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Abstract 

This master thesis is written to examine the influence of different low carbon steel sheet 

materials on the GMAW welding process. During welding the properties of the base material 

influence the productivity of the welding process. The purpose of this thesis is to examine 

how the choice of material and welding speed affect the welding process and the productivity. 

A literature survey was performed to describe the welding technique and the differences in 

manufacturing for the sheet materials as well as the effect of alloying and welding on the 

sheet material. Defects in the weld and methods used to determine them are explained. Test 

pieces of the different sheet materials were welded with the GMAW process and examined. 

The result shows that there is a variation in the welding process regarding weld penetration. 

Measurements also show that welding speed and gap have little influence on the hardness of 

the weld and heat-affected zone and that the S355MC is more likely to suffer from a narrower 

toe transition radius than S355NL and S355MC Si. This and the higher area in the Y2 region 

for the S355MC could indicate a stronger inward flow in the weld pool during welding 

possibly a result of surface active agents such as oxygen and sulphur.  
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Sammanfattning 

Denna uppsats skrevs för att undersöka hur olika lågt legerade kolstål påverkar svetsprocessen 

för gasmetallbågsvetsning. Under svetsning påverkar materialets egenskaper produktiviteten 

för svetsprocessen. Syftet med denna uppsats är att undersöka hur svetshastighet och 

materialval påverkar svetsprocessen och produktivitet. 

En litteraturstudie genomfördes för att beskriva svetsprocessen och olikheter i tillverkningen 

av de olika plåtkvaliteterna samt hur olika legeringsämnen påverkar plåtkvaliteten. Dessutom 

beskrivs Svetsdefekter samt metoder för detektering av svetsdefekter förklaras. Testbitar av 

de olika plåtkvaliteterna svetsa samman genom gasmetallbågsvetsning och undersöks sedan. 

Resultatet visar på att variationer i svetsprocessen förekommer vid mätning av inträningen. 

Resultat visar även på att svetshastigheten och förekomsten av en spalt har liten inverkan på 

hårdheten i svetsen eller den värmepåverkade zonen samt att S355MC i större utsträckning 

lider av en snävare övergångsradie an S355NL och S355MC Si. Detta tillsammans med en 

större area i Y2 regionen av svetsen tyder på att S355MC kan leda av ett starkare inåtgående 

flöde i smältan vilken kan påverkas av ytaktiva ämnen som syre och svavel. 
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1 Introduction 

1.2 Background 
Volvo Construction Equipment in Arvika is a part of the Volvo Group and is one of the 

world’s leading manufacturers of trucks, buses and construction equipment and drive systems 

for marine and industrial applications. The construction equipment division develops, 

manufactures and markets equipment for the construction industry. The Arvikaverken factory 

is Volvo´s mother factory for the fabrication of wheel loaders. It was started as early as in 

1885 and in 1917 manufacturing of agricultural machinery started. In 1960 AB Bolinder-

Munktell purchased AB Arvika-Verken and the production is focused to wheel loaders and 

crawlers. 100 years after first started, the name is changed to VME after a merging between 

Volvo and Michigan/Euclid. In 1995 Volvo became the only owner and the name is changed 

to Volvo Construction Equipment. 

1.3 Definition of problem 
On the detail manufacturing department parts to the wheel loader is manufactured. Sheet 

metal is welded together manually and by robots to create the front frame, rear frame and 

lifting framework of the wheel loader. The welding parameters are optimized for specific 

sheet metal material quality. The purchasing specification allows a variety of different 

material qualities regarding chemical composition and surface treatments. This variety in 

specification affect the welding process. Today the parameters of welding is not adjusted 

regarding the material quality, this affects the welding process. For some materials a lowering 

in welding speed or rework of the weld is needed with the consequence of a decrease in 

production and an increase in costs.  

1.4 Aim 
The aim of this thesis work is to determine how the welding speed and choice of base material 

according to chemical composition and manufacturing technique influences the welding 

process. 
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1.5 Delimitations 

• One sample of each setup will be thoroughly investigated with a weld 

characterization, a microstructure analysis and an EDS analysis.  

• The experiment will be performed with equipment available at Volvo CE, 

Arvikaverken and Karlstad University. 

• No consideration will be taken regarding shielding gas or filler mateial. 

1.6 Objectives 
To fulfill the goal with the investigation and determining the influence of the material on the 

welding process, a number of tests and analysis need to be performed. The examination was 

divided in two different parts: 

1. Determining the characteristics of the weld. 

2. Determining the influence of the base material. 

The weld characteristics to determine the quality of the weld was performed through: 

• Visual inspection of the weld  

• Hardness measurements of the weld and heat-affected zone. 

