protect the molten
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drop and bead but also to modify metal transfer, pene-
tration and bead width of the weld, for spatter control
and post-weld cleaning, to control welding fume gener-
ation and to influence the metallurgical and mechanical
properties of the weld. Shielding gas selection is there-
fore a determinant for welding process efficiency. The
ideal estimation of shielding gas cost is 5–7 % of the
welding cost [1], which does not take into consideration
gas waste. If gas waste is considered, the cost of
shielding gases could reach 25 % of the overall welding
cost. Installing optimal gas flow control equipment is a
proven source of cost saving that can impact operating
efficiency and profitability.

In view of their importance, shielding gases have been the
subject of considerable study. Filho et al. [2] evaluated
shielding gas and the weldability of ferritic stainless steel.
Although the study was restricted to a very specific case, in-
crease in carbon dioxide (CO2) or oxygen (O2) resulted in a
reduction of manganese and silicon in the weld. It should be
noted that the use of an expensive gas mixture can be avoided
by using a cheaper blend together with optimization of the gas
proportions and optimization of the control. Kah et al. [3]
conducted a study on the influence of shielding gases in the
welding of metals. The study analysed the relationship be-
tween the gas combination used and the weld microstructure,
inclusions and pores. The study focused on two types of pro-
cesses: gas metal arc welding (GMAW), and sample metals
were stainless steel and aluminium and its alloys. Despite the
importance and relevance of the topic, the scope of the inves-
tigation was not extended to the geometry of the weld and
control and optimization of the shielding gas.

Little et al. [4] attempted to provide a simplified
shielding gas selection process. While the study provid-
ed much relevant information, it was limited to gas
tungsten arc welding (GTAW), GMAW and flux-cored
arc welding (FCAW).

Previous studies have provided a basis for shielding control
enhancement, for example, an alternative shielding gas supply
method was suggested by Kang et al. [5] in which an electro-
magnetic valve controlled the supply of argon, helium and a
mixture of both during GMAW. Beyond the ability of the
shielding gas to be sensed through measurement of the gas
flow and pressure, visualization of the gas flow at the working
area is possible either by Schlieren imaging [6] or laser/vision
techniques [7]. In these last two cases, study was limited to
analysis of the behaviour of the shielding gas as it exits the
nozzle of the torch. However, it was shown that it is possible
to view and record the flow and turbulence of the shielding
gas.

The aim of this study is to present an overview of shielding
gases and shielding gas mixtures commonly used in a variety
of welding processes, compare their effects on process perfor-
mance and thus provide a foundation for better control and

decreased shielding gas losses. Based on registration of the
real parameter values, the actually required gas quantity can
be calculated and automatically adjusted for optimumwelding
results. Automatic shielding gas control can make it possible
to use gas mixers efficiently and brings the advantage of en-
abling selection of a mixture optimized on the basis of the
metal to be welded. This optimization and control can reduce
costs related to the use of ready-mixed blends and overcome
limitations in their use. The study surveys GMAW, FCAWand
electrogas welding (EGW) and presents comparative informa-
tion for shielding gas selection. The work includes consider-
ation of shielding gases used for welding of both ferrous
metals (e.g. carbon steels, stainless steels, high-strength steels)
and non-ferrous metals (e.g. aluminium and its alloys, nickel
and alloys and cooper and alloys).

The paper is organized in the following way.
Following the introduction, the second section presents
and compares shielding gas properties. The paper then
reviews case studies of shielding gases for the welding
methods considered. After discussion of the key issues
raised, a comparative evaluation of shielding gases and
shielding gas mixtures is presented. The paper con-
cludes with a summary of the key findings. To this
end, key aspects of shielding gas usage need to be
analysed, such as the properties of different shielding
gases, their different blends, approaches and types of
control to optimize the effect of the blend on the seam
welded and potential development of shielding gas con-
trol and application. Figure 1 presents the most perti-
nent issues in shielding gas usage optimization and the
topics investigated.

2 Shielding gas properties

Shielding gases are standardized in European standard EN
ISO 14175 Welding consumables—Gases and gas mixtures
for fusion welding and allied processes. This standard covers
six named gases, i.e. helium (He), hydrogen (H2), carbon di-
oxide (CO2), oxygen (O2) and argon (Ar). In both laser
welding and arc welding, the plasma consists of ionized gas,
molten metals, slags, vapours and gaseous atoms and mole-
cules. The formation and structure of the arc plasma are de-
pendent on the properties of the shielding gas used. Therefore,
it becomes relevant to study the properties of gases used as
shielding gas and further to understand their function in dif-
ferent welding processes. Table 1 lists pure shielding gases
commonly used in welding processes and their properties.
Ionization potential is a measure of the energy required to
ionize the gas (i.e. transform it into a plasma state in which
it is positively charged) and enable the gas to conduct current.
The lower the ionization potential, the easier it is to initiate the
arc and maintain arc stability. Thermal conductivity of a gas is
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its ability to transfer thermal energy. This ability affects, for
example, the metal transfer mode, the weld geometry and
temperature distribution. The chemical activity of a gas is a
classification of whether the gas reacts chemically with the
weld puddle and electrodes and the type of chemical reaction
[4, 8, 9].

3 Mixing shielding gas effect

Shielding gases taken individually have different characteristics
and act in different ways on the metals for which they are
intended to provide protection during welding. This behaviour-
al difference is also valid for the welding processes used. It is

Fig. 1 Scheme of shielding gas
usage optimization

Table 1 Chemical and physical properties of gases commonly used in fusion welding

Shielding gases Density at 15 °C,
1 bar (kg/m3)

Dissociation energy
eV/molecule

First ionization energy
eV/molecule

Chemical
activity

Observations

Hydrogen (H2) 0.085 4.5 13.6 Reducing - High thermal conductivity
- Its addition can increase heat input

Oxygen (O2) 1.337 5.1 13.6 Oxidizing - Its addition stabilizes the arc and reduces
surface tension

Carbon dioxide
(CO2)

1.849 4.3 14.4 Oxidizing - Its addition results in wider and deeper
bead penetration

- Causes high amount of spatter
- Restricted to short arc metal transfer

Nitrogen (N2) 1.170 9.8 14.5 Reducing - Reacts at high temperature
- Its addition stabilizes the arc and reduces

surface tension

Helium (He) 0.167 0 24.6 Inert - Used when increased heat input is
desired

- Improves wetting action, penetration,
travel speed

Argon (Ar) 1.669 0 15.8 Inert - Good starting arc and arc stability
- Widely used in welding
- Finger-like penetration
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thus essential to take into account not only the metals involved
in the weld but also the welding method applied. Tables 2, 3, 4
and 5 present types of shielding gases and shielding gas blends
for the welding processes considered in this work (GMAW)
and its derivatives (FCAW and EGW). For a mixture of Ar/
CO2, for example, it is observed that the GMAW process can
accommodate 5 to 25 % CO2, FCAW 10 to 25 % CO2 and
EGW 75 to 80 % CO2 to weld the same group of steels. This
example shows that for the same gas combination, different
proportions are needed to meet the performance requirements
of different welding processes. It should also be noted that
while some shielding gases can be used for certain welding
processes, they are not recommended for others. This is the
case for an Ar/He/CO2 combination, which, with less than
5 % CO2, is suitable for GMAW of stainless steels but not
recommended for EGW and FCAW for cost and profitability
reasons. The tables comparing types of shielding gas mixture
and the gas proportions for different processes can be used to
give indications of possible shielding gas selections based on
the process used and the metals to be welded.

Nitric oxide (NO) dissociates the ozone molecules into
oxygen and nitrogen dioxide (NO2). In seeking to reduce the
ozone in the working environment of welders, AGA Gas, Inc.
developed a gas that included the addition of NO [10].
Although NO brings substantial benefits, it should be pointed
out that there are some potential risks related to its use, e.g.
eye, nose, throat irritation at low concentrations (10–20 ppm)
and pulmonary disorders at high concentrations.

Lozano et al. [11] investigated the performance of a
GMAW process on bead welds of AISI 304 steel plates using

an ER 308LSi consumable electrode and different combina-
tions of shielding gas, which included Ar, He, CO2 H2, O2 and
NO. The results showed that the addition of O2 and CO2 to
argon produced better results than when pure argon was used.
However, equivalent values were not reached with high
helium share gases. Small amounts of NO added to an Ar–
CO2 blend and to pure argon appeared to improve the weld
bead profile.

EN ISO 14175 established mixture tolerances for gases and
testing and recording methods for the given specifications.
However, depending on the material, process, method and
quality requirements, the tolerances and purity criteria may be
necessary [12]. Validity for use of shielding gases and backing
procedure qualification according to ASME IX only exists for
the same chemical composition of the gas [13]. EN ISO 15614-
1 established specification and qualification of welding proce-
dures for metallic materials and states that shielding gases
should be selected in accordance with EN ISO 14175. The user
can only alter the composition of shielding within the range
specified by the symbol of its classification. For example, in
GMAW or FCAW, CO2 content shall not exceed 10 % of the
blend used to qualify the procedure test [14].

4 Control of shielding gases

In addition to a gas or a shielding gas combination suitable for
the process and the metals involved, it is necessary that the gas
is propelled at the weld efficiently and that the flow rate is
such that, for example, air cannot contaminate the weld. As

Table 2 Cross-comparison of the application of various shielding gases and shielding gas blends

Gas or mix GMAW FCAW EGW

Pure shielding gas

Ar Suitable for welding almost all metals,
suitable for spray or pulsed transfer mode

Not recommended, does not provide good
application and cost ratio

Not recommended, due to process
principle and application, Ar does not
provide good cost and productivity ratio

He Suitable for aluminium and copper for
greater heat and to minimize porosity

Not recommended, does not provide good
application and cost ratio

Not recommended, due to process
principle and application, He does not
provide good cost and productivity ratio

CO2 Suitable for plain carbon steel and low-alloy
steels, with deoxidized wire, risk of
spatter

Suitable for carbon steels, stainless steels,
nickel alloys, acts as carburizing or
decarburizing, stable arc, smooth spray
transfer mode

Most common for steel, with solid wire,
limited to spray and short circuit metal
transfer mode

O2 Only used as additive gas to improve arc
stability, wetting, weld profile and
microstructure quality

Only used as additive gas to improve arc
stability, wetting, weld profile and
microstructure quality

Only used as additive gas to improve arc
stability, weld profile andmicrostructure
quality

N2 Not recommended, it becomes reactive at
welding temperatures, can cause weld
defects (crack susceptibility, porosity)

Not recommended, it becomes reactive at
welding temperatures, can cause weld
defects (crack susceptibility, porosity)

Not recommended, may be used for
Nd:YAG for power up to 300 W, reacts
at welding temperature, can cause weld
defects (crack susceptibility, porosity)

H2 Cannot be used as pure in GMAW, combine
in concentration less than 10 %

Cannot be used as pure in FCAW, combine
in concentration less than 10 %

Cannot be used as pure in EGW, combine
in concentration less than 10 %
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regards the risk of contamination, not only air flow must be
taken into account but also the environment in which the
welding is carried out and the orientation of the torch.
Figure 2a, b, c shows possible risk of air contamination that
could threaten the flow of gas. Another threat to the gas flow is
poor adjustment of the electrode tip. Figure 2d, f shows how a
poorly adjusted flow at the torch nozzle can lead to insuffi-
cient protection of the weld zone. Furthermore, sparks that
adhere to the nozzle of the torch can affect the smooth flow
of gas to the weld pool (Fig. 2e).

