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ANOTĀCIJA 

Promocijas darbā “Aizsarggāzes ietekme uz metināšanas procesu un šuvi augstas 
izturības tēraudu pusautomātiskā metināšanā” pētīta aizsarggāzes ietekme uz augstas 
izturības tēraudu (650 MPa) metināšanas procesu un sametinātās šuves ķīmiskā sastāva 
un mehānisko īpašību (cietības) izmaiņām. Pamatota leģējošo elementu (Mangāns un 
Niķelis) un cietības parametru noteikšanas modeļa izvēle. 

Veicot eksperimentālus mērījumus, iegūta principiāla teorijas un eksperimentu 
sakritība. Noteikta optimāla augstas izturības tēraudu metināšas tehnoloģija pie 
strūklveida pārneses metināšanas režīmiem. 

Promocijas darbs ir uzrakstīts angļu valodā un satur 71 lappusi, ievadu, 3 nodaļas, 
secinājumus, informācijas avotu sarakstu, 6 pielikumus, 9 tabulas un 48 attēlus.  
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ABSTRACT 

The influence of shielding gas on the welding process of high-strength steels (650 
MPa) and changes in the chemical composition and mechanical properties (hardness) 
of welded seams is studied in the dissertation “Effect of shielding gas on the welding 
process and weld in semi-automatic welding of high-strength steels”. The choice of 
model for determination of alloying elements (Manganese and Nickel) and hardness 
parameters is justified.  

By performing experimental measurements, a fundamental coincidence of theory 
and experiments was obtained. Optimal welding technology for high-strength steels has 
been determined for jet transfer welding modes. 

The thesis is written in English and contains 71 pages, introduction, 3 chapters, 
conclusions, a list of information sources, 6 annexes, 9 tables and 48 figures. 
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USED SYMBOLS AND TERMS 

A – welding current in Amperes; 

V – welding voltage in Volts; 

m / min - melting electrode wire feed rate; 

CO2 - Carbon dioxide; 

O2 - Oxygen; 

Ar - Argon; 

Mn - Manganese; 

Ni - Nickel; 

Shielding gas - a mixture of gases containing Argon, Carbon dioxide, as well as 
Oxygen, which provides protection of the weld from the influence of the environment 
during the welding process; 

Low-alloy high-strength steel - Steel in which the composition of the alloying elements 
does not exceed 2.5% and its minimum yield strength is reached at 450-750 MPa; 

Welding pool - an area created by metal and a melting electrode during welding, where 
the metal is in the liquid phase; 

High welding parameters – welding current increased between 265A to 365A that 
insures the welding wire transfer in spray-arc mode. 

Spray arc - a mode of transformation of a molten electrode from a solid phase to a liquid 
before it comes into contact with the molten base material; 

Penetration - the shape and depth of the newly formed weld in the base material of the 
molten and then hardened metal alloy; 

MAG (Metal Active Gas) - fusion electrode welding in an active shielding gas 
environment; 

HAZ – heat affective zone, which reflects the area of the base metal that has not been 
melted under the influence of the electric arc, which has been exposed to high 
temperatures and as a result its physical and structural properties have changed. 
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INTRODUCTION 

Steel production has been a very important field of manufacturing during last 
centuries. A lot of technologies have been used and implemented to join two metal parts 
together to make a complete construction. One of these technologies is welding. 

Welding have taken a very important part in steel manufacturing during the second 
part of 20th century.  Therefore, a lot of different welding technologies have been 
implemented each one differing from each other by their properties and application. 
Today most widely used technology in steel construction manufacturing is Metal 
Active Gas welding (MAG) because of its flexibility and fast welding speed. 

There are several factors that influence processes in MAG welding. Steel properties 
and chemical content is the main component that is observed if looking on weldability 
of metals. The filler material that is used in MAG welding can make an influence on 
the process, equipment behavior, spatters and welding joint properties. One of the most 
important components in the welding process is shielding gas but it is not considered 
as an issue sometimes as its main task is to prevent an oxygen to get into the welding 
zone.  

There have been developed different kind of shielding gases for mild steel welding 
during last half of 20th century. The first one shielding gas that was used in MAG 
welding was CO2 that was implemented by Lyubavski and Novoshilov in 1953. Almost 
10 years later in 1960s as small amount of oxygen was mixed with CO2 that helped to 
provide a spray-type arc transfer. It took ten years till the new generation of shielding 
gases was made as new technologies like on-board computers, robots and highly 
sophisticated electrodes were implemented in MAG welding processes [1].  

There are different mixtures of gases available in the market today and sometimes 
it’s hard to decide which one should be used in the welding processes. This paper will 
include an analysis of the latest researches in field of shielding gases influence on MAG 
welding process. A short overview of the latest welding equipment used in MAG 
welding and how it influences behavior of shielding gases in the MAG process. 

Not only shielding gases has changed through the years. There are also have been 
invented different materials that are used in steel production and nowadays they are 
becoming more available. Many steel production companies are looking for the ways 
how to make their constructions lighter and still durable and reliable. Therefore, 
different new materials with higher yield stresses are implemented in steel production. 
Ass these materials are high alloyed steels the welding process is becoming more 
complicated comparing to usual steel grades like S235 and S355. 

There have been done a few researches about the welding processes of high alloyed 
steels. Many of these researches have been made about the filler materials and their 
influence on the welding joint. Only few researches were about the influence of 
shielding gas on the welding process and the joint of the high strength steels. A lot of 
researches have also been made using the short-arc welding process and its influence 
on welding joint. A spray-arc process and its influence will be researched in this 
investigation as well as the instructions will be provided how to weld the high strength 
steels correctly with less or no defects. 
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Actuality of the topic. 

Welding of high-strength steels is becoming more important in modern production. 
These materials allow to reduce the weight of structures with a minimal increase in 
costs. Semi-automatic gas shielded welding (MAG; Metal-Active-Gas) is widely used 
in the production of steel constructions. One of the main tasks during this process is not 
to lose the mechanical properties of the material. As metallurgical processes take place 
in the weld during welding - melting of the metal, change of the composition of 
chemical and alloying elements, re-formation of the metal micro structure as the metal 
cools down. These processes are significantly influenced by the used consumables, 
shielding gas and chosen welding parameters. 

Many investigations till nowadays has focused on the short-arc welding of low-
alloy steels (235 - 355MPa) with wire transfer in the form of droplets. As a result, 
slower seam formation occurs and the thermal effect or heat input to the weld is higher. 
On the other hand, changes in alloying materials as well as the mechanical properties 
of the material are not significantly affected. These studies also highlight the influence 
of shielding gas on welding process. Many studies suggest a mixture of 25% CO2 
(Carbon Dioxide) with Ar (argon) as one of the best mixtures [5], [14], [29], [31]. 
Similar studies have been performed on the welding of very high strength steels (890 - 
1000 MPa) [38], [40], [42], [43]. These studies emphasize that shielding gas mixtures 
with a lower CO2 content with Ar give better results. Some of these studies have been 
performed by welding with welding parameters that ensure the spray-arc transition of 
the melting electrode. This allows you to increase the welding speed, reduce heat input. 
As a result, the formation of the welding seam and metallurgical processes take place 
faster, the arc temperature rises, the molten material becomes more liquid, the seam 
formation process is not so easy to control [14]. However, the increased presence of 
CO2 in the shielding gas and during welding increases the possibility of short-circuiting, 
which can result in the burning of significant alloying materials. This can lead to a 
deterioration of the mechanical properties of the weld, which can become the weakest 
point in the structure. 

Analyzing the research carried out in recent years, it was concluded that there is a 
lack of research on welding of low-alloy, high-strength steels (420-850MPa). These 
materials are increasingly used and in demand not only in Latvia, but also in other 
markets. Therefore, it can be concluded that the study on the welding of low-alloyed 
high-strength steels and the effect of shielding gas on the process is actual. In recent 
years, welding equipment manufacturers have been offering high-capacity and high-
performance equipment on the market, enabling companies to increase production 
capacity by increasing welding parameters. Therefore, the study of high welding 
parameters and welding in the spray-arc transfer mode and their effect on the 
mechanical properties of the welding joint is also very important. 

Hypothesis. 

 In MAG with spray-arc transfer welding of low-alloy high-strength steels (420-
850MPa), the hardness of the welded joint material decreases due to the increase of 
CO2 content, as well as the addition of O2. Based on this assumption, a study was 
conducted, which is presented in the Thesis. 
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The aim and tasks of the work. 

The aim of this Doctoral thesis is to investigate and find out the effect of MAG 
welding with spray-arc parameters and shielding gas mixture on the mechanical 
properties, microstructural changes and chemical composition of welded compounds in 
low-alloy high-strength steels. As a result of the research, it is planned to develop a 
mathematical model that would help to predict the mechanical properties and alloying 
materials like Mn of the welded joint depending on the welding parameters and the use 
of shielding gas. 

Several tasks were performed to achieve the goal: 
1. Research of previous investigations and their analysis. 
2. Welding of samples with different shielding gases, with high welding 

parameters, which ensures the transfer of the melting electrode in spray-arc. 
3. Analysis of visual testing of welded specimens, of the chemical composition 

and the newly created microstructure of the weld metal. 
4. Examination of the mechanical (hardness) properties of the obtained 

compound. 
5. Develop a mathematical model for predicting mechanical properties 

(hardness). 
6. Approbation of the obtained research results. 

Research methods. 

Qualitative and quantitative research methods were used to achieve the set goals 
and solve the tasks, as well as the technical support of the experiments is listed and 
described. 

In order to ensure the high-quality results of the performed experiments, one of the 
best welding equipment FRONIUS® (Switzerland) was chosen for the tests. One of the 
most recently developed equipment, Fronius®500i, was used for the experiments, 
which ensures the fulfillment of the intended high current parameters, as well as stable 
transfer of the welding electrode, which is an essential condition for this study. It was 
mechanized with a FRONIUS®FlexTrack 45 Pro (Switzerland) welding tractor to 
ensure a stable welding process. For precise selection of welding parameters, the 
application WeldConnect® developed by FRONIUS® was used, with the help of which 
the appropriate welding parameters were selected, which would ensure the transfer of 
the melting electrode in a spray-arc, keeping the setted welding seam size. 

Samples were prepared in such a way that it was possible to perform further 
research of the microstructure of the welded joint, penetration and melting, chemical 
analysis and hardness measurements after the performed experiments. Laboratory 
equipment Texmet 2000 (Italy) was used for sample preparation. The prepared samples 
were then etched with 9% nitric acid. It was then possible to see the shape of the weld 
and further studies and measurements of the welding joint were possible to be 
performed. The size and amounts of pores and other inclusions were determined usin g 
an Axiovert 40 MAT optical microscope (Germany) at 50x magnification. The location 
of the grains of the formed micro-structure and their formation was determined with a 
magnification of 200 times. Using the optical spectrometer HITACHI PMI-MASTER 
Pro2 (Japan), the chemical composition of both the base material and the newly formed 
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weld was determined, after which further work conclusions were made. The hardness 
of the obtained samples was measured with a Mitutoyo Micro Vickers hardness tester 
HM-210D (Japan). 

Statistical methods used in data processing: descriptive / descriptive statistics, 
inferential statistical method used to determine correlations - multifactor regression 
analysis and correlation analysis. The results are displayed in the form of graphs, 
images and tables. 

 Scientific novelty 

 It has been proven that welding shielding gas with a reduced percentage of 
carbon dioxide in Argon provides the properties of the welded material and the 
proportions of the chemical composition more in line with the base material 
when welding with melting electrodes at high welding parameters. 

 A new model has been developed, with the help of which it is possible to predict 
the influence of the selected welding parameters and the percentage of shielding 
gas on the properties of the welded joint. 

 It has been found that the material formed in the thermal impact zone is weaker 
than the base material under the influence of high parameters, or the newly 
formed joint metal contradicts the previously established statement about the 
increased hardness of this zone in the case of welded joints of low-alloy 
structural steels. 

Practical significance. 

The results obtained in the doctoral thesis can be used in steel construction 
companies and production of various metal structures. High-strength steel is one of the 
materials that manufacturing companies tend to avoid without knowing its properties 
and possibilities to process it. Such materials are increasingly being used to facilitate 
construction. While changes in technology other than the processing of low-alloy 
construction steels are leading to the abandonment of orders, which can lead to losses 
due to incorrect production. 

Developing and presenting the obtained results to the companies of the steel 
manufacturing industry, as well as advising them on the possibilities of welding high-
strength steels, would give them an advantage in the processing of such materials. It 
would also make it possible to reduce errors and eliminate the use of inappropriate 
technologies at the beggining of projects. The developed forecasting model is used in 
the production of Green Power Ltd products from high-strength steel (650 MPa), where 
it is necessary to significantly reduce the weight of the structure without losing its 
strength. This is confirmed by letter of Mārtiņš Grantiņš in in Appendix 3. 

In addition, in cooperation with the company Speciāls Elektrods Ltd, which is one 
of the leading distributors of MAG welding equipment Fronius® in Latvia, the study 
has been analyzed. Based on this analyse the solutions are evaluated and offered for 
metalworking companies in welding of high-strength steels. A letter confirming the 
cooperation is presented in Appendix 4.   
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Research results presented for the defense 

Results of experimental studies describing the corolation of the chemical 
composition and hardness of the weld between the welding parameters and the choice 
of shielding gas. In the performed experiments, welding parameters were chosen from 
280A to 320A, but the shielding gas composition was chosen from 8% to 25% CO2 
mixtures with Argon, as well as 5% CO2 and 5% O2 mixture with Argon. With the 
increase of the percentage content of CO2 gas, no significant changes in the alloyed 
elements were observed, as well as in the results of hardness measurements in the 
welded joint. With the decrease of CO2 content, the decrease of alloying materials, as 
well as the decrease of the hardness of the indicated weld material was observed with 
the increase of welding parameters. As a result of the mixture of shielding gases 
containing 5% CO2 and O2, the percentage of alloying elements in the weld was the 
lowest regardless of the welding parameters selected and set. No change or significant 
decrease in the indicated hardness was observed, regardless of the change in welding 
parameters. 

A model developed for predicting the chemical composition and hardness of the welded 
joint, depending on the interaction of welding shielding gas and welding parameters. 
The interaction of the used shielding gas with the selected welding parameters under 
the conditions of spray-arc transfer significantly affects the hardness of the weld 
material. With the help of the developed model it is possible to predict the changes of 
hardness parameters (its stability or decrease) depending on the selected shielding gas 
and welding parameters. 