• Macro etching of the weld. 

• Break test 

The examination of the influence of the steel material on the weld characteristics will be 

performed through: 

• EDS-analysis of the chemical composition of the base material. 

• SEM investigation of the surface of the base material. 

• Microstructure analysis of the base material. 

• Microstructure analysis of the weld. 

• Calculations on weldability and of probability of formations of hot cracks. 
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2 Literature survey 

2.1 Base material 
The aim of this thesis is to examine how different material qualities influence the welding 

process. The materials investigated have different manufacturing techniques.  

2.1.1 Heavy plate processing 
The heavy plate processing technique is mainly used for thicker sheet materials. The 

manufacturing technique is used to produce plates with a thickness of 4-150 mm. The 

technique can be explained as hot working since deformation hardening is present in the 

process. There are different methods of heavy plate processing but the main idea is to heat the 

slab in a furnace and then rolling it to a sheet between passages of rolls under a force of up to 

100 000 kN. To achieve the requested thickness of the plate the slabs are rolled back and forth 

several times between the rolls. After rolling, the plate is cut into the requested length. This 

process makes the plate hard and brittle. To change the properties the plate is heated above 

recrystallization temperature in order to make the grains in the material recrystallize, the plate 

is then quenched with water to make it strong and hard. The last step is the tempering where 

the plate is heated below recrystallization temperature to make it tougher. [1] [2] 

2.1.2 Sheet steel processing 

In sheet steel processing both hot and cold rolling of sheet material is present in the process. 

In order to process them, the steel slabs are heated above the recrystallization temperature. 

Water is used to remove mill scale from the slab. The thickness is reduced in a roughing mill 

before being rolled to a coil.  

The coil is then turned before passing through a hot rolling mill containing several passes of 

rolls reducing the thickness of the material further. In this section the thickness can be 

reduced to only a few millimetres. The material is then cooled with water before being coiled. 

By further processing the steel sheet, the thickness and mechanical properties can be changed. 

By cold working the material in a cold rolling stand with several passes of rolls and high 

pressures the thickness can be reduced below 1 mm. The process will also strain harden the 

material due to deformation of the grains. The strip is annealed to restore formability by 

transforming the deformed grains into new equiaxed dislocation free grains.  The quenching 

step after this will prevent carbon from diffusing which will lead to a stronger, harder and 

more brittle material. By tempering the strip the toughness of it can be increased. [1] [2] 
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2.1.3 Acid pickling 
One major difference in the manufacturing process of different sheet metal material is how 

the strip material is cleaned from scale and oxides. The scale on hot-rolled steel generally 

consists of different iron oxides. On method commonly used to removing scale from the 

surface is pickling. Pickling is a chemical removal of scale using an acid solution. Common 

acids used for carbon steels are: sulphuric acid (H2SO4) or hydrochloric acid (HCl). The acid 

will penetrate the scale through cracks and when reacting with the base material hydrogen gas 

is created that will remove the scale. The use of hydrochloric acid has several advantages over 

sulphuric acid, it will instantly create a grey surface on high-carbon steels and it also reduces 

the risk of overpickling (removing more material than necessary). Even though there are 

advantages with using hydrochloric acid, pickling may cause defects to the material.  

• Underpickling is a result of not letting a steel have enough time pickling. This will lead 

to that scale is not removed properly and may cause problems further on in the process 

or as surface defects on the finished product. 

• Overpickling is the opposite of underpickling, if the material is pickled for to long the 

material will decrease in dimensions as well as exhibit a roughening of the surface and 

cause undercutting of surface grains resulting in scratches further on in the process. 

• Pitting is as overpickling caused by material being subjected to the acid in the pickling 

process for to long. Pits caused during the rolling process by for example rolled in scale 

will be intensified during the pickling process. 

• Hydrogen embrittlement is caused by hydrogen diffusion into the material resulting in 

the formation of cracks. If cold working of the material is done to soon after the 

pickling the risk of hydrogen diffusion will increase. 

• Blistering occur when the acid penetrates the material and exposes gas inclusions and 

flaws in the material. 