To ensure an effective and efficient control of the area to be
welded, it is important to carefully observe and monitor the
attitude of the flow and to take appropriate measures if neces-
sary. Hence, in automated systems, there is a need for the use
of visual sensors whose use is not limited to observation of the
flow disturbance of the gas but also extends to inspection of
the metal transfer, the fluctuation of the welding and the ther-
mal profile of the weld pool. The information collected and

processed in real time by the processor can help improve pro-
ductivity and promote quality assurance of the weld.

4.1 Pressure and flow control

The standard way to control gas flow is by use of a valve that
acts as a flow regulator. This gas flow regulator allows main-
tenance of a constant flow rate independent of the welding
current. The gas flow is pre-set by the operator based on the
welding parameters. A needle valve adjusts pressure, for ex-
ample, from 0.021 to 0.05 MPa, corresponding to flow from
14 to 18 l/min. Depending on the welding process, the filer
wire and base metal, shielding gas flow may vary from 8 to
21 l/min [16]. Because of low flow rate used in GMAW, any
restriction such as spatter buildup in the nozzle of the torch or
gun cable bend or loop could cause large flow changes.
Therefore, a flow compensation is required to maintain the

Table 3 Cross-comparison of the application of binary shielding gas blends

Gas or mix GMAW FCAW EGW

Binary shielding gas

Ar/CO2 5 to 25 % CO2 is suitable for carbon
steels, low- and high-alloy steels.
Addition of CO2 stabilizes the arc.
Spray transfer and short circuiting
transfer mode

10–25 % CO2 for steels, stainless steels
and nickel alloys, short circuit and
spray transfer mode, less spatter and
fume, better out-position

75–80 % Ar can improve arc
stability, relatively high current,
can perform spray and pulsed
transfer mode

Ar/O2 Suitable for various steels using
deoxidized wire, 3–5 % O2, O2

addition stabilizes the arc. Spray
transfer mode

Not recommended, does not provide
good application and cost ratio

Not recommended, finger-type
penetration and non-uniform arc
temperature. Lower productivity
cost ratio than Ar/CO2

Ar/He Quieter, more readily controlled arc
action (20–80 to 50–50). Addition
of He to Ar increases heat input.
Spray transfer mode

Not recommended, does not provide
good application and cost ratio

Not recommended, heavy
aluminium can be produced. Ar
and He do not provide good cost
and productivity ratio

Ar/H2 Not recommended, addition of H2

can increase melting rate and
melting efficiency, but less than in
GTAW. Risk of increased
hydrogen cracking susceptibility,
>4 % of H2 hinders arc stability

Not recommended, H2 is harmful for
most applicable process base metals

Not recommended, H2 is harmful for
EGW and Ar is not cost effective

Ar/N2 On Cu, powerful but smoother
operating, more readily controlled
arc than with only N2, N2 (up to
2 %), also for duplex stainless
steels, risk of spatter and porosity

Not recommended, N2 produces
porosity, increases welding voltage
and decreases welding current

Not recommended, N2 temperature,
can cause weld defects (crack
susceptibility, porosity)

He/N2 Not recommended, >1 % of N2

reduces tensile strength and
ductility of the weld in some
semiaustenitic stainless steels

Not recommended, N2 produces
porosity against flux purpose.
Increases welding voltage and
decreases welding current

Not recommended, N2 temperature,
can cause weld defects (crack
susceptibility, porosity)

Ar/NO Addition of a small amount of nitric
oxide (<0.03 % NO) can reduce
ozone produced around the weld
and increase arc stability. Short
circuit, spray and pulsed arc

Addition of a small amount of nitric
oxide (<0.03 % NO) can reduce
ozone produced around the weld and
increase arc stability. Short circuit,
spray and pulsed arc. Applicable
with unalloyed and low-alloy steels

Not recommended
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pre-set flow. The gas flow rate will remain at the same level
even with restriction variations if choked flow is applied.

Choked flow is based on the principle that gas velocity
across a restricted opening cannot be greater than the speed
of sound. Choked flow occurs if the pressure upstream of the

restricted valve is twice the pressure downstream. When
welding, the needle valve reduces pipeline pressure from
0.03 to 0.04 MPa. If welding stops, flow continues across
the needle valve and rapidly fills the delivery hose with excess
shielding gas. Consequently, the excess shielding gas stored at

Table 4 Cross-comparison of the application of ternary shielding gas blends

Gas or mix GMAW FCAW EGW

Ternary shielding gas

Ar/CO2/O2 For steels welded using deoxidized wire,
5 % O2 + 15 % CO2. Transfer mode:
short circuit, spray and pulsed. Slightly
improve arc stability compare to Ar/CO2

Not recommended, can be used for
steels in short circuiting transfer
mode but does not provide good
application and cost ratio

Not recommended, does not give good
productivity–price ratio compared to
Ar/CO2

Ar/He/CO2 Good looking weld bead. Limited to short
circuit transfer mode for stainless steels.
CO2 should be kept less than 5 % to
minimize carbon absorption to the weld

Not recommended, does not provide
good application and cost ratio

Not recommended, shortage access to
He and limited to short circuit mode

Ar/He/O2 Adding helium to Ar and O2 (less than
0.04 %) decreases the porosity level in
aluminium alloys

Not recommended, does not provide
good application and cost ratio

Not recommended, less cost effective
and lower productivity because of He
and O2 than Ar/CO2

Ar/CO2/H2 For stainless steels, micro additions of CO2

to Argon + H2 or Argon + He mixtures
improve stability of the GMAW welding
of Inconel 625 alloys. Transfer mode:
short circuit, spray, pulsed

Not recommended, high risk of
reactivity of flux agents

Not recommended, not cost effective

Ar/CO2/N2 Stainless steels, applicable for globular,
spray or pulsed spray and short circuiting,
transfer welding (e.g. >90 % Ar, <10 %
CO2, <10 % N2)

Not recommended, high risk of
reactivity of flux agents

Not recommended

Ar/He/NO High-alloy stainless steels, nickel alloys,
aluminium and copper, Addition of a
small amount of nitric oxide (<0.03 %
NO), can reduces ozone produced around
the weld and increase arc stability. Short
circuit, spray and pulsed arc

Stainless steels and structural steels,
addition of a small amount of nitric
oxide (<0.03 % NO), can reduces
ozone produced around the weld and
increase arc stability. Short circuit,
spray and pulsed arc

Not recommended

Table 5 Cross-comparison of the application of quaternary shielding gas blends

Gas or mix GMAW FCAW EGW

Quaternary shielding gas

Ar/He/CO2/O2 HSLA, mild steel, high current and high
productivity. Similar dependence in
electrode extension as with cored wire.
All position welding (e.g. 65 % (Ar) + 26.6 %
(He) + 8 % (CO2) + 0.5 % (O2))

HSLA, mild steels, higher current,
higher productivity.
Similar dependence in electrode
extension as with solid wire
(e.g. 65 % (Ar) + 26.6 % (He) + 8 %
(CO2) + 0.5 % (O2))

Not recommended, not
cost effective

Ar/He/CO2/N2 Duplex and super duplex stainless steel.
Excellent arc control, edge wetting,
good deposition and weld profile. Nitrogen
addition reduces nitrogen loss from weld
process. Up to 2 % of N2 is advantageous
for Duplex stainless steels (10–15 % reduction
of ferrite, improving ferrite/austenite balance),
beyond 6 % of N2 produces porosity

Not recommended, high risk of
reactivity of flux agents

Not recommended, not
cost effective

Ar/He/CO2/H2 Nickel and alloys. Reduced oxides. Improved
deposition rates and weld profile. Excellent for pulsed.
Better arc stability than Ar or Ar + CO2

Not recommended, high risk of
reactivity of flux agents

Not recommended, not
cost effective
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the welding stop explosively exits every time welding begins
again. A fixed gas flow thus causes unnecessary consumption
of the shielding gas and the constant flow at variance with the
welding conditions, which change regularly. This mismatch
between the shielding gas flow and the changing welding
conditions can cause defects in the weld structure due to un-
even cooling [17]. Using a gas surge device to reduce
shielding during the weld startup is recommended. Its effects
are noticeable, but additional equipment is needed, and there
is a commensurate increase in maintenance costs.

A pressure regulator is a self-sufficient mechanical control
device that generally does not depend on any external power
sources. The device operates a controller unit, a valve and a
sensor. Although the control valve and flow regulator are sim-
ilar, it is important to distinguish between them. Pressure con-
trol valves are suitable for applications that require a reduction
in pressure from that of the pressure cylinder, while flow reg-
ulator pressure controllers are useful if there is a need to main-
tain the selected pressure downstream.

Uttrachi [16] has proposed an automatic gas flow control
system for GMAW (Fig. 3). A requirement for this automatic
control is that the pressure upstream of the control orifice is
larger, approximately twice that of the pressure downstream.
Autonomous compensation or automatic control of the flow
of the shielding gas takes place at a minimum pressure up-
stream of the orifice of the control valve. The critical flow
orifice automatically controls the compensation of the flow
of shielding gas. Consequently, control changes due to spatter
or bending of shielding gas hoses have no effect on the flow of
the shielding gas supplied to the outlet of the torch.
Downstream pressure automatically increases without requir-
ing operator action. In the work, the automatic flow rate

compensation of the shielding gas achieved a reduction in
total shielding gas used of up to 60 %.