A methodology developed for measuring and forecasting the strength of a welded joint 
depending on the choice of shielding gas and welding parameters. Using the 
methodology, the measurement results are within the absolute error limits. Using the 
developed methodology, the conformity assessment criteria of the forecasting model 
fall within the limits that indicate the development of a correct model. The methodology 
specifies guidelines for measurement procedures in the range of percentage of shielding 
gases from 8 to 25% CO2 for the mixture, as well as 3% to 7% CO2 and O2 mixture in 
argon, and welding parameters from 260A to 360A. 
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1. LITERATURE ANALYSIS 

There are a lot of researches on the MAG welding process done till today. They 
are mainly devoted to the study of welding processes for structural steels and stainless 
steels. In recent years, steels of other brands have become more and more available, 
which differ in their properties from structural steels - they are more durable and 
resistant to various types of loads. Welding of these high-strength steels may require a 
different approach to welding processes, and the choice of shielding gas can also affect 
both the welding process and the result. 

In order to understand whether and how the choice of shielding gas affects the 
welding of different structures and high-strength steels, an analysis and research of 
various literature sources was performed. In addition to researching scientific 
publications, the technical literature recommended by high-strength steel 
manufacturers in addition to before and after welding was reviewed. Several 
manufacturers of additives have also been looking for the best solutions to ensure a 
successful welding process and result. Therefore, the literature review also included an 
analysis of information from some of the world's most popular raw material suppliers. 
This analysis of the information was supplemented by some studies on the effect of 
additives on the welding process of high-strength steels and the weld. 

1.1. History of MAG welding technology 

Since the second half of the last century, when metal processing developed more 
and more rapidly, MAG welding has become one of the most widely used welding 
technologies, which is currently the second most popular welding process in the world. 
It provides relatively fast and continuous melting of metal and can be done manually, 
mechanized or robotic. 

MAG welding is a semi-automatic or automatic arc welding process in which a 
continuous and consumable wire electrode and a shielding gas are fed through a 
welding gun [1]. 

A constant voltage, direct current power source is most commonly used with 
GMAW, but constant current systems, as well as alternating current, can be used. 

There are four primary methods of metal transfer in MAG: 

 Globular 
 Short-circuiting 
 Spray 
 Pulsed-spray 

 
Each of which has distinct properties and corresponding advantages and limitations 

[2]. 
Originally developed for welding aluminum and other non-ferrous materials in the 

1940s, MAG was soon applied to steels because it allowed to lower welding time 
compared to other welding processes. The cost of inert gas limited its use in steels until 
several years later, when the use of semi-inert gases such as carbon dioxide became 
common [2]. 
 



17 
 

When it was discovered several years later in 1953 that it was possible to use semi-
inert gases such as carbon dioxide in the MAG process, it became widespread and more 
economical, as well as more affordable. Further developments in the 1950s and 1960s 
gave the process more versatility and made it a very widely used industrial process. 
Today, the MAG welding process is the second most common industrial welding 
process. It is preferred because of its versatility, speed, and ability to adapt the process 
to automation and robotics. Especially in the automotive industry, the MAG welding 
process is most often used. Unlike shielding processes that do not use shielding gas, 
such as self-shielding arc welding (welding wire with self-shielding properties), it is 
rarely used outdoors or in other areas with changing conditions. In such cases, shielding 
gas is often not used in the welding process, instead using a hollow electrode wire that 
is filled with alloying element powder inside. [1] 

1.2. MAG welding equipment. 

MAG welding equipment consists of a welding gun, a power supply, a shielding 
gas supply, and a wire-drive system that pulls the wire electrode from a spool and 
pushes it through a welding gun.[2] 

 

Fig. 1.1. Welding gun cross section [2]. 

1) Torch holder; 2) Ceramic (dielectric) insert (shown in white color) with 
threaded metal insert (yellow); 3) shielding gas separator (diffuser); 4) contact 

tip, (5) gas nozzle  
 

The standard MAG welding gun (Fig. 1.1.) has several main parts - a control 
switch, a contact tip, a power cable, a gas nozzle, a wire electrode guide, and a gas hose. 
By pressing the control switch, the welder or operator activates the wire feed 
mechanism, the electrical power supply and the shielding gas flow, igniting the electric 
arc in an instant. The contact tip is usually made of copper, sometimes chemically 
treated to reduce splashes. It is connected to the welding power source via a power cable 
and transmits current to the electrode, directing it to the welding area. The nozzle must 
be firmly fixed and of the correct size, as it must at the same time ensure that the 
electrode moves smoothly while maintaining electrical contact. Before reaching the 
contact tip, the wire travels along a guide with a lining or coating that helps prevent 
bending and maintains a continuous supply of wire. The gas nozzle is used to distribute 
the shielding gas evenly in the welding area. If the flow is uneven, it may not provide 
sufficient protection for the weld. Larger nozzles provide higher shielding gas flow, 
which is useful for high current welding operations where the molten metal weld pool 
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is increased. Gas is supplied to the nozzle through a gas hose connected to a shielding 
gas cylinder. Sometimes the welding gun also has a built-in water hose that cools the 
gun during prolonged welding. The wire feed unit provides continuous supply of 
electrode to the work area by guiding it through the guide to the contact tip. Many 
welding machine models provide a constant speed of wire feed, but in more modern 
equipment, the wire feed speed can vary in response to arc length and tension. Some 
welding wire feed mechanisms can provide feed speeds of up to 30.5 m/min, but 
typically the wire feed speed of a semi-automatic MAG welding machine ranges from 
2 to 10 m/min [1]. 

While simple in principle, a system of accurate controls is employed to initiate and 
terminate the shielding gas and cooling water, operate the welding contractor, and 
control electrode feed speed as required. The basic features of MAG welding equipment 
are shown in Fig. 1.2. 

 

 

 

 

 

 

Fig. 1.2. MAG welding equipment [3]. 

A motor automatically unwinds a welding wire from spool and automatically feeds 
it to the welding point. This wire is fed through the contact sleeve directly to the welding 
are. At the same time shielding gas is fed through a nozzle, which protects the weld 
pool from the influence of oxygen and thus ensures an oxidation-free connection of the 
metal parts. The finished weld seam is also known as a welding bead [4].  

The MAG process is used for semiautomatic, machine, and automatic welding. 
Semiautomatic MAG welding is often referred to as manual welding [2]. 

1.3. Shielding gases. 

The role of the shielding gas in the welding process is not only to protect the 
welding pool from access to oxygen and to prevent the formation of pores in the 
welding bead. Shielding gases can also stabilize the arc and improve the type of metal 
transfer in arc welding [5], [6]. The quality, efficiency and overall compliance of the 
welding process with the standard requirements are highly dependent on the shielding 
gas, as it significantly affects the metal transfer mode [7]. The shielding gas also 
interacts with the base and filler metal and can thus change basic mechanical properties 
of the weld area, such as strength, toughness, hardness and corrosion resistance. 
Shielding gases moreover have important effects on the formation of the weld bead and 



19 
 

the penetration pattern.  Oxygen, nitrogen and water vapor present in ambient air can 
cause weld contamination. Weld shielding, therefore, always involves removal of 
potentially reactive gases from the vicinity of the weld, preventing the detrimental 
effects on the molten metal of the surrounding atmosphere. Shielding gases can also 
stabilize the arc and enhance the metal transfer mode in arc welding processes [8]. 

Porosity in the weld is one of the most common welding defects related to the 
shielding atmosphere. Pores can be the initiation point for crack propagation in the 
welded joint and can considerably decrease the life cycle of joints under dynamic loads 
[6], [9]. Shielding gases have a distinct effect on the formation and the structure of the 
arc plasma. This plasma, composed of ionized gas, melted metals, slags, vapors and 
gaseous atoms and molecules, can be controlled by application of appropriate shielding 
gas [10]. 

Shielding gases are divided into two main groups according to their properties – 
inert, active gases. Inert and Active gases have an important role to play in MAG 
welding. Several studies have been conducted on the role of each shielding gas in 
welding processes. 

As one of the most important technological processes in industry and construction 
- development of the method of welding with metal melting, is closely related to the 
search for various options to ensure the protection of molten metal from the air. The 
use of argon mixtures with oxidizing gases as CO2 and O2 opened up new applications 
in the welding process of steel in an active shielding gas environment. Most common 
mixtures are Ar + CO2, Ar + CO2 + O2 and Ar + O2. Depending on grade of welded 
steels, argon-based gas mixtures can contain 0.5 ... 8% O2 and 3 ... 25% CO2 [11]. 

Argon is the most widely used component of shielding gas mixtures, mainly used 
in TIG welding of non-ferrous, active and heat-resistant metals (Cu, Al, Ni, Mo, Ti, 
etc.) and their alloys, as well as alloyed and high-alloyed steels. Argon is not widely 
used in MIG welding of carbon and low-alloyed steels because it does not provide 
satisfactory transfer of the metal electrode and a stable electric arc, as well as cuts are 
formed on the metal edges of the welded joint. In addition to the above-mentioned 
disadvantages, it has been found that the MIG process in pure Argon media is prone to 
pore formation due to the incorporation of nitrogen, hydrogen and carbon monoxide. 
The low ionization potential of argon (15.75 eV) ensures stable arc combustion at low 
voltage, facilitates its excitation and increases stability. Arc plasma in Argon has a high 
energy inner core and a lower level of energy released in the outer zone, leading to the 
formation of an undesirable alloy finger shape [12]. 

Because argon allows operation at lower voltages in any current range, it is better 
suited for welding thin metals. Argon also has very little effect on the thermal effect 
during welding, where the arc length can change when the welding operator moves the 
welding torch [13]. 

Carbon dioxide has long been predominantly used in Eastern Europe and 
developing countries due to its relatively low cost and availability. However, such 
significant disadvantages of welding in CO2 serial silicon-manganese wires as high 
spatter level and spattering of electrode metal, narrow and deep penetration of the base 
metal with a high bead, not always satisfactory mechanical properties of the weld metal 
and especially its impact strength at low temperatures have become the reason that 
recently and in these countries, there are steady trends towards replacement of CO2 by 
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gas mixtures based on argon in those industries where increased attention is payed to 
the quality indicators of the weld metal and welded joints [14]. 

It should be noted that the welding process with CO2 shielding gas is very sensitive 
to changes in welding parameters. For satisfactory formation of seams and reduction of 
spatters welding with CO2 is preferably done with a small diameter wire (0.8 ... 1.4 
mm) or at low (with short circuits) and high currents (spray arc), bypassing the medium 
welding parameter modes (globular arc), on which the maximum spatter amount are 
noted. For example, for wires with a diameter of 2.0 mm, unfavorable conditions are in 
the range of 280 A ≤ Iw ≤ 400 A, 28 V ≤ Uw ≤ 32 V. Unfortunately, such 
recommendations are difficult to implement in practice, since in production conditions 
to ensure high performance and optimal heat input in welding of metals of medium 
thickness, it is precisely medium currents and wires that are required diameter 1.0…1.2 
mm [14]. 

Helium from the gases used in welding ranks second in terms of density (0.178 
kg/m3) after hydrogen (0.083 kg/m3). Compared to argon (1,784 kg/m3), helium has a 
higher thermal conductivity, which ensures an even distribution of energy in the cross-
section of the arc, which allows to obtain a deep and wide parabolic weld, with a small 
joint reinforcement and a smooth transition to the base metal. Due to the high ionization 
potential in the Helium (24.58 eV) shielding environment, it is necessary to maintain 
an increased arc voltage compared to welding in a pure Argon environment, at the same 
arc length and welding current. Therefore, helium is commonly used in mixtures with 
argon for welding aluminum and other materials in cases where high heat 
concentrations are present in the welding area [14]. 

Oxygen is one of the components of shielding gas mixtures used in small quantities 
(from percentages to several percent) to activate metallurgical processes during steel 
welding. Its composition in the mixture can be used in an amount of 3 to 5% by volume. 
O2 can be used as one of the components of the mixture with impurity-free argon (i.e. 
sufficiently purified in the air separation plant from nitrogen impurities and other gases 
in the production process) [14]. 

Ar + O2 mixtures help to slightly improve the welding process and get rid of some 
of the disadvantages associated with welding in a clean Argon shielding environment. 
Impurity 3 ... 5% О2. A use of argon and the use of welding wire containing silicon and 
manganese allows to increase the resistance to pore formation in welded alloy steels, 
regardless of the welding process temperature. Although the mixture of oxygen with 
Argon practically does not change the shape of the welding arc during welding, it 
significantly improves its combustion stability and has a positive effect on the metal 
transfer nature of the electrode, and as a result, the number of drops per unit time 
increases with decreasing surface tension. The transfer of fine droplets (spray arc) is 
achieved with a lower welding current value compared to welding in a pure Argon 
environment, as well as significantly reduces spatter formation to a minimum [14]. 

The oxygen content of Ar + O2 mixture can vary from 0.5 to 5.0%. When welding 
carbon and low-alloy steels, the optimal oxygen content of the mixture is 3 ... 5%. This 
mixture ensures a good appearance of the weld and the high mechanical properties of 
the weld metal, especially the impact resistance at negative operating temperatures. At 
oxygen contents above 5%, the loss of alloying elements during welding increases 
rapidly, while the technological and visual properties of the welding process do not 



21 
 

change. At the same time, the mixture Ar + O2 the same as pure CO2, is not suitable for 
welding with a non-melting tungsten electrode (TIG), as it promotes its combustion, as 
well as contaminates the weld metal weld with tungsten oxides. Mixtures Ar + O2 
containing a minimum amount of oxygen (1 ... 2%) are of limited use in the welding of 
ferritic steels and are mainly used in the welding of austenitic steels. The rare use of 
this mixture is explained by its expensive cost, as it mixes two expensive pure gases, 
and by the fact that a low-oxygen mixture has the same disadvantages as welding with 
pure argon. They are narrow penetration root, low pore resistance of welds, uneven line 
along the edges of the weld, leading to the formation of cuts and insufficient metal 
alloy, intense arc heat and light radiation, ozone release in the welder 's breathing zone 
is higher than the permissible concentration [14]. 