• Rusting is caused by an inadequate rinsing of the surface. Pickle salt and acid 

concentrations need to be held below threshold concentrations in order not to promote 

in-plant rusting. [3] 

 

2.2 Welding 
The techniques of merging metals have been known to man for thousand of years. Today 

there are a number of different techniques in welding materials together. Some of the most 

common ones are: 
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• Gas welding 

• Resistance welding 

• Gas metal arc welding  

• Tungsten metal arc welding  

High production manufacturing units such as Volvo CE uses the gas metal arc welding 

technique in production. To have a high productivity, welding robots are used and the 

GMAW (gas metal arc welding) technique is an excellent choice for this due its high 

productivity. 

2.2.1 Arc welding 
In 1881 Nikolai Benardos presented a new method of welding, by connecting one terminal of 

an electric source to the work piece and the other one to a carbon rod a high-energy electric 

arc was created between the rod and the work piece. The high energy melted the material in 

the work piece as well as the additional material. Nicolai Slavianoff then developed the 

method by using a consumable metallic rod but the presence of oxygen in the atmosphere lead 

to several quality problems in the weld. In 1908 Oscar Kjellberg developed the covered 

welding electrode, which protected the weld from oxygen while being consumed. Today there 

are many different types of arc welding, manual metal arc welding, metal active gas welding, 

metal inert gas welding and tungsten inert gas welding are some of the most common ones. 

The gas metal arc welding uses a gas to protect the weld from oxygen. A consumable wire is 

melted by the electric arc while either an inert or an active gas protects the melt (see Figure 

1). This method is widely used in the industry today due to its high productivity and that it is 

easy to automate. [4] 

 

Figure 1. Principal sketch of gas metal arc welding. 
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2.3 Welding position 
The position of the work piece will influence the welding and welding result mainly because 

how gravity influence the molten metal. Mainly seven different positions are possible (see 

Figure 2). [4] 

• PA – Downhand 

• PB – Horizontal 

• PC – Horizontal-Vertical 

• PD – Overhead 

• PE – Overhead 

• PF – Vertical-Up 

• PG – Vertical-Down 

 

Figure 2. Welding positions. 

2.4 Welding types 
When welding the sheets of material may be joined to each other in a number of different 

ways depending on how the part or assembly is designed. The most common types are the 

butt joint, the tee joint and the lap joint (see Figure 3). [4] 

 

Figure 3.  From the right: butt joint, tee joint and lap joint. 
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2.5 Welding parameters 
The parameters used during the welding procedure will highly influence the process, the weld 

and the base material according to mechanical properties, defects and the efficiency of the 

welding process. This makes it necessary to optimise the parameters in order to achieve a 

weld fulfilling its function. A variety of parameters will influence the final result for example:  

• Base material  

• Filler material  

• Shielding gas  

• Current  

• Traveling speed  

• Gun angle  

• Voltage  

• Wired feed speed 

2.6 Shielding gases 
The shielding gas primary function is to protect the molten metal during the welding process 

against atmospheric gases such as nitrogen and oxygen as well as contributing to the creation 

of a welding arc plasma. In the GMAW process the shielding gas will also influence the 

efficiency and quality of the welding process. The shielding gas will promote a stable arc and 

a uniform metal transfer to the base material but also interact with the base and filler material. 

This will affect the mechanical properties of the weld for example the strength, toughness and 

corrosion resistance as well as influencing the weld bead. In the GMAW process a number of 

different shielding gases and combination of shielding gases may be used in order to achieve 

the right properties for the weld and for the welding process. Some examples of shielding 

gases used for carbon and low alloy steel are: 

• Carbon Dioxide 

• Argon-Oxygen 

• Argon/Carbon Dioxide 

• Argon/Oxygen/Carbon Dioxide 

• Argon/Helium/Carbon Dioxide [6] 
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2.7 Welding defects 
When joining two metals by arc welding the quality of the weld is of great importance. 

Defects may be divided into two groups:  

• Defects mainly related to the base material, atmosphere and chemical composition.  

• Defects mainly related to the welding process. [7] 

2.7.1 Incomplete fusion 

Incomplete penetration can appear in different ways depending on the weld and groove type. 

Absence of sidewall or root fusion and inadequate joint penetration are the most common. [7] 

Inadequate joint penetration can mainly be described as when a weld is not welded through 

the whole thickness of the parent material. This defect is highly related to the operating 

parameters such as current, speed and torch angle, which will make the molten material flow 

ahead of the arc. [7] 

Absence of root or sidewall fusion is when there is a lack of fusion between the weld metal 

and the parent material. It is related to improper joint design for the welding process, for 

example oxide on the surface of the groove or a poorly designed groove. It may also be 

related to operating conditions such as poor welding technique, low current, wrong shielding 

gas or low speed. [7] 

2.7.2 Undercutting / Roll-over 

Undercutting is a defect generally appearing on fillet welds often on the upper toe of the weld. 