Despite its simplicity, its ability is limited to maintain a
constant flow. However, the shielding gas control is not only
to keep its steady flow, it includes mixtures of gas type, ori-
entation and adjust according to the need of the welding area.
Gas flow control has long been a subject of study in many
industrial applications, and knowledge gained elsewhere can
be applied to shielding gas control. For example, differential
pressure flowmeters are widely used and reliable devices.
Advanced technology and processor development mean that
real-time calculation of the discharge coefficient is now pos-
sible. In addition, multivariable flowmass meters and control-
lers allow the properties of gases, their temperatures and pres-
sures to be measured and this data stored, and corrections in
gas flow velocity can then be made to obtain optimal flow.

In order to increase the control performance of automated
shielding gas flow, a control loop system is essential. Some
applications can make use of an open-loop system, but open-
loop systems have a number of drawbacks, which can be
overcome by the use of closed loop systems. The closed loop
system is more precise and provides greater consistency in
control of the shielding gas flow. However, risks of instability
are also introduced, which must be addressed. Consequently,
accurate knowledge of both systems is required to be able to
select the approach that best suits the problem to be solved.

4.2 Pulsed shielding

Automatic shielding gas regulators apply an adaptable pulsat-
ing flow principle to control of shielding gas flow into the
weld pool zone. The shielding gas flow is synchronized with

Fig. 2 Disturbance of gas flow
perturbation and orientation
problems [15]
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the welding power source, allowing flow only at pulsed
welding current time. An example is the use of a solenoid
valve to control the gas supply. Gas flow through an orifice
is shut off or allowed by the movement of the core when the
solenoid is energized or de-energized. The gas flow rate is
adjusted with change of the magnitude of the current.
Figure 4a, b shows, respectively, the operation of a conven-
tional flow rate regulator and a synchronized pulsed current
and shielding gas flow rate regulator. Nakhla et al. [18] exam-
ined the environmental impact of automatic pulsed shielding
gas regulators results in a saving that varies from 40 to 60% of
gas used during welding operations.

Campbell et al. [19] evaluated reduction in shielding gas
consumption in GMAW from using a synchronized pulsed
current to pulse the shielding gas. In addition to savings in
connection with the reduction of the shielding gas flow, other
features were shown to be affected by the improved flow
control of the shielding gas, for example, penetration, the ex-
tent of distortions and heat input. This finding shows that the
heat transfer efficiency is influenced by the flow of the
shielding gas and has implications for efforts to improve pro-
ductivity by increasing welding speed, which might be possi-
ble by applying a reduced shielding gas flow rate.

4.3 Alternating shielding gas flow

Alternating control of shielding gas flowwas developed less than
a decade ago, and some equipment using the approach is avail-
able on the market. The system consists of an electromagnetic
directional control valve that feed gas in the welding torch. The
spool position adjusts the portion of a gas A and a gas B (Fig. 5).
Experiments performed using this method of control noted sig-
nificant improvements in metallurgical properties of the profile
geometry of the weld. However, it is not known whether this
application can be extended to more than two gases and what
would be the financial implications of utilizing the process.

Alternating shielding gas flow during the welding process
has also been reported to reduce distortion [20]. This relatively
new approach of supplying alternatively Ar (or an argon-based
mixture) and helium to the welding area at a predefined frequen-
cy aims to benefit from the advantageous properties of each
shielding gas. Figure 6a, b from Kang et al.’s [5] study on the

characteristics of alternating supply of shielding gases when
welding aluminium with GMAW illustrates arc pressure varia-
tion and welding pool behaviour dependent on the shielding gas
and type of supply. n arc welding, it is possible to control the
shielding gas flow rate by sensing the welding current. A fast
response, electromagnetically controlled valve opens and closes
to adjust the shielding gas flow rate. Promising results have been
reported, such as shielding gas consumption reduction, deeper
penetration in a fillet weld and increase in welding speed [21].

Fig. 3 Automatic flow
compensator [16]

Fig. 4 Control of shielding gas flow rate: a fixed rate flow and b
automatic rate flow [18]
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4.4 Visual control

Using a weld camera and a remote display console to
visually monitor the impact of the gas mixture, while also
monitoring the wire type and wire feed characteristics,
greatly improves the ability of the operator to monitor
and adjust the welding parameters for optimum perfor-
mance. The weld camera adds the ability to see the detail
of the arc and monitor the impact of the shielding gases in
real time, to determine the optimum welding procedure
for a particular situation. An adaptive control is a mechanism
for adjusting welding parameters on its own (self-regulation
or self-adjustment) [22]. However, in order for a welding

process to adjust properly, data need to be collected and
processed. Visual data can therefore be used to capture flow
of shielding gas at the welding area.

Adaptive control means that the control of shielding
gas can independently change its dynamic in response to
welding process information collected by sensors. This
control design is innovative and benefits from advances
that go beyond the control of the pressure, namely the
ability of sensors to visualize the gas flow around the
area to be protected. If turbulence or insufficient flow is
observed in the protection zone, adjustments are automat-
ically made and proper correction ensured. Some promis-
ing studies have been done in this area, for example,
Siewert et al. [6] studied visionability and optimization
of shielding gas flows in arc welding. The results showed
that particle image velocimetry (PIV), shown in Fig. 7a,
and the Schlieren technique, in Fig. 7b, can be used for
visualization of gas flow during arc welding. The advan-
tage of PIV is its high resolution, which is especially
useful when observing pulsed current arc welding, and
its applicability to GMAW. The Schlieren technique is
less costly but is difficult to use at high welding current
or with GMAW.

Case studies that connect the observation of the flow of gas
to close loop control are not available. However, observation
of the flow of shield gas at the outlet of the welding torch has
successfully been used to verify the accuracy of models de-
signed to analyse arc and flow rate effects on the behaviour of
the shielding gas and the molten metal transfer [7]. Integration
of this concept into real-time control requires additional study

Fig. 5 Electromagnetic valve scheme of alternating gas supply

Fig. 6 Schematic representation of variation of arc pressure and weld pool behaviour with shielding gas and type of supply: a conventional supply Ar +
67 % He and b alternated Ar and He [5]
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of the process of analysing the captured images. In view of its
relevance to many industrial processes, there has been a great
deal of research in the area of vision sensing and image pro-
cessing, and this work can be used as a benchmark for
shielding gas visual sensing. Figure 8 shows the process gen-
erally used to analyse images and extract useful information
for the control of a system.

4.5 Mixture quantity control and mixability

n general, shielding gases are delivered to the consumer in
ready-mixed form, and the vendor’s instructions should be
followed as the constitution of the gas is designed to meet
very specific goals. Regardless of whether the mixed gas is a

mixture of two, three or four gases, a change in one gas com-
ponent necessarily implies a change in another. The conse-
quences of such changes are usually very remarkable on the
performance of the process and the quality of the weld. This
limits the number of applications for each composition and
reduces flexibility.

A better approach than using ready-mixed gases would be
to use on-site mixers (Fig. 9); the welding company could
therefore buy unmixed gas cylinders and adjust the shielding
gas mixtures to their specific needs. However, it should be
noted that significant care has to be taken as some gases can-
not be mixed in this way (e.g. do not attempt to mix argon and
hydrogen from separate cylinders). It should be noted that
using an on-site mixing of shielding gases approach can

Fig. 7 Visualization principles: a
particle image velocimetry (PIV)
and b Schlieren technique [7]

Fig. 8 Process steps in machine vision of outlet shielding gas flow analysis
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reduce welding labour costs. Ready-mixed shielding gas bot-
tles are more expensive and increase the final labour cost of
the weld. Furthermore, an installed mixer would be very ad-
vantageous when several operators have to work together with
different shielding gas mixtures [23].

5 Effect of shielding control on weld properties

This section analyses and discusses the influence of the
shielding gas on the welding results of the GMAW process
and two derivative types of GMAW: flux-cored arc welding
(FCAW) and electrogas welding (EGW). The investigation is
made from the viewpoint of droplet transfer and process sta-
bility, consumable electrode constituents, source of the
shielding gas and weld geometry.

5.1 Effect of shielding on spatter and fume generation

The shielding gas directly influences the melting rate of the
electrode and the arc profile. This relationship is a fundamental
reason for analysis of spatter and fume generation from the use
of different shielding gases. Spatters are harmful to the equip-
ment; they can adhere to the torch and cause malfunctions.
Moreover, they generate extra costs for post-welding rework
to remove spatter droplets. Fumes generated together with spat-
ter are detrimental to health and the environment.

When welding with a mild steel electrode, Rhee et al. [24]
reported changes in arc performance and droplet frequency as
CO2 was added to Ar. The drop frequency at 5 % CO2 was
higher than with pure Ar and lower at 15 % CO2 and 25 %
CO2, respectively. Pure He exhibited lower drop frequency
than pure Ar. In the study of the impact of arc shape on the
weld bead side, Zielinska et al. [25] found that CO2 addition to
Ar changes the current–voltage characteristic. CO2 increases
the energy potential, thereby increasing the current density.
The findings of Rhee et al. and Zielinska et al. indicate that

the addition of CO2 to Ar changes the arc characteristic and
results in an increase in metal transfer frequency.

Quaternary mixtures have been developed which, it is
claimed, stabilize metal transfer at higher current [26].
However, according to Suban [27], optimized binary or terna-
ry shielding gases are sufficient to provide a stabilized arc in
high-energy GMAW processes. Figure 10, from Han et al.’s
[28] study, shows spatter quantity as a function of current. A
quaternary combination of shielding gas was used in the trans-
ferred ionized molten energy (TIME) process, and Ar + CO2

gas showed the highest arc stability of the shielding gases
studied. On the basis of workability and economics, an Ar
mixture (80 % Ar + 20 % CO2) was recommended as a
shielding gas for the development of and application with
new GMAW processes with higher metal deposition rates.

Fig. 9 Arrangement of unmixed
gases cylinder and mixer control
for multiple welding posts

Fig. 10 Relationship between welding current and spatter quantities with
various shielding gases [28]
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5.2 Effect of shielding on the microstructure

Several studies have established a relationship between the
microstructure of welds and the shielding gas used. The
shielding gas constituents act on the microstructure by promot-
ing the reaction of chemical alloying elements in the weld pool
and capitalizing on the heat input that the cooling time allows to
reach the main constituents of the microstructure (acicular fer-
rite (AF), Widmanstatten ferrite (WF) and grain boundary fer-
rite (GF)), the grain size and diffusion of alloy components.