The use of Ar + CO2 mixtures has led to a desire to find a protective gas 
environment that combines the benefits of argon, carbon dioxide and argon-oxygen 
mixtures. The shape of the arc and the transfer nature of the melting electrode when 
welding with Ar + CO2 mixtures depend significantly on the composition of the 
mixture. By changing the CO2 content of the mixtures under the same welding modes, 
a different type of electrode metal transfer can be obtained. It can be with droplets 
without short circuits (Fig. 1.3., a) or with arc gap short circuits (Fig. 1.3., b), fine 
droplets (Fig. 1.3., c), and spray arc (Fig. 1.3., d) [14]. 

 
Fig. 1.3. Type of metal electrode transfer in welding pool: 

a)  droplets without short circuits; b) droplets with arc gap short circuits; c) fine 
droplets; d) spray arc; e) spray-rotary arc; f) short circuit formation [14]. 

 
With a CO2 content of 20% or more, welding with currents above the critical value 

changes the shape of the base metal penetration and eliminates the finger-shaped 
penetration (see Fig. 1.3.1, d). If the CO2 content of the mixture is more than 35 ... 40%, 
the welding process is similar to welding with pure CO2 in a protective medium, but 
with a lower amount of spatter. 

Welding is improved by using mixtures with + 20 ... 25% CO2, and this is observed 
in a variety of modes. The height of the joint is significantly lower than with pure CO2 
welding, there is a smooth transition from spherical droplets to monolithic metal and in 
the current range at which jet transfer is formed (in the form of fine droplets), a fine 
surface is formed, as in welds using submerged arc welding technology, acceptable 
seam shape, low reinforcement height and reduced electrode metal spatter loss, as well 
as a significant reduction in electrode wire consumption per unit length of the weld. 
Recommendations for the optimal mixture of Ar + CO2 usage among foreign companies 
are contradictory [15]. 

Structural steel joints welded in argon-based shielding gas mixtures with standard 
wires commonly used for СО2 welding show high mechanical properties [16]. 
Particularly noteworthy are the values of impact resistance when welding metal at low 
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temperatures, as well as the metal resistance of welds welded in an Ar + CO2 mixture 
values against creation and development of brittle fracture [17]. The improvement in 
the mechanical and performance properties of joints welded using argon-based 
mixtures can be explained by the reduced oxygen content in the joints, the formation of 
a favorable metal microstructure with a predominance of acicular ferrite and the 
favorable conditions in the joint formation process. The level of welding joint yield 
strength values at low temperatures and crack resistance indicators for joints welded at 
increased specific thermal input using Ar mixtures cannot be obtained by welding in 
CO2 shielding environment at similar welding parameters [16], [18]. In general, data 
and results published by other researchers [5], [12] indicate that the properties of 
welded joints welded in argon-based gas mixtures meet the requirements of joints and 
structures operating under negative temperature conditions, dynamic loads and other 
adverse factors. 

Welding with argon mixtures, in contrast to welding with CO2 makes it possible to 
use the pulse-arc process with controlled droplet transfer and separation frequency 
drops corresponding to the frequency of superposition of current pulses [13], [19]. 

Ar + CO2 + O2 mixtures have become widespread in Germany and the United 
Kingdom [20]. The mixture "Coxogen" (with + 5% O2 + 15% CO2) has lower oxidation 
capacity and better technological properties than pure CO2. Welding of carbon and low-
alloy steels with welding wire containing manganese and silicon has the advantages of 
less spatter, better weld penetration, reduced tendency to form pores and cracks in the 
joints, as opposed to CO2 welding. The mechanical properties of welded metal 
compounds are the same as when welding with Ar + 20 ... 25% CO2, whereas the impact 
resistance of the joints is higher when welding with Ar + O2 + CO2. 

Ar + He + CO2 mixtures, in which argon is the main component, are used in 
welding with a stationary and pulsed arc, and mixtures with a predominant (60 ... 80%) 
content helium - when welding with short circuits. foreign publications [21], [22] 
consider various compositions of gas mixtures with helium (vol.%: (69…55) Ar + 
(40…30) He + (3…5) CO2) providing good technological performance. Practically, it 
is possible to increase the productivity when welding thick metal, reach wide and deep 
penetration of the base metal, improving the penetration and form of welding seams. 
The main feature of welding with shielding gas mixtures Ar + He + CO2 is high 
performance process in modes with spray-rotary transfer of the electrode metal (see 
Fig. 1e). Such metal transfer occurs when using a welding wire with a diameter of 1.0 
... 1.2 mm, an electrode wire feed rate of up to 50 m/min and power supply with good 
dynamic characteristics [23], [24]. 

Ar + He + CO2 + O2 mixtures require special technology, power sources and 
mechanisms wire feed. So, for the T.I.M.E process [24], [25] a mixture of gases is used 
(vol.%: 65 Ar + 26.5 He + 8 CO2 + 0.5 O2), providing a high wire melting rate (up to 
25 kg/h) at a feed rate of up to 50 m/min at a welding current of about 600 A. High-
performance methods as Rapid Arc and Rapid Melt are also known [22, 26, 27], which 
are performed in protective mixtures with helium (vol. %: (65…60) Ar + (25…30) He 
+ 10 CO2), when using the wire feed speeds that exceed the classic limit of 20 m/min 
and provide various types of electrode metal transfer including spray-rotary arc (see 
Fig. 1, e). Strict restrictions on the composition of the protective environment, provided 
by the technological recommendations of the developers of the T.I.M.E process [24] 
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are not reasonable, since similar performance and quality indicators can be obtained 
with using cheaper and easier to manufacture gas mixtures based on argon without 
helium, for example, Ar + CO2 + O2, and careful selection of welding parameters and 
parameters correction [20], [27], [28]. 

Due to the fact that the MAG welding process is dominant in Europe, the focus is 
on the choice of shielding gas composition. Its optimization criteria are the level of 
spatter and the amount of slag on the surface of the welded joint, the process of joint 
formation (penetration and form of welding seam). Based on these requirements, it is 
proposed to use weakly oxidizing mixtures based on argon with a low content of 
oxidizing gases (1 ... 4% О2 and up to 10% CO2) [12]. It should also be noted that 
welding of low alloyed steels in easily oxidizable argon-based mixtures has all the 
above-mentioned disadvantages of pure argon [14]. 

 
1.4. Filler materials. 

Several sources of information emphasize that the correct choice of raw materials 
and the preparation of the metal are very important for the successful bonding of two 
separate materials. As technologies, both in the production of raw materials and in 
welding equipment, have changed in recent years, new research has also been 
conducted to find the best parameters and raw materials that provide faster and higher 
quality welding. 

Since the wire electrode also serves as the weld filler material, the wire 
diameter and composition will vary. Which you use depends on variables like the type 
of metal, its thickness, and the joint configuration [Te var ielikt pāris no tiem 
neieliktajiem].   

The solid electrode wire comes on different size spools, and the MAG welder feeds 
it to the torch where it is consumed. Therefore, one of the key MAG welder settings is 
the wire feed speed (WFS), which must be set to provide the right amount of weld metal 
for the intended joint [3]. 

There are two types of melting electrode wires used in MAG welding. The name 
wire is usually understood to mean solid (monolithic) wire and wire with powder filling 
(flux-cord wire). There is one meaning in Europe MAG welding that include using both 
types of welding wires. Nevertheless, there are two different meanings in America that 
describes welding by using solid wire and flux-cord wire.  

GMAW (Gas Metal Arc Welding) is understood as a MAG welding process 
where the solid wire is used. 

FCAW (Flux-Cord Arc Welding) is stated as a MAG welding process where wire 
with powder filling is used in America. 

Solid wires are made for MIG / MAG welding with different diameters (0.6: 2.4 
mm) and different chemical composition. Steel wire the surface is usually covered with 
a thin copper a layer that protects the wire from rusting during storage and facilitates 
power supply to the wire. Wire is supplied to consumers in cartridges of a certain size. 
Each batch of wire must be attached a certificate stating the chemical composition of 
the wire in question. Compact wire for MIG / MAG arc welding of non-alloy and fine-
grained steels in a shielding gas environment is classified according to LVS EN ISO 
14341: 2008 [48].  
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These wires are classified by welding seam strength limits and stiffness 27 J. 
Usualy, solid wires are made with the coper coating to ensure proper contact during the 
wre movement through the contact nozzle. There are also copper-free coating wires 
used nowadays. These wires have some advantages against coper coated wire 
electrodes: higher allowable current strength, more stable arc, less spatters, copper-free 
smoke and better seam quality (no copper inclusions) [48]. One more practical issue by 
using this type of wires is that coper coating is not separating from the wire while it is 
unroled from the drum. These copper particles can get stuck in the guiding coil. 
Electrode wire is guided and pushed through that coil from the welding machine to the 
welding gun. By using copper-free welding wire that have homogeneous surface 
structure, which together with the special coating provide safe wire supply through the 
guiding coil and more stable power supply. The special coating also protects the copper-
free wire from corrosion at long-term storage. 

Wires with powder filling (Flux-cord) are made of tape by bending and filling 
with specially prepared powder mass. (Fig. 1.4.). The filling in the welding process is 
partially performing the same functions as the electrode cover in MMA (Manual Metal 
Arc) welding, i.e.:  

- forms gases that protect the molten metal from the effects of ambient air;  
- forms impurities that protect the liquid metal bath;  
- performs alloying of metal [48].  

 

Fig. 1.4. Production process technology of flux-cord wire [48]. 

There are three types of filler materials according to their chemical composition: 
rutile, basic and metallic powder fillings. 

Rutile type filling provides spray arc transfer, small amounts of spatters and rutile 
- a basic type of slag that completely closes the welding bath. You can use PA and PB 
positions. 

P - type wires are similar to rutile type, but produce fast-curing slag, which allows 
them to be used in all positions. 

Basic type filling provides high mechanical properties of the seam and good 
resistance cracking. Weld with this filling is harder, probably only at the bottom yes 
and in a horizontal position. For other positions it is necessary to use a pulsating circle. 

Metal powder filling does not contain any contaminants, only the metal powder. 
That gives higher productivity. The arc is stable and spatters are small. These wires 
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commonly used mechanized and robotic welding. Can be welded in PA and PB 
positions, other positions need pulse-arc [48]. 

Different sources of information emphasize that the correct choice of raw materials 
and the preparation of the metal are very important for the successful welding of two 
separate materials [3], [14], [42], [44], [56], [57]. As technologies, both in the 
production of raw materials and in welding equipment, have changed in recent years, 
new research has also been conducted to find the best parameters and raw materials that 
provide faster and higher quality welding of high strength steels [41], [42]. 

1.5. Advantages and Disadvantages of MAG welding process. 

The major advantage of gas metal-arc welding is that high-quality welds can be 
produced much faster than with other manual welding methods like MMA (Manual 
Metal Arc) or TIG (Tungsten Inert Gas) welding [4], [14]. It gives a possibility to 
increase the productivity of the welding process.  

Since a flux is not used, there is no chance for the entrapment of slag in the weld 
metal [14]. For the same reason there is less possibility to have pores in the welding 
joint even when making multi-layer welding. 

The shielding gas protects the arc so that there is very little loss of alloying 
elements as the metal transfers across the arc. Only minor weld spatter is produced, and 
it is easily removed [4], [12], [14], [36]. In this case it is very important to use 
appropriate shielding gas, welding parameters and equipment to insure spatter-free 
welding.  

This process is versatile and can be used with a wide variety of metals and alloys, 
including aluminum, copper, magnesium, nickel, and many of their alloys, as well as 
iron and most of its alloys. The process can be operated in several ways, including semi- 
and fully automatic [6], [12], [14], [18]. MAG welding is the second most common 
welding process used by many industries for welding a broad variety of materials, parts, 
and structures. 

The major disadvantage of this process is that it cannot be used in the vertical or 
overhead welding positions due to the high heat input and the fluidity of the weld pool 
[4]. In this case the welder should use special flux-cored melting electrode to reduce 
the welding pool temperature and increase the hardening speed of welded metal. 

The equipment is more complex compared to equipment used for the manual 
metal-arc welding process that can be used [5]. It is also hard to afford shielding gases 
on places where welding has to be done. Wind is also very serious factor that can 
influence MAG welding process as it can blow away the shielding gas and decrease the 
defense of welding pool against creation of pores. 

1.6. Research results. 

There have been made different researches during last years that were related to 
research of MAG welding process. Almost all of them are related to search the influence 
of shielding gas on created welding joint. Different materials have been used and 
overviewed in the investigations as well as different shielding gases and welding 
parameters.  

A wide overview of different shielding gas influence on different types of welding 
technologies was done by scientists P. Kah and J. Martikainen. Four different Argon 
and CO2 mixtures were tested on steel grade ST37-2 that is equivalent to S235JR 
according to EN ISO 10025-2 standard. It was stated that the amount of inclusions in 
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welding joint decreases as the volume of CO2 is increased [5]. Similar conclusion was 
made in another two researches [55], [56]. 

 

 
 

Fig. 1.6. Inclusion in samples with different shielding gas composition. 
a) 97.5 % Ar+2.5 %CO2, b) 90 % Ar+10 % CO2, c) 82 % Ar+18 % CO2 

and d) 75 % Ar+25 % CO2. 
Samples are in unetched state. Material ST37-2. Process MAG [5]. 

Inclusions in the weldment initiate and direct cracks and promote brittle fracture. 
Increasing the CO2 percentage also enhances the formation of acicular ferrite, which 
improves weld toughness and decreases hardness [5].  

Authors haven’t used three component gas mixture in their research as well as there 
is no information about the parameters that were used during welding procedures. The 
steel that was observed is low alloyed carbon steel that has different properties 
compaired to high strength steels. 

Authors have also overviewed another research of shielding gas influence on the 
impact strength and tensile strength of ST37-2 welded joint [6]. The results are 
illustrated in Fig. 1.7. As the oxidation potential of the shielding gas increases, the 
toughness and the tensile strength of the weld deposit decrease.  
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Fig. 1.7. Weld metal impact energy as a function of shielding gas 

composition for MAG welding of carbon steel [6]. 
 

Argon blends with lower oxidizing gas content will generally produce weld 
properties superior to those obtained by shielding with CO2 only. There appears to be 
an optimal oxygen content, since too low oxygen levels can also be detrimental to 
toughness [6]. Here authors have also used ST37-2 (S235JR) steel with only three 
shielding gases. No influence on welded joint composition and hardness was done. 