Gouda et al. [29] found that shielding had noticeable effects
on the microstructure of welded metal. Figure 11 shows the
microstructure of the weld metal of 950 MPa class steel for
different shielding gas mixtures. It can be seen that the lath
structure gradually degrades with increasing CO2 concentra-
tion in the shielding gas, whereas the granular structure in-
creasingly prevails. Acicular grains cannot be identified in
any of the observed microstructures. The microstructure con-
sists primarily of carbide free bainite and low martensite; the
structure increasingly developed more bainitic transformation
as the percentage CO2 in shielding gas was augmented.

Menzel [30] evaluated the influence of different concentra-
tions of different shielding gases on the welding process and
the welded joint properties. When carbon and low-alloy steels
are welded, reducing O2 and CO2 in a shielding gas having
argon as the primary shielding gas constituent produces a
reduction in the oxides and a fine grain structure but also leads
to an increase in impact strength. An increase in O2 and CO2

causes growth in the burn rate of alloy elements of the base
metal, such as silicon and manganese. As a result of the in-
creased burning, there is increased brittleness and tensile
strength. The amount of oxides introduced substantially re-
duced the fatigue strength. With higher alloy steels, the aim
is to maintain the corrosion resistance. An amount of carbon
greater than 3 % will increase the concentration of carbon in
the weld. As a result of this increased concentration of carbon,
chromium will precipitate in grain boundaries, reducing the
ability of the weld to resist corrosion.

The results of the studies of Gouda et al. [29] and Menzel
[30] above are confirmed by Ebrahimnia et al. [31], who ex-
amined the effect of shielding gas composition on the welding

of steel ST 37-2 with GMAW. The following four different
blends of shielding gas were tested: 97.5 % Ar + 2.5 % CO2,
90 % Ar + 10 % CO2, 82 % Ar + 18 % CO2 and 75 % Ar +
25 % CO2. The filler wire was SG2 + 3 with AWS number
ER70S-6. The results revealed three phases of microstruc-
tures: polygonal ferrite (PF), WF and AF. Increasing the con-
centration of CO2 resulted in a drop in the amount of porosity
and inclusion. The portion of AF declined, and WF in the
microstructure grew with the rise in the amount of CO2.

5.3 Electrode effect on the shielding gas control

The shielding gas acts on the consumable electrode, produc-
ing a highly specific metal transfer mode and melting rate.
This action on the consumable electrode results in the gener-
ation of spatter and fumes. The induced effects have conse-
quences for the quality of the weld, and control of the flow rate
and shielding gas mixture and their relationship with the elec-
trode is consequently an important area of investigation.

Zhernosekov et al. [32] investigated the combined effect of
shielding gases on the welding current and filler wire. A
GMAW process was used to weld low-alloy steel by alternat-
ing pulsed and direct current welding. One hundred percent
argon or Ar + 18 % CO2 was used during the pulse period and
100 % CO2 for short circuiting the direct current. A fine-
grained microstructure was successfully achieved with a high
content of acicular ferrite in the weld metal of the low-alloy
steel.

Use of a flux-cored electrode has the ability to increase the
deposition rate and the welding speed. The shielding is
achieved with both the flux and the shielding gases. As a
consequence of this double shielding, the weld joint properties
differ from GMAW using a solid electrode. According to
Gadallah et al. [33], in their study of the effect of shielding
gas composition on the properties of flux-cored arc welds of
bead-on-plate welding of structural steel ST 37-3 (EN-ISO
S235J2G3), an increase of the CO2 content in the argon from
5 to 10 % increased the deposition rate, after which it then
remained almost constant. Pure CO2 shielding gas exhibited a
lower deposition rate (Fig. 12). Therefore, 75 % Ar + 25 %

Fig. 11 Influence of CO2 content in argon on the microstructure of weld metal of 950 MPa class steel [29]
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CO2 provided the best price–performance ratio because of its
high arc efficiency and good deposition rate.

The filler wire composition and shielding gas should be
compatible. Lathabai et al. [34] reported that increase in
CO2 content made the arc harsher and increased spatter levels.
They concluded that the use of shielding gases other than
those for which the wire is designed should be approached
with caution. Shielding gas reactions with a consumable elec-
trode can result in non-metallic inclusion, e.g. filler wire
aiming to a maximizum Mn and Si could result in deleterious
microstructure if shielding gas with a low oxygen potential is
used.

From the point of view of weld fusion microstructure,
Katherasan et al. [35] observed, when welding austenitic
stainless steel (AISI 316L (N)) with a 316LT flux-cored elec-
trode, that the ferrite portion amount decreased when increas-
ing the percentage of CO2 in the argon-based shielding gas. In
addition, the microstructure exhibited a dendrite nature, and
the dendrite became coarser as the CO2 in the shielding gas
increased (Fig. 13).

Mukhopadhyay et al. [36] investigated the effects of the
shielding gas mixture on GMAWof HSLA steels using solid

and flux-cored wires. The results revealed that inclusion, mi-
crostructures and mechanical properties of HSLA steels de-
pend on the composition of the filler metals. The AF, GF and
ferrite with second-phase ferrite (FS) in HSLAweld metal are
influenced by the O2 and CO2 percentage in the shielding gas.
Consequently, proper weld joints can be achieved by a suit-
able matching of the consumable electrode and the shielding
gas mixture.

In other work, Liao et al. [37] compared GMAW (i.e. solid
wires) with FCAW (i.e. flux-cored wires) using different
shielding gases, namely pure argon, CO2 and their proportion-
ally different mixtures, in welding of austenite stainless steel.
The sample generated using FCAWexhibited less spatter than
when GMAW (solid wire) was used. It was noted that the
ultimate tensile strength (UTS) and elongation were not influ-
enced by the shielding gases.

Moravec et al. [38] found that at a welding wire feed speed
of 13.1 and 110 m/min, it is possible with Ar + O2 to apply up
to 12 and 15 % lower current, respectively, than with Ar +
CO2. This will result in lower values of heat passes per unit of
material length, resulting in reduced deformations and lower
internal stresses in the weldment.

Fig. 12 Deposition rate as a function of shielding gas composition [33]

Fig. 13 Microstructure of weld
fusion AISI 366L (N) austenitic
stainless steel: a 100 %Ar, bAr +
20 % CO2 and c 100 % CO2 [35]
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5.4 Multishielding source supplies

The EGW process demands high heat input of about 50–
60 KJ/mm for up to 60 mm or more cross section. With such
high heat input, the risk of having coarse austenite grain
growth in the HAZ is significant; the coarse-grain microstruc-
ture consisting of ferrite side plates at prior austenite grain
boundaries and intra-granular upper bainite has low tough-
ness. Little investigation has been done so far regarding
shielding effects in the EGW process, although the welding
process is widely used in shipbuilding [39]. In studies by Kim
et al. [40], Gyu et al. [41], Kim et al. [42] and Sasaki et al. [43],
100 % CO2 was used as a shielding medium. However, the
shielding gas effects were not specifically analysed. Since the
process is similar to GMAW, the shielding gas can be expect-
ed to have similar effects on the joint microstructure and the
deposition rate. A mixture of approximately 80 % Ar and
20%CO2 is widely used in industry and is generally preferred
as the shielding gas for most applications. This mixture is well
suited for use with both solid and flux-cored electrode wire.
Carbon dioxide alone can also be used and is particularly
satisfactory when employed with flux-cored wire. An attempt
to address the high shielding gas demand of the EGW process
was undertaken by Sasaki et al. [39], who examined the use of
double electrode feeding. The experiments were carried out
using solid and flux-cored wire, and the shielding gas was
100 % CO2. It was observed that a gain of a 50 % reduction
in shielding gas volume was achieved when using two elec-
trodes (Fig. 14).

5.5 Weld geometry

The weld geometry plays an important role for the strength
and the life of the weld joint. Given the influence of the
shielding gas on the welded joint, it is essential to analyse its
effect on the geometric profile of the weld. This analysis is
centred on the weld profile of T-joint welded joint and ad-
dresses the case of geometries obtained with pure gas and

the results obtained with blends. The analysis is based on an
assumption that when welding a T-joint, all welding parame-
ters except the composition of the shielding gas are kept
constant.

Pires et al. [44] investigated the effect of the following
shielding gas mixtures: Ar + 2 % CO2, Ar + 8 % CO2, Ar +
18%CO2, Ar + 5%O2, Ar + 8%O2 and Ar + 3%CO2 + 1%
O2 on the weld bead profile of 2F T-joints. For the same
current intensity, this force increases with the decrease of the
arc length. For the same current intensity, the arc length drops
with the increase in CO2 concentration in the mixture. Hence,
mixtures with higher amounts of CO2 will lead to higher arc
force and consequently deeper penetration. For the same cur-
rent intensity, this force increases with the decrease of the arc
length. In addition, pure argon or argon blended with O2 pro-
duces a deeper but slimmer root. The addition to the argon of
CO2 increased penetration in the legs of the T-joint while the
depth of the root penetration remained unchanged. Pure CO2

is distinguished by penetration in the legs but with a rather
rounded and shallow root penetration. Helium added to argon
increases the penetration of the root area, but with less root
penetration than the addition of CO2.

Moravec et al. [38] evaluated the influence of different
shielding gas blends on the weld pool geometry of 1F T-
joints of high-alloyed austenitic steels. The results showed that
the addition of helium correlated with an increase in heat
trimming efficiency and therefore lower welding current. At
a welding wire speed of 9.9 m/min, the difference in penetra-
tion was up to 29 %. Such difference can be assigned to the
lower welding current required for material heat trimming in
helium-enriched shielding gas and therefore also the lower
value of weld preheating.

Campbell et al. [19] evaluated the effects of using a syn-
chronized pulsed current to pulse shielding gas on shielding
consumption in GMAW. Figure 15a, b compares the T-joint
weld geometry profile made (a) by a conventional control
system of the shielding gas flow rate and (b) an automatic
control system in which the flow can be adapted to the pulse

Fig. 14 Comparison of shielding
gas consumption with single and
two-electrode vibratory
electrogas arc welding [43]
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of the welding current. The conventional control penetration
area is smaller (13.3 mm2) than that obtained by automatic
control (15.0 mm2). In addition, a 15 % increase of the HAZ
is observed for use of automatic control. This increase in the
HAZ is likely due to the pressure increase caused by the
pulsed flow supply of the shielding gas, and it can therefore
be inferred that a welding speed increase is possible.

6 Prospects for adaptive control of shielding gases

Although there has been considerable discussion and anal-
ysis of the influence of different shielding gas processes
on fusion metal welding, the issue of adaptive control
remains a very little explored area. The shielding gas is
among the most important factors in fusion welding, and
in the context of adaptive welding, adaptive control of
shielding gas has significant potential from an economic
point of view and as regards environmental protection.
Better control certainly can have a positive effect on the
usage of shielding gas and also the performance and qual-
ity of the welded product. The controllability can not only
alternate shielding gases but also integrate the flow orien-
tation of shielding gas, which could be dependent on the
welding process.

Conventional control of shielding gas approaches
means that shielding gas flow does not change indepen-
dently of dynamic law during the welding process.
Some commercially available welding equipment offers
the possibility for the shielding gas flow to follow the
different sequences of the pressure cycles during the
welding. Pressures and gas compositions are defined in
advance, and no changes are possible once the process
has started. The shielding gas flow rate, using a con-
ventional flow meter or with a mechanical anti-surge
device installed, is normally set sufficiently high to take
into account the highest welding current being used,

which consequently results in an excessive usage of
shielding gas [21].

Although acceptable results are obtained with this type of
control, it should be noted that the selection of parameters is
often the result of several attempts or long experience, which
increases spending and the production of fumes harmful to
humans and the environment. It should also be pointed out
that loss of gas occurs in individual mounted gas cylinders.
This gas lost is caused in the following cases: flow rate creep
and gas surge, manifold system with one central gas pack
source, high flow regulator on the pack with no other gas flow
control or with inline flow meters.

Fully adaptive control of shielding gases, which combined
vision, flow rate and alternative shielding gas, is not yet avail-
able in the market. However, the concept of adaptive control
of shielding potentially offers significant benefits for weld
quality assurance, environmentally friendly operations by re-
ducing fume emissions and cost reductions without a decrease
in quality. Figure 16 illustrates schematically interactions in
shielding gas control in advanced welding processes to reduce
losses and improve efficiency without undermining quality.

6.1 Adaptive shielding gas control

Welding equipment incorporating adaptive control of the
shielding gas could resolve the actual challenge that is to
set proper shielding gas parameters. One challenge is the
wide variety of current and voltage waveforms used in
GMAW and the complexity and variation in configuration
of currently available modern equipment. In addition, the
wide range of different shielding gases in the market
makes it very difficult to have a set welding machine
and control device for the shielding gas. Since welding
systems generally comprise a power source, filler metal
feeder unit, flow gas regulator and shielding gas supplier,
an adaptive system can be implemented in the interface
between the gas supply and the welding machine. Visual,

Fig. 15 T-joint weld geometry
profile comparison at 6 L/min
using a a conventional flow meter
and b an electromagnetic gas-
saving system [19]
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electric and pneumatic sensors can collect information
that will be addressed to the processor, and then, instruc-
tions will be given to the valves to adjust the flow rate or
mixture of shielding gases to maintain the quality of the
weld.

Campbell et al. [19] in their study on the assessment of the
effects induced by improving shielding gas flow and distribu-
tion control techniques show that for key factors of a T-joint,
such as leg length and penetration, advanced control and alter-
nating shielding gas produce better results than using conven-
tional control. Figure 17 shows a comparison between conven-
tional and advanced shielding gas control. As leg length and
penetration are closely related to the heat input, better control of
the microstructure of the weld can be expected.

7 Shielding gas control innovation and application

Over the last decades, research has devoted considerable at-
tention to improving the profitability of welding production,
including efforts to reduce losses from non-optimal use of
shielding gas, given the importance of shielding gas as a part
of the final cost of welding production and its influence on
weld quality, molten metal transfer mode and the stability of
the welding process. These cost, quality and performance con-
siderations are driving efforts to develop more efficient
shielding gas control.

Several interesting concepts have been designed for more
effective and responsive control of shielding gas flow, some of
which have been the subject of scientific study but have not

Fig. 17 Weld profile comparison
between conventional and
advanced control shielding gas
[19]

Fig. 16 Conceptual illustration
of shielding gas control in
advanced welding processes
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Table 6 Comparison of shielding gas control techniques
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yet been commercialized. From the viewpoint of industri-
al utilization, some of these developments seem promis-
ing, for example, incorporation of an alternating supply of
protective gas and design of a method capable of acquir-
ing visual information about the behaviour of the flow at
the welding zone of the shielding gas. A number of
concepts have been brought to market, but their effective-
ness has not yet been evaluated by sources other than the
manufacturer [45]. Such concepts include intelligent con-
trol of the shielding gas and an automatic flow compen-
sation system, as well as a multiple mixer shielding gas
system. It should nevertheless be noted that the high cost
of the equipment required to carry out assessment of some
of these concept is the fundamental reason why assess-
ments are from industry rather than independent research
institutions.

Table 6 presents an overview of the state-of-the-art ad-
vanced approaches to shielding gas control giving their fea-
tures, benefits and limitations.

8 Conclusions

The study investigated shielding gases used in gas metal arc
welding processes. Based on a review of the relevant literature
and the various recommendations made therein, the following
findings are of significance:

& Pure gases show acceptable performance, but
shielding gas mixtures provide optimal results.
Optimum performance is achieved with mixtures of
inert gases with reducing, oxidizing and reactive gas-
es to increase the melting efficiency of the consum-
able electrode and the base metal.

& Adaptive control is possible either by alternating the
type of gas injected into the weld zone or by sup-
plying the required gas at an optimal flow rate. It
should be noted that for the specific case of elec-
trode gas welding (EGW), adaptive control of the
orientation of the shield outlet can significantly im-
prove weld quality.

& There is more scope in the choice of shielding gas when
using a consumable electrode because the electrode wire is
transferred to the weld pool and even where changes in
composition occur due to gas–metal reactions, these can
often be rectified by appropriate choice of electrode wire.
The oxygen potentials of mixtures with CO2 are equiva-
lent to argon–oxygen mixtures containing oxygen at half
the level of the carbon dioxide.

& It is well established that metallurgical reactions can mod-
ify the droplet transfer by influencing the properties of the
liquid metal, the metal evaporation and the circulation in
the metal droplet at the tip and in the weld pool. On the

other hand, droplet transfer time is a restrictive factor for
metallurgical reactions. Electric pulses, power sources
with different inductivity and wire feed systems that gen-
erate mechanical pulses can be used to influence droplet
transfer time. Thus, it is possible to control the metallurgy
by selection of welding equipment and welding
parameters.

& The use of higher portions of reactive gases such as CO2

and O2 should be done with great care for FCAWwelding,
because the sensitivity of the flux-cored electrode chemi-
cal components to this type of reaction could jeopardize
the stability of the welding process and the quality of the
microstructure of the welded joint by introducing
inclusions.

& Given the affordable price of CO2, it can be mixed with
argon as an alternative to O2. However, it is essential to
know the exact proportion to be added in order to achieve
optimal impact toughness and other mechanical
properties.

& The addition of NO to argon or a mixture of Ar + CO2 or
argon and helium of concentrations <0.03 % can improve
the stability of the welding process, reduce ozone emitted
by arc welding and improve the quality of the weld.

& Optimization of shielding gas control can be made adap-
tive by combining electromagnetic valves, sensors and
visual control and the ability to self-adjust the gas flow
rate to the welding pulsed current in response to the
welding conditions and behaviour of the weld pool.
Furthermore, shielding gas mixtures can be selected auto-
matically to improve productivity, reduce losses and en-
sure weld quality.

& The choice of shielding gas control depends on the
quantity of weld to be deposited because the outcome
benefits of manufactured products must be able to
cover the cost of investment in the control device.
Fully autonomous systems will thus be suitable only
for large production series. Fully autonomous devices
are generally not transportable. In partly automatic sys-
tems, the control is limited, for example, to control of
the flow of gases and the mixture used. Such devices
will be of significant benefit to average series produc-
tion. In both cases, there is a significant gain in terms
of shielding gas usage efficiency, productivity and
welded joint quality.

& Future research could include experiments on fully
autonomous welding units that combine flow sensors,
gas distributors and mixers and visual sensors. To
this end, algorithms need to be developed to effec-
tively process the collected data, optimize the
welding parameters using artificial intelligence and
provide suitable instructions to the adaptive unit. In
addition, approaches to gain time savings in program-
ming of such units should to be investigated.
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ABSTRACT  
 
Steels with the manganese content from 1β–β4% with a high 
carboncontent, are used for various applications at sub-zero 
temperatures. The study is to analyze different criteria and parameters 
that are integrated into the dissimilar welding of High-Mn steel. A 
critical analysis all data from welding of high-manganese steel, 
including critical experiments. Results showed that the manganese 
content determines the welding procedure as well as the portion of 
other alloyed elements, such as Fe, C, Al and Silicon in the base metal 
and filler metal. This study lays the groundwork to give greater clarity 
and understanding of dissimilar high-Mn steels welding. 
 
KEY WORDS: High-manganese steels, fusion welding, 
dissimilar welding, weld quality, weld joint microstructure  
 
INTRODUCTION 
 
The main feature governing the mechanical below-zero temperature 
properties of high-Mn steels is the stability of austenite, which refers to 
the chemical alloying components. Enriching the Mn content tends to 
lower the ductile–brittle transition temperature (DBTT). This 
characteristic is credited to the improved elimination of g’-martensite 
and i-martensite phase transformations. The British metallurgist Robert 
Abbott Hadfield in 1868 developed Hadfield steel with 1-1.4% carbon 
and 10-14% Mn with improved toughness and enhanced hardness. The 
Fe–Mn–Al–C steel grade appeared in the late 1950s for cryogenic use 
and critically corrosive service environments by replacing the high-Ni–
Cr steel. Novel high-Mn steels however rely on complex mechanisms 
and cooling processes (i.e HMS-TRIP = high-Mn transformation 
induced plasticity, HMS-TWIP = high-Mn twinning induced plasticity 
and high-manganese austenitic stainless steels). Moreover, novel high-
manganese steels provide higher tensile strength (Fig. 1) and resistance 
to brittleness at sub-zero temperatures, therefore, can keep their 
ductility in very cold environment. Depending on their Mn content, in  
medium Mn steels (MMnS) the Mn addition is between 5 and 1β 
mass%, while in high-Mn steels (HMnS) the Mn content is usually 
between 15 and γ0 mass%. The basic structure of the steels can change 
to either austenitic or a ferritic/austenitic. (Bleck, β015) 
 
Addition of Manganese provides beneficial properties of steels and 
filler metal for sub-zero temperature environment. However, during 
welding operation Manganese can evaporate. Overexposure to 
manganese fume has been connected to health of welders concern. As 

to prevent Mn health exposure related health problems, the 
Occupational Safety and Health Administration’s Permissible Exposure 
Limit (OSHAPEL) for Mn in total inhalable dust of 5.0 mg/mγ (ceiling) 
which is the only enforceable Mn standard in the United States. 
(ACGIH, β01β) In Europe, the European Commission Scientific 
Committee on Occupational Exposure Limits (SCOEL) recommends an 
8-hour Time Weighted Average (TWA) of 0.β mg/mγ for Mn in the 
inhalable fraction and 0.05 mg/mγ for Mn in the respirable fraction, 
though enforceable standards would vary between European countries 
(SCOEL, β011). 
 