A research on ST37-3 steel by using the flux-cored welding wire with seven 
different shielding gases was done by scientist Ramy Gadallah and his colleagues [29]. 
They claim that 75% Ar – 25% CO2 shielding gas composition has the optimum 
deposition rate among other shielding gases for B.O.P (bead-on-plate). Furthermore, 
for complete real welded joints, the absorbed energy in the Charpy impact toughness 
test of weld metal (W.M) decreases with increase of the CO2 percent in the shielding 
gas composition. Additionally, the hardness of W.M decreases with the increase of the 
CO2 percent in the shielding gas composition [29]. Similar conclusion was also made 
by S.A. Rizvi in his research of welding mixture influence on structural steel welding 
[57]. 

The microstructures of investigated samples as a function of the shielding gas 
compositions are shown in the Fig. 1.8. The W.M microstructure in case of pure Ar 
shielding gas is a solidified columnar structure associated with fine grains of GF and 
AF, as shown in Fig. 1.8. a. The W.M microstructure in case of pure CO2 shielding gas 
is also a columnar structure consisting of GF and AF, as shown in Fig. 1.8. b with larger 
grain sizes than that observed for pure Ar shielding gas. Thus, this change in 
microstructure could be related to the effect of arc stirring force [37], which is much 
higher in the case of pure Ar shielding gas as compared to the case of pure CO2. 
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Fig. 1.8. Microstructure of W.M of B.O.P specimens. (a) Pure Ar, (b) Pure CO2, (c) 
95% Ar – 5% CO2, (d) 90% Ar – 10% CO2, (e) 82% Ar – 18 CO2, (f) 80% Ar – 20% 

CO2, (g) 75% Ar – 25% CO2, and (h) 50% Ar – 50% CO2. Where AF: Acicular 
ferrite, GF: Grain boundary ferrite, PF: Polygonal ferrite, FC: Ferrite carbide and AC: 

Aligned carbide [29]. 

Authors have made following consclusions: 

1) The shielding gas compositions have a significant effect on the arc stability and 
efficiency, deposition rate, microstructure, chemical and mechanical properties of 
mild carbon steel welds.  
2) Among the investigated shielding gas compositions in case of FCAW the 
shielding gas composition 75% Ar – 25% CO2 is the best economic shielding gas 
composition, because of its high arc efficiency and deposition rate, thus it can 
reduce the number of weld layers and also reduce the welding time (i.e. reduce  the  
costs) 
3) The W.M microstructure in case of 75% Ar – 25% CO2 shielding gas is  
homogenous due to the balance of cooling rate and the formation of a high amount 
of AF which leads to the improvement of strength and toughness. 
4) Increasing the amount of CO2 in the shielding gas, decreases the hardness of 
W.M. 5) As the CO2 percent in the shielding gas increases, the required absorbed 
energy (impact toughness) of W.M decreases due to the decrease of the amount of 
AF [29]. 

The authors have done a good research by using low carbon steel and experiments 
were done with the flux-cord wire. It gives a possibility to weld with lower parameters 
to reach the spray-arc metal transfer during the process. There are no experiments done 
with the solid wire and also three component gas tests are not included and Argon 
mixture with low CO2 content is not taken into count in further investigations. 

Opposite view on inclusion formation were reported by A.F. Moreira and J. 
Gallego. They were welding structural steel A36 (Equivalent to S235JR) with four 
different shielding gases that were pure argon and mixture of argon-carbon dioxide 
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(92%Ar+8%CO2, 85%Ar+15%CO2 and 75%Ar+25%CO2) [30]. In their conclusion we 
can find the table that shows the amount of inclusions in the welding joint that increases 
as the volume of CO2 increases in the shielding gas mixture. Results of the investigation 
are collected in table 1.1.   

 
Table 1.1.  

Gas composition and values of volume fraction of inclusion [30]. 
  

Sample Gas composition Volume fraction of 
inclusion [%] 

S1 Pure Argon 2,32 ± 0,4 
S2 92%Ar + 8% CO2 2,94 ± 0,3 
S3 85%Ar + 15% CO2 3,12 ± 0,3 
S4 75%Ar + 25% CO2 3,48 ± 0,2 

 
Pictures from transmission electron micrographs of typical inclusions was 

confirming the same (Fig. 1.9.). 
 

a)   b)   

c)     d)  

Fig.1.9. Transmission electron micrographs of typical inclusions: a) sample S1, b) 
sample S2, c) sample S3, d) sample S4 [30]. 

Authors have concluded that there is an influence of CO2 content on appearance of 
pores and inclusions in the welding joint. Structural steel and two component gases 
were used in the investigation and there are no other conclusions done according to 
weld hardness, microstructure and chemical composition. 

In recent study of shielding gas influence on welding of structural steel S275 B. 
Çevik was testing the shielding gas with Argon mixture with CO2 and a little content 
of O2 (Ar 86 %, CO2 12 %, O2 2 %) [31]. This mixture was compared with pure Argon. 
Tests showed that there is an influence on Tensile strength on the welding joint. Tensile 
strength of 589.8MPa was determined in the joint welded by mixed gas. There was a 
decrease of 3.8 % in tensile strength compared to the base metal. % elongation ratio of 
the sample welded by mixed gas was 30.7% and a decrease of 9.7% was observed 
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compared to % elongation value of base metal [32]. The tensile strength of the joint 
performed by using pure Ar gas was 481.4MPa. When tensile strength of this sample 
was compared with base metal, it decreased at the rate of 21.4%. % elongation value of 
the sample joined by using pure Ar was 23.9%, and a decrease of 29.7% was observed 
compared to. % elongation value of the base metal [31]. 

There was an influence on microstructure of welding joint noticed during 
examination of the microscope inspection.  Author of the report states that the reason 
of these changes is the different behavior of the arc. An easy arc ignition was ensured, 
a stable arc was formed, and when pure Ar gas was used, a no spatter welding seam 
was obtained. When a CO2 gas of 12% and 2% of O2 was added to Ar gas, the amounts 
of spatters increased [31].  

We can find the results of the formed microstructure in Fig. 1.10. The 
microstructure of both weld metals consisted of thin acicular grains. However, weld 
metal sample welded by pure Ar gas had finer grain structure compared to the sample 
joined by mixed gas [31] as heat input for Ar + CO2 + O2 mixture was bigger during 
the welding process.  

 

         
 
Fig. 1.10. Microstructure of weld metal: (a) pure Ar gas, (b) mixed gas [6]. 

 
Literature sources [33], [34], [35] report that the structures formed in the welding 

pool are ferrite, Widmanstätten ferrite, acicular ferrite, bainite and perlite. As 
microstructures of weld metal were examined. It was observed that mainly grains of 
Widmanstätten ferrite and acicular ferrite (acicular parts) formed [31]. 

Authors have used only one three component gas mixture and pure argon with flux-
cord wire on standard structural steel in this investigation. There were no two 
component (Ar + CO2) mixtures used and no influence on welding joint chemical 
composition or hardness investigated during the research. Better results with Ar mixture 
then with pure Ar was achieved in this investigation compared to other investigations 
were pure Ar was showing the best results among other shielding gases. 

Different mixtures of Ar + CO2, Ar + CO2 + O2 and pure CO2 were tested on 
structural steel S235 with MAG welding and solid wire in one of the reports. Short arc 
parameters were chosen to create smooth welding joints on each sample. Microstructure 
inspection as well as chemical analysis of the welding joint were carried out during the 
research. Difference in the shielding gas composition showed the influence on 
microstructure changes as well as on chemical composition of the welding pool. It is 
possible to find in Fig. 1.11. that the size of grains is growing as the volume of CO2 gas 
increases in the gas mixture. It is also stated that the degree of oxidation is high for pure 
CO2 and increases with higher quantities of CO2 and/or O2 in the shielding gas. The 
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presence of a high-volume fraction of inclusions may initiate premature ductile fracture 
[36]. This confirm the inclusions that can be found in Figure 1.11. b), c) and also e). 

a)  b)  c)  
 

d)    e)  
 
Fig. 1.11. Microstructure of the weld metal using different shielding gases (200x): a) 

Ar+CO2 18%; b) Ar+CO2 25%; c) Ar+CO2 5% + O2 5%; d) Ar+CO2 8%; e) CO2 [36]. 
 

The most homogeneous structure is received, using shielding gas with the lowest 
content of CO2 (Fig. 1.11. d). It is evident that an increase in CO2 content in the 
shielding gas as well as applying of O2 in the mixture of gases (Fig. 1.11. c) increases 
the grain size due to the higher heat input [36]. 

Authors also concluded that Better results were performed using Argon mixtures 
with CO2 and or O2 – good welding performance, not much spatters, good welding 
speed. In general, the content of micro alloying elements in the welding joint is less 
when the oxygen is involved in shielding gas and with increasing carbon dioxide 
content in the shielding gas [36]. 

This investigation was carried out on structural low carbon steel with MAG process 
and short arc parameters. It was also stated that there is an influence of shielding gas 
on alloying material chemical composition in welding joint.  

One of the investigations including the high welding parameters was done by 
scientist M. Gouda, M. Takahashi and K. Ikeuchi. They were testing five different 
shielding gases on 950MPa class steel that was alloyed with Mn and Ni.  

Authors also made similar conclusion to previous research that the addition of CO2 
to the shielding gas resulted in reductions in hardness and Charpy energy as shown in 
Fig. 1.12. [38]. According to the empirical law correlating the yield strength with 
hardness [39] a weld metal hardness below 360 HV does not meet the strength 
requirement of 950 MPa class steel. In this sense, the weld metal obtained in this study 
meets the strength requirement, only when the shielding gas is pure Ar [38]. 



32 
 

 
Fig. 1.12. Charpy energy and hardness test results depending on CO2 content in 

shielding gas [38]. 
M. Gouda and his team claims that chemical composition of the weld metal was 

significantly influenced by the CO2  content in the shielding gas. The O2 content 
increased with CO2 content in the shielding gas. On the other hand, Mn, Si, Al, and Ti 
content decreased as the CO2 content was increased. Other alloying elements such as 
C, Mo, Cr, and Ni were almost independent of O2 content. The simultaneous decrease 
in Mn, Si, Al, and Ti content can be attributed to their oxidation in the weld pool, 
considering their high affinity for oxygen and the higher O2 content with the addition 
of CO2 [38]. Changes in chemical composition are reflected in Fig 1.13. 

 

Fig. 1.13. Contents of Ni, Mn and Si detected from the bright 
(open symbols) and dark (closed symbols) areas 

observed in the microstructures revealed by LePera’s 
solution [38]. 

 
Authors did the experiments on investigating the optical microstructure revealed 

by LePera’s solution. Thanks to that method they found out that with an increase in the 
CO2 content of the shielding gas, white areas were decreased, and black areas were 
increased.  As described in the experimental procedure, this suggests that the bainitic 
area became dominant compared with the martensitic, as the CO2 content of the 
shielding gas was increased. The microhardness of both areas against the CO2 content 
of the shielding gas is shown in Fig. 1.14. The hardness of the white area was higher 
than that of the black one, supporting the view that the white area was martensitic and 
the black area bainitic [38].  
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Fig. 1.14. Hardness parameters of brigth and dark areas 

depending on CO2 content in shielding gas [38]. 

The hardness in the bainitic area decreased with increasing CO2 content, probably 
because the granular bainite became more dominant in this area. The decrease in the 
hardness of the white areas with increasing the CO2 content is probably due to the 
influence of the lower hardness of the increased bainitic area [38]. 

Authors concluded following facts from their investigations: 

1) The O content in the weld metal increased with increasing CO2 content in the 
shielding gas, while Mn, Si, Al, and Ti contents decreased due to their oxidation. 
2) The hardness and absorbed energy of the weld metal decreased as CO2 content 
of the shielding gas was increased.  
3) With the addition of CO2 to the shielding gas, the bainite structure became more 
dominant than martensite in the weld metal microstructure, which consisted 
primarily of martensite and bainite. The bainite structure became more granular 
involving the MA constituent with CO2 addition to the shielding gas. These 
microstructural changes with the addition of CO2 to the shielding gas can be 
explained as resulting from the reduction in the hardenability of the weld metal due 
to the losses of Mn, Si, Ti, and Al [38]. 

This investigation was done by using low weld parameters (short arc) with low 
alloyed 950 MPa class steel, by using five different shielding gases with Ar + CO2. 
Three component mixtures were not used in this research as well as steel grade and 
alloying elements differ from the investigation that is used in doctoral thesis. 
Nevertheless, the conclusions made by M. Gouda has to be taken into count during 
further research work. 

The relationship between microstructure and mechanical properties of MAG weld 
metal with streghh over 890MPa was discussed in Y. Peng and his team scientific article 
[40]. They have been using totally different approach compairing to previous articles. 
There have been used only one shielding gas (Ar + CO2 20%) with three different 
welding wires to insure the weld of high strength steel properties in this case. Authors 
have used spray-arc parameters in the experiments by reaching rather high heat input. 
It is normal in this case as they were using 20mm thick plates for the tests.  

Authors has stated that the there is more influence of microstructure on hardness 
than the chemical composition in the weld. As we can find in the Fig. 1.15. the smaller 
grain size of the structure is in the third sample but larger is in the first. 
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Fig. 1.15. Microstructure of weld metals: a) sample No. 1, b) sample No. 2, c) sample 
No. 3 [40]. 

Even with the higher Ni and Mn content in the welding joint hardness is higher in 
the second sample as well as the Yield stress. Nevertheless, toughness in Charpy tests 
were achieved higher in the sample No. 1 [40]. 

 Finaly, authors have concluded following statements:  

1) at the level of tensile strength; from 800 - 900MPa, the welded metal 
microstructure mainly consists of a mixture of lath bainite and martensite. The 
yield strength is related to the promotion of martensite. 
2) The effective grain size and ductile phase of austenitic films are main factors to 
improve the touhness of weld metal. 
3) A fine microstructure of bainite and proper amount of martensite plays a key 
role in good mechanical properties. [40] 

This investigation gives a good understanding of the importance of the welding 
microstructure on the yield strength and toughness of the weld. Chemichal composition 
influences hardness of high strength steel of 890 MPa class steel. However, there is no 
influence of shielding gas observed in this investigation as well as different parameters 
are not taken into count. 

A research of shielding gas influence on pulsed arc and weld morphology was 
carried out by scientist group that was leaded by Y. Zhao [41]. They were using three 
different three gas component mixtures and one mixture with Ar + CO2. The welding 
was done on structural steel Q345E (equivalent to S355J2+N) with pulsed current st 
260A. The experiments after welding were carried out to measure the weld penetration 
and weld width, observe the changes of weld microstructure and coarse grained HAZ 
microstructure [41]. 

Authors found out that the best influence on pulsed arc stability was achieved by 
using three gas component mixtures. It means that oxygen gives the arc better stability 
then the CO2. The arc length was increased but the spatter amount decresed by the 
increase of Ar in the shielding gas mixture. Argon finger weld penetraton shape was 
achieved by the increase of Ar content in the mixtutre. 

Fig. 1.16. shows that weld metal consists of acicular ferrite and pearlite with four 
different kinds of shielding gases. The proeutectoid ferrite was distributed in the 
columnar grain boundary. For different shielding gases, ferrite-pearlite ratio may 
change by affecting the heat input. 
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a)                                                             b)  

 

 

 
 

 

c)                                                                 d)  

 

 

 

 

 

Fig. 1.16. Microstructure of evolution of weld metal for different shielding gases:  
a) Ar + 18%CO2; b) Ar + 13%CO2 + 3%O2; c) Ar + 10%CO2 + 3%CO2; 

d) Ar + 4%CO2 + 3%O2 [41]. 

For reducing the accidental error, the center of the weld metal was marked and 
taken photos of the surrounding metallograph. By analyzing the ratio between ferrite 
and pearlite, it can be obtained that the ferrite content slightly increased from 54.9% to 
60.4% with the augment of CO2 concentration in the ternary shielding gas. This can be 
explained in terms of chemical composition and cooling speed [41]. 

The hardness of weld metal and HAZ was measured during the investigation. 
Slightly different results were achieved in HAZ of the welding joint (see Fig. 1.17.) but 
the hardness in welding joint was almost even for all of the samples.  

 

Fig. 1.17. The hardness profile of the weldment for different shielding gases [41]. 

Authors investigated the effects of four kinds of shielding gases on metal transfer 
mode, arc behavior, weld morphology and weld microstructure used in pulsed current 
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MAG welding of carbon steel in this study. The primary results and conclusions stated 
following: 

1) Compared with the binary shielding gas (Ar+CO2), the ternary shielding gas 
(Ar+CO2+O2) can obtain less splash quantity, the stable metal transfer, the stable 
arc combustion, the refinement of metal droplet by the addition of oxygen. A stable 
pulsed streaming spray transfer was obtained when the shielding gas of Ar 
+4%CO2+3%O2 was used, but the change of metal transfer mode had a tight 
relationship with the bell-shaped arc rather than critical current when a mixture of 
Ar+13%CO2+3%O2 was as shielding gas. 
2) The higher concentration CO2 has obvious compression effect on arc shape. 
With increasing CO2 concentration, bright arc area and arc length decreased. The 
longer neck of electrode tip and arc jumping phenomenon determined whether a 
stable pulsed streaming spray transfer can occur for MDPP. 
3) With the increase of CO2 concentration in the ternary shielding gas, weld width 
and weld penetration increased slightly due to the higher arc force. 
4) The ferrite content in the weld metal increased slightly by affecting chemical 
composition and cooling rate with the increase of CO2 concentration in the 
shielding gas. The low-carbon lath martensite was distributed in HAZ [41]. 

From this investigation it is possible to find out that the oxygen that is used in 
shielding gas can slightly increase the stability of the welding arc. An increase of CO2 
content in shielding gas can influence spatter appearance even in pulse arc. It is not 
possible to know if the content of the same amount of Ar and CO2 mixture (for instance 
7 or 8%) could give the same result as Ar + 4%CO2 + 3% CO2 on arc stability and the 
microstructure of the welding joint. It is also important to know how these parameters 
and mixtures would influence the high strength steel welding. 

Another research on shielding gas influence on MAG welding of 1000 MPa grade 
steel was made by A. Tongbang, W. Jinshan, S. Jiguo and T. Zhiling.  The effect of  
four different shielding gas compositions (Ar + (5%~30%)CO2 volume fraction) on the 
general compositional and microstructural characteristics of deposited metals, 
including non-metallic inclusions was carried out in their investigation [42]. Tests were 
made on 20mm thick plate samples with several pases by using high welding 
parameters reaching the heat input 13 kJ/cm during the welding process. 

Authors examined the chemical composition of the welding joints and the results 
are displayed in table 1.2. 
 

Table 1.2.  
Chemical composition of deposited metals with 

different shielding gases [42]. 

 
 
There were also made tests on the weld mechanical properties. It is possible to see 

the results of the yield strength and hardness of welding joint decreases by the increase 
of CO2 content in the shielding gas mixture. However, Charpy absorbed energy is better 
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on samples welded with shieldingg ases with higher CO2 content in both – room 
tepmperature and -40oC tests. The results of the mechanical tests are displayed in Table  
1.3. 

Table 1.3.  
Mechanical properties of the deposited metals with 

different shielding gases [42]. 

 

Authors of ths research have also payed attention to the inclusions in the welding 
joint. The difference on the amount and size of inclusions are displayed in Fig. 1.18. 
The picture shows the opposite result as it was stated in one of the previous researches 
[5]. The size and amount of the inclusion are growing by the increase of CO2 content 
in shieding gas. 

 

Fig. 1.18. Images of inclusions in the deposited metal with different shielding 
gases: (a) 95%Ar+5%CO2 (b) 90%Ar+10%CO2 (c) 80%Ar+20%CO2 (d) 

70%Ar+30%CO2 [42]. 
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A microstructure of the welding joints was also examined during the investigation. 
The mixture of bainit and martensit structures were observed in the welding joints (Fig. 
1.19).  

 

Fig. 1.19. Color OM images of the as-deposited top beads with different 
shielding gases: (a) 95%Ar+5%CO2 (b) 90%Ar+10%CO2  

(c) 80%Ar+20%CO2 (d) 70%Ar+30%CO2 [42]. 
 

Authors claim that the quantitative statistics show that when the CO2 content in the 
protective gas rises from 5% to 30%, the bainite content in the deposited metal 
increases, respectively 8%, 15.4%, 23.8% and 29.6% (volume fraction). The same time 
martensite structure becomes bigger with the increase of CO2 content [42]. 

Concluding the investigation authors have stated that: 
(1) With the increase of CO2 content in the shielding gas, the 1000 MPa grade weld 
metal metallization strength decreased slightly, while the impact toughness first 
increased and then decreased. When the shielding gas was Ar+20%CO2, the 
deposited metal has the best strength properties, the yield strength is 980 MPa, the 
impact energy at room temperature is 72.6 J, the impact energy at -40 ℃ is 52.0 J, 
and the yield ratio is 0.84. 
(2) Different shielding gas deposited metals are composed of martensite/bainite 
mixture, composed of combined formations with retained austenite between laths. 
With the increase of CO2 content in shielding gas, the B50 and Ms phase transition 
temperature range of deposited metal increases. Large number of inclusions 
suitable for bainite nucleation increases, and the bainite content increased from 8% 
to 29.6% by the increase of CO2 content in shielding gas. The nucleation position 
is from the original austenite grain boundary transform to common nucleation at 
the original austenite grain boundaries and intragranular inclusions. The 
distribution morphology changes from "parallel" to "interlaced", dividing and 
thinning groups. Weaving is conducive to improvement of material toughness [42]. 
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This investigation describes the changes of microstructure depending on the 
shielding gas content. Authors have used only two component shielding gases. There 
is still a  question of oxygen mixture influence on the welding process, arc stability and 
the weld metal metalurgy of high strength steel with lower grade. Nevertheless, this 
investigation gives different point of view on the result compairing to previous research 
on high strength steels. 

A scientific investigation was carried out to find the relationship between alloying 
content, microstructure, and properties has been clarified for highstrength steel weld 
metals with 7 to 9 wt-% nickel by E. Keehan and his colleagues [43]. Neural network 
modeling suggested that manganese reductions and nickel additions in a controlled 
manner with respect to manganese lead to increased impact toughness. Carbon 
additions were predicted to enhance yield strength at limited loss to impact toughness. 
Following these predictions, shielded metal arc welding was used to produce 
experimental welds with manganese at 0.5 or 2 wt-% and nickel at 7 or 9 wt-%, while 
carbon was varied between 0.03 and 0.11 wt-%. 

Authors have done modeling of the SMAW (Self-shielded Metal Arc Welding) 
process of high strength steel 1000 MPa to find the coincidence between Mn and Ni 
content of the chemical composition and the microstructure of welding material. They 
made seven experimental weld metals using SMAW technology. It was decided to 
study the changes in mechanical and microstructural behavior in detail for manganese 
concentrations of 0.5 or 2.0wt-%, nickel levels at 7 or 9 wt-%, and carbon additions 
from 0.03 to 0.11 wt-% with nickel at 7 wt-% and manganese at 0.5 wt-%. These 
compositional variations were chosen since modeling predicted significant effects on 
mechanical properties [43]. 

As the result of investigation and from Thermo-Calc modeling and observed 
segregation behavior, it was concluded that the weld metals solidified completely as 
austenite. Nickel and carbon additions were found to stabilize austenite to lower 
transformation temperature, while manganese reductions promote the decomposition 
of austenite at higher temperatures [43]. 

Combinations of high-resolution microstructural characterization techniques were 
employed to assess the microstructures. For a combination of high Ni and Mn, a mixture 
of upper and coalesced bainite was found in dendrite core regions with mainly 
martensite present in interdendritic regions. A Mn reduction reduced the amount of 
coalesced bainite and promoted greater amounts of upper bainite within the 
microstructure while carbon additions were found to promote martensite [43]. 

 

Fig. 1.20. Constitutional diagram showing the dominant microstructure as 
a funnction of Ni and Mn contentf or the base  

composition 0.034 C, 0.25 Si, 0.5 Cr and 0.62 Mo [43]. 
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A constitutional diagram has been constructed summarizing the effects on 
microstructure of varying manganese and nickel contents (Fig. 1.20.). 

As this research was done without using shielding gases the only thing that can 
be taken is the idea of the modeling of the microstructure of the weld metal depending 
on Ni and Mn content in the welding joint. However, the modeling of hardness or other 
mechanical properties of the weld metal was not descovered in this investigation. 

Several more investigations were done by using same SMAW technology. M. 
Lord did the research of special composition consumable (ESAB OK 75.78 with 3 Ni, 
2 Mn, 0.5 Cr, 0.6 Mo, 0.05 C) as the basis of development. The Author increased Ni 
concentrations to 4 wt-% and decreased Mn levels to 0.8 wt-% of the melting electrode. 
He found that impact toughness increased to 74 J at -60'C, and the yield strength was 
reduced to 809 MPa [44].  

B.Y. Kang together with his team used similar solutioin of increasing Ni and 
reducing Mn content in the metal cored wires. They discovered that the impact 
toughness of 55J at -60'C was reached with nickel at 6.95 wt-% and manganese at 0.52 
wt-% with the SMAW technology. They also reached the tensile strength of 684 MPa 
for this alloy on low-carbon steel weld metal from hardness results [45]. 

It is possible to conclude from both of these investigations that the Ni content is 
playing a great role in increasing the strength of the weld metal by keeping the impact 
toughness rather high at very low temperature. It is important to find out how the 
shielding gas and MAG welding process can influence both Mn and Ni content in the 
welding joint fo high strength steel. 

R.E. Francis, J.E. Jones and D.L. Olson in the end of last century came out with 
the investigation where the wire composition, oxygen activity of the shielding gas, and 
heat input were varied to study the effects of each on MAG welding process of high 
strength steel [46]. Several mixtures of Ar + O2 or Ar + CO2 were used in welding of 
molybdenum-niobium microalloyed HSLA pipeline steel X-70 (equivalent to L485). 
Shielding gases were mixed from pure Ar to 100%CO2. Oxygen was added from 1 to 
5% of the mixture. Authors used high welding parameters, reaching the 390A as the 
wire diameter was used 1.6mm. They also have tested two types of welding wire 
(ER70S-3 and ER70S-6) that contained different amount of alloying materials. 
Two separate studies were conducted in this investigation. First, the gas/metal 

reactions were studied to determine the effect of cover gas composition on the final 
weld metal composition (Fig. 1.21.). Second, the effect of changes in weld metal 
chemical composition on the resultant weld metal microstructure was examined [46]. 
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a)                                                                b)   

 

 

 

 

 

 

Fig. 1.21. Plots of data bands: a) for wt-% Mn Transfer as a function of the 
precentage CO2 in the cover gas; b) for wt-% Mn Transfer as a function of the 

precentage O2 in the cover gas [46]. 

Depending on the Mn content in welding wire and composition of shiedling gas 
two graphs were created (Fig. 1.6.16). As the content of CO2 and O2 increases the Mn 
wt-% is droping. Interesting phenomena appears with the ER70S-6 welding wire where 
the Mn wt-% is reducing a little and after reaching 3,5% of O2 content in shielding gas 
the graph is not droping any more. By the increase of CO2 in the shielding gas mixture 
the drop of Mn wt-% is constant.  

Authors also created diagrams by plotting the microstructure results obtained in 
this study using the MAG welding process with Ar + CO2 cover gas, a diagram similar 
to that of Y. Kikuta [47] is produced. However, the two chemical compositions from 
the two wires map separately as seen in Fig. 1.6.17. Each wire composition gives a band 
of coarse microstructure at the upper left, a center band of fine acicular ferrite, and 
another band of aligned carbide at the lower right, having the ER70S-3 welding wire 
toward the left and the ER70S-6 welding wire toward the right side of the diagram [46]. 

 

 

 

 

 

 

 

 

 

Fig. 1.22. Diagram of the derived weld microstructure as a function of the 
weld oxygen and manganese composition [46] 

Fig. 1.23. a) and b) show the regions of preferred microstructure as a function of 
heat input and cover gas composition for each of the welding wires used. It is apparent 
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that each wire has an optimum region. Thus, it is important that the choice of welding 
wire for a particular application be coupled with the choice of shielding gas. For 
example, it can be seen from this work that with the argon-oxygen cover gas, a greater 
range in heat input can give acceptable welds between 2-4% oxygen in argon with either 
welding wire, and the use of an argon-carbon dioxide cover gas will restrict both the 
heat input and the choice of wire composition [46]. 

a)                                                                 b)  

 

 

 

 

 

Fig. 1.23. Map of microstructure as a function of heat input, cover gas and welding 
wire type: a) shielding gas Ar + O2; b) shielding gas Ar + CO2. The shaded area 

delineates the areas of acicular ferrite. The lined area silhouettes the ER70S-6 
produced welds, and the dotted area the ER70S-3 produced welds [46]. 