Studies have been conducted on the weldability of high-Mn steels but 
none of them have specifically addressed the welding of dissimilar 
high-Mn steels. Ogawa & Koseki (1987) studied the weldability of 
autenitic high-Mn steel for cryogenic service. The investigation was 
limited to the dissimilarity of the filler wire. In the same vein, Self et al. 
(1984) evaluated austenitic Fe–Mn–Ni welding metal for dissimilar 
metals welding. Again the focus was on the comparison of the Fe–Cr–
Ni to the Fe–Mn–Ni filler wire type. More recently, Keil et al. (β011a) 
investigated the weldability of novel Fe–Mn high-strength steels. 
Although the publication provides relevant data on different welding 
processes and weld joint types, the only dissimilarity is with various 
filler wires tested. 
 
Published research readily available related to the welding metallurgy 
of high-Mn steels for sub-zero service is clearly insufficient. Available 
published research focuses on dissimilar high-Mn steels and low-alloy 
steels. There are, however, a small number of researchers who have 
studied and published their work related to the weldability of high-Mn 
steels and for other applications. From this standpoint, it is possible to 
build benchmark data on the dissimilar high-Mn steels. 
 
The objective of this study is to identify different microstructural 
behaviours and parameters that are involved in the welding of 
dissimilar grades of high-Mn steel and analyse them so as to distinguish 
the effects of each of the welding procedure parameters on the welded 
joint microstructure and later on the life of the welded joint. 
 
A critical analysis of relevant data is conducted for the welding of high-
manganese steel and it includes critical experiments and published 
research with pertinent results. The data were compared with other 
weld metals, whose similar alloyed elements and other characteristics 
were thoroughly analysed. This cross-analysis allowed to collect 
parameters and factors that can be implemented for dissimilar high-Mn 
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welding. The current study deals with different dissimilarity categories 
such as dissimilar welding (welding two metals of different 
compositions together) and a dissimilar filler metal (welding similar 
base metals with a dissimilar filler wire). 
 
The need to weld dissimilar steels is increasing, and welding dissimilar 
high-strength steels is expected to grow sharply in the next ten years. 
Therefore it is relevant to investigate and provide a solution to control 
mismatches in the welded joint. This study lays the groundwork to give 
greater clarity and understanding of the specific case of high-Mn steels. 
 

 
 

Fig. 1 Ductility of structural steel compared to its strength (Total 
Materia, β007) 

 
CHALLENGES IN WELDING DISSIMILAR HIGH-
MANGANESE STEELS 
 
Increasing the manganese content in steel can produce improved 
mechanical and physical properties. However, it can result in 
complications for the weldability of these steels. There is a high risk of 
Mn evaporation during high heat input welding. In addition, a brittle 
component can be formed at the fusion and at the interface of the fusion 
line. More importantly, there is a high risk of hot cracking at the heat-
affected zone because of the segregation of alloying elements. As a 
consequence, intense research has led to the third generation of high-
strength steels with a medium manganese content. There are basically 
two types of alloy concepts for high-manganese steels: an Fe–Mn–C 
alloy with a high C content of up to 0.7 wt% and a lower density Fe–
Mn–Al–Si alloy with a significantly smaller carbon content. Both 
approaches have manganese as the principal alloying component, with 
its content varying from 15 to γ0 wt%. The Fe–Mn–Al–Si alloys also 
vary in their Al and Si content, with their shares between β and γ wt% 
of the lightweight buildup quality of these metals. (Brüx, et al., β00β) 
 
Adding manganese to steel aims to stimulate solid solution 
strengthening, enable grain refinement throughout hot rolling by 
reducing the けsg  transformation temperature (Barbaro et al., β008) 
and, as can be seen in Figure β below, with a lower carbon equivalent 
(CET : Which carbon equivalent in the standard EN 1011-β:β001), 
significantly increase steel strength and hardenability. By reducing the 
Mn concentration, steel loses its initial attributes and therefore Mn 
should be associated with some other chemical alloy or a combination 
of alloys, to guarantee the needed stages of hardenability and 
strengthening, without weakening other properties. Williams (β008) 
suggested that in case the Mn concentration is low, it could be 
substituted to some extent with Cr plus adding some other micro-
chemical compound such as V, Ti, Nb or B, to reach the optimal 
properties of the steels. This difference in CE (Fig. β) reveals the 

disparity and the degree of variance which could occur in welding of 
dissimilar metals. It shows particularly the importance of using heat 
input preheating welding frame and various calculation tools of 
checking the weldability of steels such as the CE, Schaeffer diagramme 
and Graville diagramme. 

 
 

Fig. β Increase in yield strength of low manganese Q&T wear and 
structural grade compared to conventional high-manganese Q&T 

grades for a given CET value (Williams, β008) 
 

The Fe–Mn–Al system provides a serious alternative to supplant 
components to Ni and Cr based steels. Fe–Mn–Al steels are lighter and 
inexpensive compared to Ni and Cr based steels. Moreover, they have 
attractive mechanical and corrosion resistant properties. Many alloying 
approaches for hig-Mn steels have been developed with alloying 
elements. The effects of their addition are described in Table 1; the 
most popular alloys are based on the Fe–Mn–C (Bouaziz et al., β011) 
or Fe–Mn–Al–Si (Frommeyer et al., β00γ; Grässel et al., β000; 
Altstetter et al., 1986) systems. These two alloying systems are not 
corrosion resistant. More recent studies have dealt with corrosion 
resistant TWIP steels based on the Fe–Mn–Cr–C–N system (Mujica 
Roncery et al., β010). Although the latter alloys exhibit the same 
advantages with respect to plasticity and electrochemical corrosion 
resistance, adding notable quantities of nitrogen leads to extra 
challenges. Al stabilises the ferritic phase and offers the quality of 
stainlessness. Mn stabilises the austenitic phase, which is essential to 
achieve good mechanical properties at several temperatures. Also, C 
increases the stability of the austenitic phase if its content does not 
exceed 1%, since a higher quantity decreases the oxidation resistance. 
During dissimilar welding, in addition to the structure gained during 
thermomechanical transformation, adding chemical elements is 
essential for their influence on the properties of these steels. A clever 
selection of welding parameters will aim to ensure balance in the 
welded joint. 
 
A suitable portion of the various alloying elements is therefore required 
so that the expected result in the toughness and tensile strength of the 
welded joint is achieved despite mismatches in the base metal (BM), 
heat affect zone (HAZ) and weld metal (WM). In welding dissimilar 
high Mn-steels, portions of these alloying elements can vary 
significantly in base metals. The risk of exceeding the limits required 
for the formation of alloys can occur during weld pool mixing. It is 
essential to find a solution to prevent the excess alloy content which 
can lead to poor weld microstructure during cooling. A consumable 
electrode is being developed for the mismatch control of welded joints 
obtained with fusion arc welding. 
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Table 1 Effects of different elements  
 

Element Pros Cons 

Al 
(Aluminium) 

Forms a protective 
layer of alumina , i-
martensite 
refinement, け-
stabilizer, g-stabilizer 
upon solidification 
but け-stabilizer upon 
deformation. 

Forms FeAl and FeγAl 
which will lower the 
ductility  

C (Carbon) 

Stabilises austenite , 
け-stabiliser, solid 
solution strengthening 
austenite 

Carbides may form at 
temperatures higher than 
500 °C  

Mn 
(Manganese) 

Stabilises austenite , 
け-stabiliser, solid 
solution strengthening 
austenite 

The high Mn content will 
result in the formation of 
く-Mn that lowers 
ductility  

Si (Silicon) 

Improves the 
formation of alumina 
layer , i-martensite 
refinement 

Hinders the continuity of 
the alumina layer  

Ni (Nickel) Stabilises austenite  
Expensive, and lowers 
the uniformity of the 
protective layer  

Cr 
(Chromium) 

Increases corrosion 
resistance and 
nitrogen solubility 

A carbide former (greater 
than manganese); the 
austenitic stabiliser effect 
of Mn: Mn<CrsFerrite 
former, 
Mn>Crsaustenite 
stabiliser 

B (Boron) 
Hot ductility, 
hardenability without 
loss of ductility 

Very sensitive to oxygen 
and nitrogen 

Ti 
(Titanium) 

Hot ductility, 
increases 
effectiveness of boron 
on hardenability 

High risk of TiN nitride 
if associated with N 

N (Nitrogen) 
け-stabiliser, solid 
solution strengthening 
austenite 

High levelsserious loss 
of ductility (N<0.β0%) 

 
MISMATCHES AND FILLER WIRE  
 
Because of their differences and the consequences related to the type of 
the welding process, mismatches in the welded joint characteristics are 
an essential factor for the life cycle of a welded infrastructure. In the 
case of dissimilar welds, it is beneficial to apply efficient matches or 
mismatches to enhance the strength of these types of joints. 
 
The use of a consumable electrode is effective in welding dissimilar 
metals as well as similar metals. In general, two types of manganese 
steel filler wires are used. Both have a similar chemical element as the 
base metal but with extra elements that preserve the toughness of the 
weld without quenching. Known as the nickel manganese electrode, the 
Fe–Mn–A electrode can contain γ–5% nickel and 1β–14% manganese. 
The carbon concentration is lower than with normal manganese ranging 
from 0.50–0.90%. The use of this filler wire will result in a tough 
deposit because of the rapid cooling of the weld metal. The second type 
electrode is a molybdenum-manganese steel (Fe–Mn–B). This electrode 
contains 0.6–1.4% molybdenum instead of nickel. This electrode 

represents dissimilar welding of manganese steel itself or to carbon 
steel. Dissimilar filler wire stainless steel electrodes can be applied to 
welding manganese steels or with dissimilar welding to carbon and 
low-alloy steels. The 18-8 chromium–nickel and β9-9 nickel can also 
be used. Unfortunately these fillers are not the first choice because of 
their price being higher than that of manganese steel filler wires. (Total 
Materia, β006) 
 
Keil et al. (β011a) investigated the weldability of high-Mn steels and 
compared the effect of different filler wires with different base metals 
on the mechanical properties. Figure γ shows the lap shear strength of 
different high-Mn steels welded with different filler wires. The 
manganese content of high-Mn steels ranges from β5 wt% in FeMn-1 
to 15 wt% in FeMn-γ. The high-Mn steel base metal mentioned in this 
study and designated as FeMn-1, FeMn-β, FeMn-γ and FeMn-4 are 
presented along with the chemical elements in Table β. The G 18 8 Mn 
(ERγ07) referred to as FMγ is a crack-resistant wire for welding 
dissimilar steels as well as manganese-alloyed steels. The chemical 
composition for the filler metals is provided in Table β. It can be seen 
from Figure γ that a same filler wire provides a different lap joint shear 
strength for any given base metal. Better results are obtained with a 
low-manganese electrode when the base metal has a higher Mn content, 
and as the Mn content decreases, a higher Mn content seems to provide 
better results. 
 

 
 

Fig. γ Lap shear strength of the lap joints (Keil et al., β011a) 
 
PRE AND POST-HEAT TREATMENT 
 
One fundamental problem with heat treatment in dissimilar metal 
welding is the differences in the coefficients of thermal expansion. The 
issue can be addressed in several ways. A better knowledge of metals to 
be welded is essential to find a compromise for pre-heating and 
controlled cooling control. Figure 4 shows vickers microhardness 
results at the grain boundaries and across the austenite grain .The 
values of 180 HV to β10 HV were found from cast Hadfield steel 
cooled in water. These results were lower than homogenized Hadfield 
steel values (Curiel- Reyna et al., β014). 
 
Insufficient attempts have been made in the past to enhance the 
mechanical properties of welded TRIP steels by changing weld thermal 
cycles. Cretteur & Koruk (β00γ) tried to improve the weldability of 
four TRIP steels by in-situ pre and post-weld heat treatment during spot 
welding. Evaluating the effect of heat treatment on the spot welding 
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procedure by adding pre-heating and post-heating with reduced holding 
time revealed that the TRIP steels are subjected to interfacial cracking 
and that the carbon content of the steel significantly impacts on 
weldability. In addition, Kim et al. (β001) tried to optimise the spot 
welding parameters by conducting several experiments by varying the 
welding current, time and force. The findings propose optimum 
welding conditions to achieve the required weld properties and to 
enhance the mechanical features of welded steel.  
 
Post-heat treatment after welding as a continuation of pre-heat and 
inter-pass temperature is not usually required for C–Mn steels unless 
the carbon and manganese reach critical concentrations that lead to an 
increased risk of hydrogen cracking. Trial procedures are required, and 
post-heat treatment should be applied when the carbon equivalent (CE) 
exceeds 0.6%. Steel stress relief is the most frequently applied post-
weld heat treatment for high-manganese steels. (Croft, 1996) 
 
Steels with a high manganese content do not require post-heating for 
fusion welding, even though some experiments above show a 
substantial improvement in the weld properties. Therefore, as regards to 
dissimilar welding, the base metal requires a higher heat input in order 
to ensure balance. 

 
Fig. 4  Vickers micro-hardness (0.98 N load) at the grain boundary and 

austenite grain (Curiel- Reyna et al., β014)
 
Table β HMnS base metal and tested filler wires 

 
Base Metal 

HMnS Name C Mn Al Si P S Fe 
X5MnAlSiβ5-γ-γ FeMn-1 0.08 β4.6 β.95 β.71 <0.001 0.0100 balance 

Xγ5MnAlSiβ5-γ-γ FeMn -β 0.γ0 β4.7 γ.β0 β.95 <0.001 0.00γ8 balance 
X70MnAlSi15-γ-γ FeMn -γ 0.68 15.6 β.51 β.54 <0.001 0.004β balance 
X60MnAl18-1.5 FeMn -4 0.59 17.8 1.γ8 0.ββ 0.0γ6 0.0008 balance 

X0.6MnAlSiγ1-γ-γ FeMn -5 0.005 γ1 γ.1 β.9 <0.001 0.01β balance 
Filler Wire 

Filler wire 
思 (mm) C Mn Si Cr Ni Mo V Al Fe structure Type Name 

- FM1 1.0 0.48 β1.6γ 0.β5 0.04 0.04 - - - balance fcc 
DZ01 FMβ 1.β 0.β9 16.80 0.1β 0.1β - - - - balance fcc 
ERγ07 FMγ 1.0 0.08 7.00 0.80 19.00 9.00 - - - balance fcc 

 
 

CASES STUDIES AND APPLICATIONS 
 
This section focuses on the key features of high-Mn welding steels and, 
therefore, can provide a benchmark for the dissimilar welding of these 
steels. The analysis focuses on the vaporisation of manganese at the 
fusion zone, the effects of dilution, the segregation of the essential 
components and finally the mechanical properties. 
 
Many different types of high-manganese steel have been developed, but 
15Mn and 18Mn type steels have been completely welded with 
MMAW (Manual Metal Arc Welding), GMAW (Gas Metal Arc 
Welding) and EBW (Electron Beam Welding). Welding filler wires 
have been developed for MMAW and GMAW (Matsuda, 1987). The 
main problem with these steels is hot cracking. The effect of 
phosphorus on hot cracking is higher than that of sulphur in 0.7C–

15Mn–1Ni steel. Decreasing P to less than 0.015% prevents the hot 
crack sensitivity of these steels in 0.008–0.01% S. (Matsuda, 1987) 
 
Evaporation of manganese in the fusion zone 
 
As indicated above, the composition of alloy elements over the 
complex mechanism of cooling and thermomechanical processing is the 
basis for improving the properties of new steels exceptionally rich in 
manganese. Any factor with the tendency of reducing or eliminating 
alloying elements is considered to be detrimental to the weld joint. 
 
Mujica et al. (β011) studied the development and characterisation of 
novel high-Mn steels. In comparison with continuous laser welding 
(CL), pulsed laser welding (PL) and GTGW, a loss of manganese by 
evaporation was detected only in the pulsed laser weldments. This is a 
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consequence, on the one hand, of the high vapour pressure of 
manganese at the temperature of 1β00 °C, being in the order of 1 mm 
Hg (1γγ Pa) (Kou, β00γ). On the other hand, the pulse provides 1.1 kW 
in 4 ms, even though the average power of pulsed laser is lower than 
that of the other two welding methods. This amount of energy provided 
in such a short period of time is responsible for the evaporation. 
 
The evaporation of manganese can be impeded by the pressure of the 
shielding gas and a good coverage of the pool. This is best achieved if 
the bead is kept narrow. Argon is recommended but mixtures of argon 
and helium raise the arc temperature to more than 10000 °C and are not 
recommended. It is essential to retain the content of N and Mn. (Berns 
et al., β01γ) 
 
Mujica et al. (β009) reported the Mn contents in atomic percentage with 
respect to the distance as shown in Fig. 5 with the FZ highlighted in 
grey. There is a small tendency of a decreased Mn content in the FZ. 
While the average value is β4.β6 at.%, the content in the FZ is ββ at.%. 
To remedy this, there should be a combination of several actions. In a 
welding process that generates heat-reduced heat input or at least highly 
controlled heat input, the use of shielding gases that do not promote 
evaporation of alloy elements and finally for the case of dissimilar 
welding ensure that the welding condition of the base metal is not to the 
detriment of the other. 

 
Fig. 5 Line profile across welding of Mn content measured with EDX 

(Mujica et al., β009) 
 

Dilution effect 
 
Dilution is the inevitable mixing of the base material and the weld 
metal deposit when welding. The objective is to keep the dilution as 
low as possible to obtain the optimum properties in the hard-facing 
deposit. (Grajcar et al., β014; Chen et al., β01γ). Mújica et al. (β01β) 
studied the welding of high-Mn steel TWIP and low-manganese steel 
TRIP. Bands of g-martensite were found to be responsible for rupture 
in the FZ during tensile tests. This result has been confirmed by Keil et 
al. (β011b) who investigated the hot cracking of novel high-Mn steels 
(TWIP). The cracks occurred longitudinally in the welding direction on 
the underside of the lower sheet, but the analysis of the cross-sections 
revealed a different behaviour. In contrast to the welds with the Fe-Mn 
filler metal, the cracks were clearly filled with weld metal (Fig. 6). One 
possible method of counteracting the problem of dilution is to weld the 
sheets asymmetrically with respect to the TWIP steel. This minimises 
the dilution effects arising from the second material with a lower alloy 
content. Furthermore, a smaller heat input can be applied due to the 

lower melting temperature of the high-manganese steel (T liq= 1γ50–
1400 °C) compared to other structural steels (T liq ≥ 1500–15β5 °C) 
used for car bodies. 

 
 

Fig. 6 Optical micrograph of the HAZ of FeMn-4/G 18 8 Mn with filled 
cracks (b) SEM micrograph of the area around the fusion line. Note the 

difference in magnification. (Keil et al., β011b) 
 

Segregation 
 
Macro-segregation in dissimilar welds can be defined as located 
regions of segregated compounds which are bigger than the scale over 
which micro-segregation occurs. This micro-segregation occurs over 
the scale of the dendrite arm or cell arrangement (Kou, β00γ). Micro-
segregation necessarily occurs because of the solidification process in 
fusion welding. It is present in the weld fusion zone in the fusion 
welding of dissimilar metal or using a filler wire different in its alloy 
elements from the base metal. Mujica et al. (β010) showed that the 
elevated manganese concentration in TWIP steels affect Mn chemical 
segregation during the solidification of the weld.  
 
Saha et al. (β011) investigated the microstructure of fusion zones 
welded of high-manganese steels. The specimen metals contain 0.6% 
C, 18% Mn and 1.5% Al with small alloying components. When 
analysing the segregation at the microstructure of the fusion zone, it 
was found that Mn is segregated in inter-dendritic areas while Al 
segregated at dendritic areas. These microstructural analyses confirm 
that the crack in the HAZ of spot welded joints relates to liquation 
cracking, which confirms the findings of Mujica et al. (β010). The 
sources of liquation cracking are related to grain boundary segregation 
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motivated by the melting of boundaries near the weld. Figure 7 shows a 
crack resulting from extreme heat input and element segregation. 