Finally, authors made following statemnts after theis investigation: 
1) The volume fraction of acicular ferrite is definitely influenced by the oxygen 
and carbon dioxide content in the argon cover gas.  
2) Plots of inclusion-forming agent vs. hardenability agent can be used to predict 
microstructure of MAG weld metal.  
3) MAG welding can achieve acceptable weld metal microstructures in niobium 
microalloyed steels only with the proper combination of welding wire, shielding 
gas and heat input [46]. 

Authors have done an interesting research by using a very wide range of shielding 
gase mixtures. There has been descovered some advantages ond drawbacks of both 
double gas mixtures Ar + O2 and Ar + CO2. However, there were no conclusions done 
about the influence of all three gas mixtures. The hardness and other mechanical 
properties were not tested or predicted in this research and the welding parameters were 
increased due to the increased wire diameter that is not compnly used in MAG welding 
nowadays. 

After a review of different researches about MAG welding and the influence of 
shielding gas on this process a summary of all found usefull literature sources was made 
(Table 1.4.). There is a description and summary about the used base materials as well 
as types of electrode materials that were used in different researches as they influence 
the welding pramaters, process and weld joint. Types of shielding gases that were 
involved are also included in the summary of the investigations. There are also some 
notes if gases were not used there. An important role on the research and cocnlusions 
take place the mechanical properties of the welds like Yield Strength, Tensile Strength 
and Hardness. These issues are also included and outlined in the summary. Finally, all 
investigations, where some kind of modeling was carried out, are outlined in the 
conclusion of all research works. 
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Table 1.4.  
Summary of studied literature sources. 

Experiment Reference Metals Shielding gas 
Welding 

prameters 
Mechanical 
properties 

Chemical 
composition 

Developed 
model 

MAG +  
Solid wire 

Kah [5] S235 

Ar+2.5%CO2, 
Ar+10%CO2, 
Ar+18%CO2, 
Ar+25%CO2 

Short arc 
Pore size and 

quantities 
? ? 

MAG +  
Solid wire 

Knovel 
[6] 

S235 
Ar+5%CO2+ +5%O2, 

Ar+20%CO2, 
100%CO2 

Short arc Charpy test ? ? 

MAG +  
Flux-cord 

wire 

Gadallah 
[29] 

S235 

100%Ar, 100%CO2, 
Ar+5%CO2, 

Ar+10%CO2, 
Ar+18%CO2, 
Ar+20%CO2, 
Ar+25%CO2 

Puls-arc 

Charpy test not 
for all samples 

100%Ar, 
Ar+25%CO2 

Microstructure,  ? 

MAG +  
Solid wire 

Moreira 
[30] 

S235 

100%Ar, 
Ar+8%CO2, 

Ar+15%CO2, 
Ar+25%CO2 

Short arc 
Pore size and 

quantities 
? ? 

MAG +  
Flux-cord 

wire 

Çevik 
[31] 

S275 
100%Ar, 

Ar+12%CO2+2%O2 
Short arc 

Tensile strength, 
spatter 

Microstructure ? 

MAG +  
Solid wire 

Boiko 
[36] 

S235 

Ar+8%CO2, 
Ar+18%CO2, 
Ar+25%CO2, 

100%CO2 

Short arc ? 
Chemical 

composition 

Model of 
economical 
calculation 

MAG +  
Solid wire 

Gouda 
[38] 

S950 

100%Ar, 
Ar+10%CO2, 
Ar+15%CO2, 
Ar+20%CO2, 
Ar+25%CO2 

Spray-arc 
Charpy test, 

Hardness 

Microstructure, 
Chemical 

composition 
? 

MAG +  
3 Solid wire 

Peng [40] S890 Ar+20%CO2 Spray-arc 

Yield and 
Tensile 

Strength, 
Hardness 

Microstructure ? 

MAG +  
Solid wire 

Zhao [41] S355J2+N 

Ar+18%CO2, 
Ar+13%CO2+3%O2, 
Ar+10%CO2+3%O2, 
Ar+4%CO2+3%O2 

Puls-Arc 
Penetraiton size 

and form, 
Hardness 

Microstructure ? 

MAG +  
Solid wire 

Tongbang 
[42] 

S1000 

Ar+5%CO2+5%O2, 
Ar+10%CO2, 
Ar+20%CO2, 
Ar+30%CO2 

Spray-arc 

Yield and 
Tensile 

Strength, 
Hardness, 
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In summary, it can be concluded that various studies have been performed on the 

effect of shielding gas on carbon steels such as S235, S275, S355, which are standard 
structural steels. In most cases these investigations are done by using short arc except 
those where the flux-cord wire was used in. However, a couple of studies were made 
without using shielding gas. Authors in these studies have focused on the reinforcement 
of welded joints in standard structural steels using an alloyed melting electrode. It is 
possible to find there the overview that not only Mn content influences the mechanical 
properties of welding joint. The same influence is also on Ni content in the welding 
joint that was not taken into count in my previous research.  

Low-alloy steels with a yield strength of 890 - 1000 MPa are also considered in 
latest investigations. All authors have used high welding parameters in these studies. 
This should also be taken into count during investigation of this work.   

Thus, it was concluded that structural steels in the range of 420 - 850 MPa are not 
considered, although currently these materials are increasingly used in production, 
helping to lighten the weight of structures, ensuring their sufficient strength. It is 
important to find out the influence of different processes. 

The above conclusions open the way for a new study on the effect of shielding gas 
on high-strength steel (650MPa) with MAG welding technology. Taking into account 
the previous research, it was decided to perform the research by welding with high 
welding parameters. 
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2. EXPERIMENTAL STUDIES. 
 
2.1. Materials and methods of investigation. 

The material that was chosen for the investigation should be within 420 and 850 
MPa class as it was discovered from the summary of literature sources. For this reason, 
the steel grade 650 MPa as the midle range was chosen to be used in further 
investigations. It is low alloyed high strength structural steel that has Yield strength at 
least 650 MPa. According to the sertificate given by steel production company 
(Appendix 1) the Yield strength of the material is 702 MPa. However, the hardness of 
the material is not given by the producer. It is possible to replace the 6 to 8mm thick 
plate of steel grade S235 or S355 by using only 2 or 3mm steel plates of 650 MPa class 
steel. This advantage gives the opportunity to decrease the weight of the construction 
by 50 to 60%. There are more advantages from economical point of view by choosing 
this type of steel that are described later in the investigation. 

As it was mentioned before the base metal that was choosed for the experiments 
was 650 MPa class steel. In this case STRENX®650MC delivered by company SSAB 
was taken to create the samples for welding experiments. The chemical composition of 
the material was tested in the laboratory was different as given by the producer (see 
Apprndix 1). The results after testing by optical emisionspectrometer are given in Table 
2.1. 

Table 2.1.  

Composition of Base and Filling Material. 

  C Si Mn S Cr Mo Ni Al Nb Ti V 
Base material 0,0581 0,157 1,56 0,0162 0,0451 <0,0030 0,0251 0,0191 0,0416 0,102 0,0165 
Electrode wire 0,075 0,63 1,63 0,007 0,28 0,22 1,42 0,006 0,002 0,001 0,09 

As per sertificate the Cekv for the material is 0.35 taking into count chemical 
composition from certificate, it is important to calculate this value once more to be sure 
that the material is weldable without any extra treatment. Cekv is calculated according 
to formula: 

[48] 

After the calculation of results from chemical composition test the real Cekv is 
0,22. According to the literature [47], these amterials are with good weldability without 
any extra treatment. According to certificate the steel has satisfactory weldability, as 
Cekv was in the group up to 0.35%. Usually, when welding these steels, above 0°C no 
special conditions need to be met, but at a reduced temperature preheating required and 
slow cooling [48]. It means that the chosen material is weldable in room temperature 
without any extra treatment or preheating. 

As it was decided after the review of literature sources the high welding parameters 
should be taken into count during welding experiments. For this reason, the 10mm thick 
plate was chosen to create welding samples. It gives the opportunity to increase welding 
parameters such as welding current and wire speed to not burn through the steel plate. 
Samples then were laser cut into welding pieces of 100x200mm according to EN ISO 
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9606-1 (Welder Approval Testing). They were stick together creating a T-joint with 
two spot welds on the opposite side of the welding experiment seam. No extra 
preparation (chamfering) was done on any of welding specimens.  

Welding equipment of company FRONIUS® TPS500i (Fig 2.1.) and welding 
tractor Fronius® FlexTrack 45 Pro (Fig. 2.2.) was used to create smooth movement of 
the welding torch and regular welding joint.  

 

 

 

 

 

 

 

Fig. 2.1. Welding machine                     Fig. 2.2. Welding tractor  
 Fronius®MIG500i [49]                       Fronius® FlexTrack 45 Pro     

Welding process was done according to EN ISO 6947 in PB (Plate Horizontal 
Vertical) position and a welding seam was created with a height of 5mm (a=5). Figure 
2.3. shows the welding set-up of the experiments. 

 

 

 

 

 

 

 

Fig. 2.3. Welding set-up of the experiments. 

 Experimental samples were fixed on the even welding table. Before each 
experiment the welding toroch that was fixed on the welding tractor was moved along 
the sample to check the constant height and distance between the sample and the 
welding wire. Welding tractor was put on 1000mm long rail to afford the movement of 
200mm across the welding sample. It was also possible to regulate the welding speed 
before and during the welding process. 
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From the literature overview it was concluded that the wire electrode plays an 
important role on welding parameters and also on the result of the weld. For this reason, 
the welding wire electrode was used according to base material properties with proper 
manganese content. Chemical composition of the welding wire is given in Table 2.1. It 
is also possible to find that there is an increased Ni content in the welding wire chemical 
composition. As there was no possibility to make a chemichal composition test the only 
evidence of the alloying material content is the certificate given by the producer of the 
welding wire electrode (Appendix 2). The diameter of the electrode was chosen 1.2mm 
that gives higher deposition rate. It also gives a possibility to increase the welding speed 
that helps to decrease the heat input during the welding process [48]. 

As the last and one of the main necessary chosen components for all experiments 
was the shielding gas. To afford the stable welding in high welding parameters there 
should be chosen Argon mixtures as pure Ar and pure CO2 is not sutable for welding 
in spray0arc conditions [14]. Therefore, the investigation was carried out with four 
different shielding gases. Argon mixtures with CO2 (Carbon dioxide) and O2 (oxygen) 
were used in experiments. The composition of these gases is given in Table 2.2. and 
can be found in Appendix 4.  

Table  2.2.  

Compositions of Shielding Gases. 

Gas Argon CO2 O2 

MISON®25 (M25) 75% 25% - 

MISON®18 (M18) 82% 18% - 

MISON®8 (M8) 92% 8% - 

CORGON®3 (C3) 90% 5% 5% 

All of these shielding gases are commonly used in different metalworking 
companies in Latvian market and also widely spreaded across the world [14], [36]. As 
there is an Ar content in the shielding gas there is a possibility to create a stable plasma 
arc during the welding process. CO2 adition to the mixture still gives a possibility create 
short arc during the welding process. Gas flow rate was held at constant 15l/min. The 
flow rate control was carried out before each welding experiment separately for each 
sample according to example shown in the Fig. 2.4. a.  

High welding parameters should be used to reach the spray arc [14]. For this 
reason, the welding parameter matrix was chosen by using special welding parameter 
modeling application WeldConnect® (Fig 2. 4 b). To reach the previously mentioned 
parameters of welding joint size a=5mm following parameters were set to reach the 
results: 280A at 28V, 300A at 29V and 320A at 30V. To reach constant height for all 
the samples as wire speed increases the traveling speed was set for each experimental 
weld accordingly: 350; 380 and 420 mm/min. 
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a)                               b) 

 

 

 

 

 

 

Fig. 2.4. a) testing of shielding gas consumption [48]; b) WeldConnect® application 
[50]. 

Arc stability was checked after setting the welding parameters before each block 
of experiments (at 280 A/28 V, 300 A/29 V and 320 A/30 V). The stick-out of the 
welding wire electrode was set 19 mm before each weld.  

After welding of each specimen, they were photographed, cut into pieces of 
thickness of 10mm and prepared according to procedures described in referenced 
studies [51, 52]. The evident pictures of all specimen were also made before and after 
preparation (Fig. 2.5.). 

a)  

 

 

  

 

 

 

b)  

 

 

 

 

 

Fig. 2.5. Welding specimen prepeared for following experiments:  
a) after cutting; b) after grinding and polishing. 
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After polishing all samples, they were treated with liquid of 9% nitrogen acid. After 
this procedure it is possible to see the size and form of penetration. It is also possible to 
see and measure the heat affective zone (HAZ). Finally, it is possible to do 
photomicrography of the welding joint. It was done by Axiovert 40 MAT optical 
microscpope. It was possible to identify microstructural changes for each weld sample 
and the pixctures were taken from the middle of the welding joint. All of the pictures 
were taken and described in further research. Chemical composition of the welding 
joints was determined using Optical spectrometer PMI-MASTER Pro2. Finally, the 
tests of mechanical properties (hardness) was carried out by using Mitutoyo Micro 
Vickers hardness tester HM-210D. Testing of the hardness was made using the multi-
step punctures according to EN ISO 9015-1 including base metal, HAZ (Heat Affective 
Zone) and the welding joint. Photographs of all puncture lines were captured to 
evidence and measure the hardness of each zone in every sample.  

2.2.  Results of the investigation. 

Four different studies were conducted in this investigation. First, was the visual 
control of the welding seam, created spatters during welding and the penetration. 
Second, the change of microstructure of the weld with different shielding gases and 
different Spray arc parameters. Third, the effect of shielding gases on chemical 
composition of the weld. Finally, mechanical properties of the welding joint by the 
influenced shielding gas and spray arc conditions were evidenced, as three different 
heat inputs were achieved during the welding process.  

2.2.1. Form of Welding Seam, Spatters and Penetration. 

Welding parameters can influence the formation of the welding pool and form of 
the welding joint. Shielding gas can influence the form of metal transfer of melted 
electrode and arc stability. It is also stated that the amounts of spatters are affected by 
the stability of the welding process [14].  

It is visible in pictures of the welding joints that all shielding gases show rather 
good stability of the arc (Fig. 2.6.). There were no spatters observed on all samples 
welded with M8 and C3 shielding gases.  

a)               b) 

 

 

 

c)               d)   

, 

 

 

Fig. 2.6. Amounts of spatters on welding seams with different shielding gases welded 
at 300 A parameters: a) M25; b) M18; c) M8; d) C3. 
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There was more spatters more on the samples welded with shielding gases M25 
and M18 at all of welding parameters. According to previous studies [14], [36] CO2 gas 
provides and supports creation of short arc. The increase of its content in argon mixture 
increases the possibility of spatter creation. It appears that the influence of CO2 still 
gives the possibility to create a short arc at high welding parameters. This leads to 
appearance of spatters after welding with these two shielding gases.   

An interesting phenomenon was observed on the welding seam where mixture C3 
was used (Fig. 2.7.).  

 

 

 

 

 

Fig. 2.7. Phenomena of SiO2 on the welding seam. 

A layer of thin and transparent substance was covering the welding joint all across 
it. It appears to be the SiO2 (siliceous oxide or glass) layer. The siliceous that was 
burned out from the welding pool made a reaction with oxygen that was in the shielding 
gas and brought it to the upside of the welding joint.  

All samples were treated with liquid of 9% nitrogen acid after polishing. It is then 
possible to see the form of weld penetration. Smooth and stable form of penetration 
was made by using mixtures M25 and M18 (Fig. 2.8. a), b), c), d), e), f)). Good 
penetration and welding seam form combination was achieved with samples welded 
with M8 shielding gas at 280 A and 300 A parameters (Fig. 2.8. g), h)). The shape of 
the penetration was becoming unregular according as welding parameters were 
increased to 320 A with the same mixture (Fig. 2.8. i). 

a)     b)     c) 
      

 

 

 

d)     e)    f) 
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g)     h)    i) 

 

 

 

j)    k)    l) 

 

 

 

Fig. 2.8. Welding Seam Form and Shape of Penetration of the welded Samples:  
M25 - a) 280 A, b) 300 A, c) 320 A; M18 – d), e), f); M8 – g), h), i); C3 – j), k), l). 

Similar issue appeared with all samples that were welded with C3 mixture (Fig. 
2.8. j), k), l).). It can be explained with higher temperature of welding pool that melted 
the base material not only where the electrode was directed, but also on the horizontal 
base plate away from the corner. The side plate was almost not melted at 280 A sample 
because of that reason.  

It was also impossible to keep regular shape of welding seam as the temperature of 
welding pool was hot when welding with C3 mixture.  

2.2.2. Microstructure. 

Microstructure of all welded samples was captured by optical microscope Axiovert 
40 MAT. One of the defects that can be recognize at 50 times (50x) increase of the 
picture are the inclusions in the welding joint. According to Fig. 2.9. it appears that 
more inclusions were captured in welding joints that were welded with M25 and C3 
shielding gases.  

a)     b)     c)  

 

 

 

d)  e)     f)  

 

 

 

Fig. 2.9. Welding seam microstructure (50x) from samples welded with M25 and C3 
shielding gases: a) M25 -280 A; b) M25 – 300 A; c) M25 – 320 A;  

d) C3 – 280 A; e) C3 – 300 A; f) C3 – 320 A. 
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Smaller amount and smaller size of the inclusions were found in welds that were 
made with mixture M18 (Fig. 2.10.). 

a)     b)     c)   

 

 

 

Fig. 2.10. Welding seam microstructure (50x) from samples welded with M18 
shielding gas: a) M18 - 280 A; b) M18 – 300 A; c) M18 – 320 A 

The least amount of inclusions but with a little bigger size appeared in welds that were 
welded with M8 shielding gas (Fig. 2.11.). 

a)                                            b)                                             c) 

  

 

 

Fig. 2.11. Welding seam microstructure (50x) from samples welded with M8 
shielding gas: a) M8 -280 A; b) M8 – 300 A; c) M8 – 320 A 

After the comparison of the inclusions a 200x increased view was investigated. A 
structure of the welding joint was possible to observe in the samples. As from Fig. 2.9. 
– 2.11. it can be observed that the structure in general is formed by different size 
boundries. As it was stated in different studies [29], [31], [38], [39], [40], it is important 
to find out of what kind of grains the structure consists of. In most cases grains of ferrite, 
bainite and martensite creates structure of the welding joint according to previously 
mentioned studies.  

Thanks to 200x increased view it is now possible to see the grain size, shape and 
location of the created joint structure. The grain size of a metal structure can affect the 
strength of the metal and the formation of various types of defects [59]. 

After the performed experiments it can be concluded that the structure of smaller 
grains is formed in samples M25 320 A and M8 280 A (Fig. 2.12.). In the structure 
formed by M25 320 A, a number of wider and longer grain formations can also be 
observed. As bigger the ferrite boundries the bigger possibility for weld to become 
fragile [62]. This can be a reason to cause the intercrystal cracking. 
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a)                                                     b)  

 

 

 

 

 

Fig. 2.12 Material microstructure (200x): a) M25 320A; b) M8 280A. 

In the microstructure of samples M8 280 A, these grain formations are much 
thinner and shorter, thus the structure is more even and ensures the strength of the 
welded joint [40]. 

For several welded samples, such as M25 300 A, M18 320 A, M8 300 A, M8 320 
A, and C3 320 A, uneven formation of martensite and ferrit-perlit formations with 
ferrite grain boundaries can be observed in the welded joint structure (Fig. 2.13.). As 
can be seen, such a structure is formed at higher welding parameters, which can be 
explained by faster cooling of the samples and the occurrence of metallurgical 
processes in the joint [63]. Such created martensite boundries may cause cold cracks in 
the weld [59, 62]. 

a)                                               b)                                              c)  

 

 

 

 

                          d)                                                    e)  

 

 

 

 

Fig. 2.13. Material microstructure (200x): a) M25 300 A; b) M18 320 A; c) M8 300 
A; d) M8 320 A; e) C3 320 A 

Similar structures have formed in samples M25 280 A and M18 280 A (Fig. 2.14.). 
The grain size of the microstructure is small, but martensite formations are placed with 
uneven distance between each other. This may cause the formation of different internal 
stresses in the weld [62]. 
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a) b)  

 

 

 

 

Fig. 2.14. Material microstructure (200x): a) M25 280 A; b) M18 280 A. 

In the microstructure of the welded samples C3 280 A, C3 300 A and M18 300 A, 
the grains form elongated shapes and form regular layers, which are separated by grain 
ferrites (Fig. 2.15.). All these structures are with regular form however, the elongated 
grain shape of the stratification may adversely affect the strength properties of the weld 
metal [60]. 

a)                                              b)                                           c)  

  

 

 

 

Fig. 2.15. Material microstructure (200x): a) C3 280 A; b) C3 320 A; c) M18 320 A. 

As it can be observed from fig. 2.15. the ferrite grains are formed more. As per 
literature sources [61], [62] this can make the welding joint more fragile and may 
influence the formation of intercrystal or laminar cracks. 

Smaller grain size was achieved with lower welding parameters and shielding gas 
that contains less CO2. Shielding gas containing O2 shows the tendence to create more 
ferritic structure at lower welding parameters. However, as the temperature in welding 
joint rises the structure turns to create more martensite and bainite mixture and ferrit 
contamination is decreasing. Similar conclusions were made and calculated in previous 
researches [42], [46]. 

2.2.3. Chemical composition. 

Chemical composition of the welding joint plays a big role on the mechanical 
properties of the weld as it was stated in different studies. Therefore, the investigation 
of chemical composition of all welds was carried out. Shielding gas can influence the 
amounts of alloys that might be burned out from the welding joint as it was stated in 
previous research [52]. Manganese (Mn) is one of the most important alloying elements 
that is responsible for hardness properties of the high strength steels [54, 58]. It is 
possible to find how different shielding gases and welding parameters do influence 
chemical composition of the 650MPa steel grade welding joint in this research. Graphs 
in Figure 2.16. show changes of Mn content in welding joint with each gas at all three 
welded parameters.  
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Fig. 2.16. Chart of Mn content in welding joints with different shielding gases at 
different welding parameters. 

As it was stated in previous investigations that more alloys were burned out of the 
welds that were made by using shielding gas mixture C3 with short arc parameters [36]. 
The same phenomena also appear in this investigation. All samples that were welded 
with this gas mixture contains less Mn alloy then other welded samples. Content of Mn 
decreases by more than 16% against wire electrode and more than 12% against base 
material in samples welded by this mixture. A little increase was observed in samples 
that were welded with higher parameters then with lower ones. It can be explained with 
the Mn property to create MnO during the welding process [48]. Mn can make a 
reaction with FeO to take the O molecule and burn faster from the welding joint. 

FeO + Mn ↔ Fe + MnO   [48] 

Rather opposite view on the Mn level according to increase of CO2 level in 
shielding gas [38], [45] was observed in this study (Fig. 2.17. a). As the gas content 
was containing 25% CO2 the more stable and higher level of Mn was achieved in welds. 
The Mn content was more depending on the welding parameters here. Decrease of 6- 
9% against wire and 1- 4% against base material was observed with M25 mixture in all 
three chosen welding parameters.  

a)                                                                b) 
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                                    c) 

 

 

 

 

 

Fig. 2.17. Mn content depending on CO2 contant at different welding parameters:  a) 
at 280 A; b) at 300 A; c) at 320 A. 

Rather similar results were achieved with the mixture M18 (Fig. 2.17. b). Results 
again showed the opposite view as it was stated in the observed studies [38], [45]. 
Lowest decrease against wire material (only 2%) and even increase against the base 
material was observed in samples welded with M18 mixture at 280 A. At 300 A 
parameters this mixture showed a bigger drop in Mn content (12% against wire; 8% 
against base material).  

As parameters increased to 320 A the shielding gas M8 mixture showed the best 
result in this investigation between the other CO2 mixtures at these parameters (Fig. 
2.17.c). Mn content in these welding joints was decreased only by 2% against wire 
material and no changes against base material. At lower parameters this mixture showed 
lower content of Mn in the welding joint (10- 11% against wire; 6- 7% against base 
material). 

None of the previous charts do not show the same results as it was stated in previous 
researches except the higher parameters where the tendence of the decrease of Mn is 
negative. At the same time the line of the Mn content depending on welding parameters 
looks rather similar for all of the samples welded with CO2 gases (Fig. 2.18.). 

 

Fig. 2.18. Change of Mn content depending on welding parameters. 
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It is now possible to state that the influence of the welding parameters that also can 
influence the heat input of the welding process gives a possibility to keep higher Mn 
content in welding joint. So, there can be a possibility to find the corolation between 
the welding parameters including heat input and the Mn content in the welding joint. 

Content of Ni as an alloying element is also important for high strength steel as it 
was stated in previous studies [42], [43], [44]. Because of this reason the same 
investigation was carried out on the influence of shielding gas on Ni content in the 650 
MPa steel grade welding joint. As it can be found in Table 1. there is a difference of Ni 
content in base metal and wire electrode. It is used to keep the mechanical properties 
of the weld close to the base metal as the structure of the welding joint is slightly 
changing [42]. There is also stated that Ni content is important alloying element that 
helps to increase the strength of the welding joint without sacrificing the impact 
toughness [64]. 

From the investigation appeared that the Ni content was behaving oposite to the 
Mn when welding with C3 mixture. The content of Ni was the highest between all the 
samples compared to all shiedling gas mixtures containing CO2 (Fig. 2.19.). 

 

Fig. 2.19. Chart of Mn content in welding joints with different shielding gases at 
different welding parameters. 

As it can be observed from the obtained results, as the current parameters increase, 
the Ni content in the weld also increases when the O2 takes part in the welding process 
(Fig. 2.20.). 
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Fig. 2.20. Ni content depending on welding paremetrs with C3 mixture. 

This phenomenon is not described in any of overviewed researches where the 
oxygen mixture was used as a shielding gas. The increase of Ni content with this 
shielding gas was found to be 14% between 280 A to 320 A parameters. This corolation 
of the Ni content and the welding paremter increase looks rather similar to previously 
raised idea about the Mn dependency on welding paremeters. 

However, the Ni content is decreasing in welding joints created by CO2 mixtures. 
Though, the changes of the cnontent was not so sufficient as in the samples welded by 
C3 mixture. Similar insufficient changes were also observed in other investigation [38]. 
Another scientist [42] chose to not take into count changes of Ni by using Ni+Cr+Mo 
complex changes of chemical composition in the weld that were also fluctuating not 
much.  

Charts in Fig. 2.21. show the changes of Ni content with each shielding gas 
containing only mixture with CO2 shielding gas. 

 

 

 

 

 

 

 

 

 

Fig. 2.21. Ni content depending on welding paremetrs with CO2 mixtures. 
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It is possible to observe the insufficient decrease of Ni content by 4% in welding 
joint by increase of welding parameters with M8 shielding gas. The correlation looks 
descending in all of the charts and can be described with the increased temperature of 
the welding joint that influences the possibility to burn out Ni from the welding joint. 
Burning of Ni can also be explained by the short arc creation possibility that was 
observed previously with M8 and M25 shielding gases. However, the decrease of Ni in 
welding joints created by M18 and M25 looks more sufficient as the changes ar 
approximately 10%. This decrease might show some influence on mechanical 
paremeters of the welding joint as it was stated before [38]. 

2.2.4.  Hardness. 

High strength steels are mainly used for its properties. One of the main features 
that influence the material toughness is the hardness. It is important to keep this 
property in the welding joint as high as possible to the base metlas also after welding. 
All welded samples were tested with automated hardness testing machine Mitutoyo 
Micro Vickers hardness tester HM-210D (Fig. 2.22. a) according to standard EN ISO 
9015-1 procedures.  

a)                                                                   b)               

 

 
 
 
 

Fig. 2.22. Hardness testing setup: a) Mitutoyo Micro Vickers hardness  
tester HM-210D; b) hardness testing technology. 

The welding joint was devided in the middle the same as it was done in one of the 
previous studies [41]. Ten stitches one by one after 0,5mm were made into every sample 
covering base material (3 stiches), HAZ (3 stitches) and weld metal (4 stiches) (Fig. 
2.22. b). The changes in hardness of the material after welding are described in chart 
(Fig. 2.23.)  
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Fig. 2.23. Weld metal hardness at different welding parameters:  
a) 280 A; b) 300 A; 320 A. 