 
 
Fig. 7 Microstructural changes from the base metal to the centre of the 
weld nugget via optical microscopic HAZ liquation cracking in lower 

magnification (10X) (Saha et al., β011) 
 

Weld properties 
 
Weld properties depend on the fusion of different metals and the 
resulting microstructure after cooling. Weld metal dilution would 
primarily be a concern when high-Mn steels are joined with dissimilar 
materials. (Ding et al., β006) For example, Mujica et al. (β010) reported 
that laser welding a fully austenitic TWIP steel with a low-Mn TRIP 
steel resulted in the formation of martensite bands in the fusion zone. 
The average grain size increased in the vicinity of the fusion zone, up to 
40–50 たm in the TWIP steel, which illustrates that the austenitic grains 
tend to be dissolved as the steel melts (Spena et al., β01γ). Figure 8 
shows the results from hot crack investigations in the PVR test, the type 
of initial hot crack in addition to the critical tension speed. Among the 
Fe–Mn steels, the FeMn-γ is characterised by the highest tendency 
towards hot cracks. (Keil et al., β011b). 
 
According to Spena et al. (β015), as reported in previous studies 
concerning the dissimilar arc welding of TWIP steels, even the laser 
welding of TWIP steels with low-carbon steels (alloyed and non-
alloyed) is not recommended without the use of a proper filler metal to 
avoid the formation of brittle martensite within the fusion zone. The 
ultimate tensile strength after laser welding of the TWIP/ββMnB5 was 
about β0–γ0% lower than the one previously found after MAG welding 
(Spena et al., β01γ). 

 
 

Fig. 8 Results of the PVR test (Keil et al., β011b) 
EFFECT OF WELDING PROCESSES ON THE DISSIMILAR 
HIGH-MANGANESE STEELS 
 
Mújica et al. (β01β) reported that bands of g-martensite were found to 
be responsible for rupture in the FZ during tensile tests. One possible 
method of counteracting the problem of dilution is to weld the sheets 
asymmetrically with respect to the TWIP steel. This minimises the 
dilution effects arising from a second material with a lower alloy 
content.  
 
The heat input during welding affects the weld joint. This is particularly 
important for dissimilar welds. The correlation between the source and 
the heat input produced is direct. Therefore, an optimised welding 
process enables the achievement of satisfactory results. Studies have 
been insufficient despite the importance of the issue. This may be due 
to the cost of required experience associated with the welding 
equipment. From the data of the study carried out by Mujica et al. 
(β01β) and plotted in Figs 9 and 10, it can be noted that the welded 
joint and the welding process affect the weld quality regardless of the 
joint type and the type of the electrode used. 
 

 
Fig. 9 Comparison of the efficiency ratio, welding joint type and HMnS 

from FM1 of GMAW processes 

 
 

Fig. 10 Comparison of the efficiency ratio, welding joint type and 
HMnS from FMβ of GMAW processes 

 
Ueji et al. (β015) compared friction stir welding and TIG when welding 
TWIP steel. The chemical composition of the TWIP steel was 6β.98Fe–
γ1.0Mn–γ.1Al–β.9Si–0.005C–0.004N–0.01βS. Ultra-grain refinement 
was attempted by cold-rolling with a large reduction and post-
annealing. The as-received sheets were cold-rolled to a reduction of 
88%. The thickness of the cold-rolled sheet was 1.5 mm. The cold-
rolled sheets were subsequently annealed at 6β0 oC for 1.8 ks. The 
annealed samples were butt-welded along the rolling direction (RD). 
The hardness profile along the TD of the samples after FS welding and 
TIG welding are shown in Fig. 11. The hardness of the base metal is 

166



 

β70 Hv. Concerning the profile for TIG welding, the hardness around 
the weld centre is lower than that of the as-received samples (170 Hv). 
On the other hand, in the profile for FS welding, the hardness around 
the weld centre remains at the same level as that of the base metals with 
an ultrafine grain microstructure (β70 Hv). These results indicate that 
FS welding is the preferable process to obtain joints with a good 
hardness balance between the base metal and the weld centre. (Ueji et 
al., β015) 

 
Fig. 11 Hardness profiles of FSW/TIW welded joints of TWIP steels 
88% cold-rolled and annealed at 650 oC for 1.8 Ks (Ueji et al., β015) 

 

COMPARATIVE DISSIMILAR HIGH-MANGANESE STEEL 
COMBINATIONS 

 
This section presents a comparison table of specimens studied in this 
research. The specimens are of two main types of alloy concepts for 
high-manganese steels: an Fe–Mn–C alloy with a high C content of up 
to 0.7 wt%, and a reduced density Fe–Mn–Al–Si alloy with a 
considerably lower carbon concentration. Both concepts have 
manganese as their main alloying element, with concentrations between 
15 and γ0 wt%. The Fe–Mn-Al–Si alloys also vary in their Al and Si 
concentrations, which each contribute from β to γ wt% to the 
lightweight construction potential of these materials. (Gräßel, β000) 
 
The quality of the dissimilar weld greatly depends on adding chemical 
elements in the base metals and the consumable electrode if required. 
Table γ below is a comparative synthesis which illustrates the risk with 
high-manganese steel of the base metal to which the quality of the 
dissimilar weld is subjected when welding with or without an electrode. 
The highlighted diagonal in the table illustrates welding between 
similar metals with a dissimilar electrode composition. These 
combinations differ in welding with different base metals, which 
include two possible cases: welding with a compatible electrode or 
welding without a consumable electrode. In both cases it is necessary to 
take account of the chemical composition and the specifications of each 
metal part of the weld joint. 
 

Table γ GMA welding efficiency rate comparison 
 

 FeMn-1 FeMn-β FeMn-γ FeMn-4 FeMn-5 
FeMn-1 a) Crack-resistant wire 

Filler Cr eq> BM 
Ni eqsbetween High Mn 
steels and low-alloy 
Cr eq and Ni eqsaustenitic 
solidification 
 

a) Very close content of Mn,, 
the filler wire shoud have 
lower content 
Lower Carbon content than 
FeMn-β 
Risk of FeAl and FeγAl 

a)9% Mn lower than FeMn-γ 
CE of filler wire should be 
average of both base metals 
Risk of carbides 

a) 6,8 % Mn lower than 
FeMn-γ 
The carbon content is low 
Slightly high P in FeMn, risk 
of crack 

a)6,4% Mn lower than 
FeMn-γ 
Carbon content is very low 
Low risk of carbides 
Slightly high S but little risk 
of crack 

b)High risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)Risk of IMC (MγC, MβγC6, 
M5Cβ, M7Cγ) 

FeMn-β  a) Crack-resistant wire 
Filler Cr eq> BM 
Ni eqsbetween High Mn 
steels and low-alloy 
Cr eq and Ni eqsaustenitic 
solidification 
 

a)6,8% Mn lower than 
FeMn-γ 
CE of filler wire should be 
average of both base metals 
Risk of carbides 
Require low Mn filler wire 

a)6,9% Mn lower than 
FeMn-4 
CE of filler wire should be 
average of both base metals 
Risk of carbides 
Require low Mn filler fillet 

a)6,γ % Mn lower than 
FeMn-γ 
The carbon content is low 
Slightly high Si in both base 
metals 
The content in the filler s 
affect aluminium layer 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)High risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

FeMn-γ  a)Crack-resistant wire 
Filler Cr eq> BM 
Ni eqsbetween High Mn 
steels and low-alloy 
Cr eq and Ni eqsaustenitic 
solidification 
 

a)Very close content of Mn,, 
the filler wire should have 
lower content 
CE of filler wire should be 
average of both base metals 
Risk of carbides 

a)Mn of FeMn-5 Almost 
double of FeMn-γ 
Risk of FeAl and FeγAl 
Compatible filler for FeMn-γ 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

FeMn-4  a)Crack-resistant wire 
Filler Cr eq> BM 
Ni eqsbetween High Mn 
steels and low-alloy 
Cr eq and Ni eqsaustenitic 
solidification 
 

a)Mn of FeMn-5 Almost 
double of FeMn-γ 
Risk of FeAl and FeγAl 
Compatible filler for FeMn-γ 
b)Higher risk of IMC (MγC, 
MβγC6, M5Cβ, M7Cγ) 

FeMn-5  a) Crack-resistant wire 
Filler Cr eq> BM 
Ni eqsbetween High Mn 
steels and low-alloy 
Cr eq and Ni eqsaustenitic 
solidification 
 

a)With filler wire, b) Without filler wire                        same base metal                       different base metal 
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CONCLUSIONS 
 
This study proposed to make a critical analysis of experiences with 
high-manganese steels. The objective was to evaluate the dissimilar 
joint made with similar base metals and a dissimilar electrode or 
dissimilar base metals and a compatible electrode. In view of the data 
collected in this study the following conclusions can be drawn. 
 
The optimum welding application of new high-Mn steel concepts 
necessitates a full understanding of the basic physical phenomena that 
govern their manufacturing and properties. New design concepts for 
modern high-manganese steels are the combination of different 
deformation mechanisms in new austenitic steels with high Mn 
contents by regulating the piling fault energy. The processing of these 
new steels involves specific parameter control during heat treatments, 
and the characterisation of their structures requires modern 
investigation tools.  
 
The high hot cracking susceptibility exhibited by the novel high-
manganese content steels requires the employment of suitable 
technological and structural measures in component manufacturing in 
order to limit the dilution to the point and especially to prevent the 
vaporisation and the segregation of alloying elements at the interface of 
the fusion line. 
 
To minimise the impact of welding on the mechanical properties with 
respect to the unaffected base material, it is beneficial to consider the 
following: fusion welding with low instantaneous energy input, 
asymmetric welding or use of a filler material for dissimilar TWIP to 
low-alloy steel joints, and micro-alloying to precipitate MX particles 
which can hinder grain growth in the HAZ and FZ.  
 
Controlling the heat input is very important when welding steels with a 
high content of manganese, as the risk of vaporisation is very high for 
manganese. Therefore, the possibility of controlling the heat input is 
very significant for the welding of similar metals, and it is even more 
crucial in welding dissimilar high-Mn steels as they may have different 
needs in energy input for their weldability. Controllable technologies 
with less heat input, optimised parameter control and orientation are 
ideal candidates for the dissimilar welding of steels with a high 
manganese content. 
 
The dissimilar welding of high-manganese steels when using 
consumable electrodes, requires the evaluation of hot cracks. This study 
found that the percentage of alloying elements significantly influences 
the control of effects related to cracks. It should be noted that the 
manganese concentration should be less in the consumable electrode 
than in the base metal and the high-manganese content electrode does 
not properly fill the cracks. 
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