Each parameter set was highlighted separately with the graph that shows the tested 
hardness of the samples. From these graphs it appears that the hardness in HAZ is 
almost the same for every welded specimen. The difference is visible only in the 
welding pool. Hardness was the highest in samples welded with M8 shielding gas. 
Other Ar+CO2 mixtures (M18 and M25) showed smaller values of hardness in the 
welding seam as well as the C3 mixture. Similar graphs with rather similar values was 
carried out with all three used parameters. It was also possible to see that in one part of 
the welding pool at 280 A parameters the hardness was reached similar to base metal. 
This sample was welded with M8 shielding gas. Hardness close to the base metal was 
also reached at 300 A regime. As the parameters were rising the hardness of the weld 
did not reach the same values as the base metal, but still showed higher level than it 
was reached with other gases.  

It is also possible to see that the HAZ of all welds made with gas mixtures M18 
and M25 was a little bit longer than for other two shielding gases. It was approximately 
1 – 1,5 mm wider compared to other samples. It can be explained with the CO2 increase 
in shielding as that supports the creation of short arc during the welding process.  
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3. MODELING OF THE HARDNESS OF THE WELDING JOINT. 

In order to compile the data and to find the relationship between the obtained result 
and the predicted content of alloying materials in the welded joint and its hardness.  
Obtained research results were compiled and the graphs were created using Microsoft 
Excel 2019 programm (Fig. 2.16, 2.19, 2.23). The mathematical model describing the 
influence of shielding gas and welding parameters on hardness of the weld was obtained 
with the Microsoft Excel 2019 computer program. The results and each member of the 
model was also validated. Extra inspection was done by computer programm 
SPSS®Statistics and the results is provided in Table 3.3.  

3.1. Shielding gas and welding parameter influence on chemical composition 
changes. 

After review of different studies above, it was concluded that the investigations 
have been more focused on changes in the Mn and Ni content in the weld [36], [38], 
[42], [46]. R.E. Francis has also created a diagram showing the dependence of Mn on 
the content of oxygen molecules in the shielding gas [46]. From the results of this study 
(Fig. 3.1.a) it can be concluded that the results obtained in this study do not exactly 
coincide with the changes of the previously developed diagram at 280 A and 300 A 
parameters, while they coincide with 320 A parameters (Fig. 3.1.b). Thus, it can be 
concluded that the Mn content is influenced not only by the CO2 content in the shielding 
gas, but also by the welding parameters.  

a)                                                                 b) 

 

 

 

 

 

 

Fig. 3.1. Diagram of dependance of Mn on the composition CO2 in the shielding 
gas: a) the studied model [46]; b) data obtained in this study. 

After reviewing the above-mentioned studies, it was decided not to develop a 
model that could predict changes in the percentage of Mn and Ni content in the weld 
depending on the choice of shielding gas composition and welding parameters as the 
previously made studies were already including this kind of reasearch. Similar models 
are also generated for calculating Ni content in welded material. 

 
3.2. Modeling of  hardenss of the welding joint influenced by shielding gas and 

welding parameters. 

As it was stated before, one of the most important mechanical properties of high-
strength steels is its hardness. This property also characterizes the wear resistance of 
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the material. Many studies have been carried out looking at the different mechanical 
properties of the weld and it has been found that the hardness of the material decreases 
with the increase of CO2 in the shielding gas mixture. This conclusion has been stated 
in both studies with low-alloy structural steels [29] and high-strength steels (950 MPa) 
[38], [42], and a relationship between metal hardness and impact resistance has yet to 
be found, which is an important statement for high-strength steels research [38]. This 
phenomenon can also be observed in the study conducted in this work. In contrast to 
the study by M. Gouda [38], where it was stated that the hardness level was achieved 
identical to the base material only with pure Ar as shielding gas, in this study it was 
achieved with a mixture of Ar and 8% CO2 at 280 A parameters. 

Although, a relationship between hardness and the percentage of CO2 in the 
shielding gas has been found before, no relationship has been found involving welding 
parameters. Therefore, in this work, a model was developed to help predict changes in 
the hardness of the weld, depending on the shielding gas and welding parameters used. 

As the base model of finding the forecasting formula of hardness was chosen the 
linear regression. The independent parameters that influences the hardness result were 
chosen the welding current (Iw) and the CO2 and O2 concentration. Results of the 
hardness measurements were also used as dependent parameters for the model 
calculation.  

Following equition was created to determine the linear regression: 

HVw = aCO2 · CO2 + aO2 · O2 + aI · Iw + b  (3.1.) 

where, 

HVw – Hardness of the weld metal, 

aCO2, aO2, aI – regression coefficient 

Iw – welding current (A) 

O2 – oxygen concentration in shielding gas (%) 

CO2 – carbon dioxide concentration in shielding gas (%) 

b – independent coefficient  

Following table was drawn after entering the data in the Microsoft Excel 
calculation model: 

Table 3.1.  
Obtained results from Microsoft Excel calculation 

Coefficient CO2 O2 Iw b 
a1,2,3…n;b -1,02 -3,74 -0,32 364,31 

a standart deviation 0,14 0,51 0,05 15,78 
R2 0,70 

HVw standart deviation 5,87 
Degree of freedom 44 
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From these data the coefficients for the formula can be found and the equition 3.1. 
looks following: 

HVw= (-1,02)·CO2 + (-3,74)·O2 + (-0,32)·Iw + 364,31 (3.2.) 

The obtained equation was then checked for conformity by using obtained data in 
table 3.1. The resulting corrected coefficient of determination (R2), taking into account 
the number of independent variables and the number of measurements was determined  
R2 = 0,70. It shows rather close relationship between calculated values and 
measurement results, namely 70% of the measurements can be explained by the linear 
regression model used. 

To verify statistical significance of the obtained coefficients, the t-statistic and 
associated P-value for 2-tailed Student distribution was calculated by using following 
formula: 

t= , ,

, ,

 
 

and t=   
 

(3.3) 

 aCO2,O2,I – regression coefficient 

 b – independent coefficient 

 𝑆
, ,

, Sb – standard deviation of residual 

It is now possible to find the residual sum of squares as the coeficients of the 
obtained model are calculated and the results of experimental hardness tests are 
summarized. 

𝑆𝑆 = ∑ (𝐻 − 𝑎 ∙ 𝐼 − 𝑎 ∙ 𝑂 − 𝑎 ∙ 𝐶𝑂 − 𝑏)   (3.4) 

Standart deviation of residual can be calculated by using the obtained results from 
formula 3.4. 

𝑆 =
𝑆𝑆

𝑛 −𝑚 − 1
 

(3.5) 

 n – degree of freedom (from table 3.1) 

 m – number of variables 

From formula 3.5 𝑆
, ,

, Sb values can be calculated as following: 

S =
√

  
  

 
(3.6) 

 

S =
√

  
 

 (3.7) 
  

S =
√

  
 

  
(3.8) 
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S =
√

   
 

(3.9) 

The t-statistic values and the P-value now can be calculated. Obtained results are 
shown in the table 3.2. 

Table 3.2.  

Calculated t-distribution and P Values 

 CO2 O2 Iw b 
t 7,26 7,24 6,13 23,09 
P 4,79E-09 5,02E-09 2,2E-07 3,16E-26 

The accuracy and reliability of the model can be now verified from analyzed data 
in table 3.2. If the P-value associated with a regression coefficients does not reach 0.05, 
then the developed regression model is statistically significant [65], [66] In this case P-
value is less then prescribed figure for all of the coefficients. It means that the resulting 
coefficients are correct and reliable.  

More expanded formula was created to find more accurate linear regression model 
to insure the accuracy of received data. 

HVw = a1·Iw + a2·O2 + a3·CO2 + a4·Iw·O2 + a5·Iw·CO2 + a6·O2·CO2 + a7·Iw·O2·CO2 + b 
 

(3.10) 

where: 

HVw – hardness of the weld metal 

a1,2,3,4,5,6,7 - regression coefficients 

b – independent coefficient 

Iw – welding current 

O2 – Oxygen content in shielding gas (%) 

CO2 – Carbon dioxide content in shielding gas (%) 

Following the previous analysis of the model by using t-distribution test it was 
stated that the P-value of coefficients a4, a5, a6, a7 are bigger than figure 0,05. Therefore, 
these coeficients where removed from the formula. The final result of the model was 
then obtained the same as formula 3.2. 

Fig.  3.4. shows the obtained linear model according to the linear regression 
modeling method, as well as the predicted deviations from the theoretical values using 
different shielding gas. 
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a)        b) 

 

 

 

c)         d) 

 

 

 

 

Fig. 3.2. Comparison of the calculated hardness of the welded seam material 
with the experimentally measured data: a) M25; b) M18; c) M8; d) C3. 

It can be concluded that the generated model (3.2.) show rather precise calculated 
results that give a possibility to predict the welded metal hardness parameters as the 
calculated tolerance of the model was 6 HV hardness units. It is the same tolerance that 
was found during measuring process of the base material and weld material almost for 
all samples (except for four points).  

An additional inspection of obtained model was carried out by computer programm 
SPSS®Statistics. After all the data were collected and put in the model following results 
were obtained. 

 Table 3.3.  
Coefficients Obtained with SPSS®Statistics. 

 

 

 

 

From the data that are captured in first column it is possible to conclude that they 
look similar to the coefficients in the Formula (3.2). Similar result can be found with t-
distribution in column number four. All t values are almost the same.  

As the created models look similar as well as created graphs show very close results 
to experimentally achieved ones it can be concluded that the obtained mathematical 
model is correct and significant.  
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CONCLUSIONS 

1. The effect on spatter formation when welding with shielding gases M18 and 
M25 is still observed in the spray-arc material transfer modes. Despite the high plasma 
temperature in the welding arc, the high CO2 content still supports the potential for 
short-circuit formation during the welding process, resulting in droplets forming in the 
welding bath, which can be seen as a spatter on the surface of the material. When 
welding with M8 and C3 mixtures, no spatters occur, as the Argon content is at least 
90%, ensuring less CO2 impact on the welding process and the formation of short 
circuits. 

2. Deeper penetration was achieved in all samples welded with M18 and M25 
shielding gases. This is possible due to the above-mentioned characteristics of short-
circuit formation due to the higher CO2 content of the shielding gas. It is possible that 
by reducing the wire feed rate, and thus the welding current, the amount of spatter 
would be reduced if it were also possible to insure the smooth flow of the molten 
electrode wire into the bath by reducing the welding speed. As a result, the potential of 
increasing the heat input to the weld becomes more eventual. It can lead to an increase 
of both the deformation and the amounts decrease of alloyed elements and the 
mechanical properties of the weld. 

3. In samples welded with M8 and M18 shielding gases, fewer inclusions are 
observed in the welds. This is due to the fact that the O2 content that takes part in the 
weld is lower than for other shielding gases. For this reason, less oxides and other 
gaseous compounds are formed, which are unable to escape from the liquid phase of 
the weld. 

4. The Mn content was higher in the welds of the samples made with M8 mixture 
at higher parameters (320A). Nevertheless, the hardness measurements did not reach 
the highest values. This can be explained by the uneven microstructure of the joint, as 
well as the reduced Ni content at higher parameters. 

5. Smaller and relatively stable changes in Mn content were observed in welded 
samples with M25 mixture. However, the hardness test results were not observed to be 
higher than in the other welded samples. 

6. The lowest amount of Mn as an alloying material was observed in all samples 
welded with C3 mixture. This can be explained by the presence of O2 in the welding 
process, as a result of which the alloying elements in the seam are actively burned out. 
On the other hand, the presence of O2 in the shielding gas does not significantly affect 
the changes in the Ni content, and as the current increases, its composition in the joint 
increases. However, this phenomenon does not ensure the hardness of the weld 
material, which decreases with increasing welding parameters. Therefore, the use of C3 
alloy is not recommended for welding high strength steels at high welding parameters. 

7. The best combination of weld shape, penetraton and hardness parameters was 
achieved with M8 mixture at 280A welding parameters. Thus, the previously 
established hypothesis that welding results in a shielding gas environment at spray-arc 
transfer parameters for high-strength structural steels is achieved with a shielding gas 
with a lower percentage of CO2. 

8. All samples made with M8 mixture achieved higher hardness values against 
other shielding gases at the same welding parameters. Sample 280A achieved the 
highest hardness value among all samples welded in spray-arc transfer modes. 
Although losses of Mn were observed at lower parameters, no decrease in Ni content 
was observed in the samples welded with M8 mixtures. This explains the relatively 
stable hardness values in welded joints. 
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9. A mathematical model was generated and validated to calculate the predicted 
hardness of weld metal. 

10. The hardness of the weld metal in HAZ was achieved lower than the base 
material for all samples that were welded. It means that the influence of high welding 
parameters on non-melted welding pool metal is high and decreases its mechanical 
properties. Therefore, it might not be recommended to use spray-arc in welding of low 
alloyed high-strength steel or not to over increase these parameters during the welding 
process. 
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Annex No. 1 
Base Material Production Certificate 
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Annex No. 2 
Welding Electrode Wire Certificate 
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Annex No. 3 
Chemichal Analysis of Base Material 
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Annex No. 3 

Chemichal Analysis of Sample M25 at 280A 
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Annex No. 3 
Chemichal Analysis of Sample M25 at 300A 
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Annex No. 3 
Chemichal Analysis of Sample M25 at 320A 
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Annex No. 3 
Chemichal Analysis of Sample M18 at 280A 
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Annex No. 3 
Chemichal Analysis of Sample M18 at 300A 
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Annex No. 3 
Chemichal Analysis of Sample M18 at 320A 
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Annex No. 3 
Chemichal Analysis of Sample M8 at 280A 
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Annex No. 3 
Chemichal Analysis of Sample M8 at 300A 
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Annex No. 3 
Chemichal Analysis of Sample M8 at 320A 
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Annex No. 3 
Chemichal Analysis of Sample C3 at 280A 
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Annex No. 3 
Chemichal Analysis of Sample C3 at 300A 
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Annex No. 3 
Chemichal Analysis of Sample C3 at 320A 
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Annex No. 4 
Gas content of shielding gases M25 
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Annex No. 4 
Gas content of shielding gases M18
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Annex No. 4 
Gas content of shielding gases M8 
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Annex No. 4 
Gas content of shielding gases C3 
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Annex No. 5 
Letter from company GPOWER SIA 
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Annex No. 6 
Letter from company Speciāls Elektrods SIA 

 

 

 

  