Undercut appears as a small groove in the parent material in the transition from the weld. The 

parent material is melted by the arc but not properly refilled, this may work as an initiation 

point for fatigue cracks. [7] 

This defect is commonly caused by forces acting on the molten metal, the molten metal is 

drawn from the edge to the centre of the weld bead. The rapid solidification will not allow the 

molten metal to wet back to the parent metal properly. High current increases the arc force, 

arc heat and penetration. It may also cause undercutting due to difficulties to wet properly 

because of puddle turbulence and surface tension. A lower traveling speed or a higher voltage 

may correct this. [7] 
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A different but closely related defect is rollover. The rollover defect is also generally related 

to fillet weld but instead of a formation of a groove low fusion due to low weld current will 

cause material to rollover the parent material. [7] 

2.7.3 Porosity 

Porosity is related to the difference in solubility in molten and solid metals. The lower 

solubility in molten metal will lead to small pockets of gas within the material, during 

solidification the gases will try to leave the weld metal. The high solidification rate of the 

weld will lead to entrapment of gas within the solidified weld metal. These gas pores are 

commonly caused by contamination in the welding atmosphere or oxidation in the parent 

material. Any gas may cause porosity if the solidification is extremely rapid but hydrogen and 

nitrogen is most common. Deoxidizing elements may be used in the material in order to 

improve the resistance to porosity. [7] 

2.7.4 Inclusions 

Inclusions in the weld are slag that has been trapped inside the weld either by improper 

removal of slag between weld passes or formation of slag from material flowing ahead of the 

arc. This defect is highly related to the welding technique. [7] 

2.7.5 Cracks 

Cracks are considered to be the worst defect in a weld, due to that even a small crack may 

grow over time and cause failure. The formation of cracks may be divided into two different 

groups; hot cracks, that forms during the solidification of the weld bead and cold cracks that 

forms after solidification. [8] 

Hot cracks are also known as centreline or solidification cracks. Their name is related to their 

instant formation after the weld is completed. They are typically caused by the stresses related 

to the cooling of the weld.  

The probability of formation of hot cracks may be calculated with an empirical equation, 

based on the chemical composition of the material. High welding speeds and deep penetration 

may increase the risk of this type of defect. [7][9] 

2.7.6 Hydrogen induced cracking 

In difference to hot cracks, hydrogen induced cracks form after the weld has cooled and may 

often be found as longitudinal cracks in the heat-affected zone of the base metal or as 

transversal cracks in the weld. This type of defect is also known as hydrogen embrittlement, 
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delayed cracks or cold cracks. Commonly cold cracks form due to high stresses, the presence 

of hydrogen and the microstructure of the material. [7][9] 

In order to hydrogen induced cracking to occur within the material the microstructure needs to 

be susceptible. Twinned martensite and acicular microstructures like bainite are the most 

troubled according to hydrogen induced cracking. The combination of diffusion of hydrogen 

to dislocation, stresses and a susceptible microstructure will lead to an increase in pressure, 

which will initiate a crack. Unlike hot cracks, cold cracks are more likely to be transgranular. 

[7][9] 

2.7.7 Arc blow 
Arc blow is a phenomenon making it difficult to produce a good weld due to magnetic 

disturbance surrounding the welding arc. The magnetic disturbance forces the arc away from 

the point of welding. The arc blow is influenced by changes in the direction of the current 

flow and asymmetric arrangement of ferromagnetic materials around the arc, common near 

the edges of the material. Welding away from the work connection may reduce the effect of 

arc blow. [10] 

2.8 Characterization of the weld 
The overall goal with the characterization of welds is to determine the ability to perform a 

functioning weld and documenting this according to the procedure used. The characterization 

takes a number of criteria’s into consideration for example:  

• Size  

• Shape  

• Mechanical properties  

• Chemical composition 

The use of characterization method is determined by the function of the weld and the 

properties desired for the application. For welds the ability to function successfully may be 

related to the shape, size or penetration of the weld. In other cases the desire to achieve 

adequate strength, ductility, toughness and corrosion resistance will lead to determining 

factors such as chemical composition in the weld or microstructure. [11] 

2.8.1 Visual inspection 

The macroscopic characterization of the weld is an easy and cheap way to observe the result 

of the welding procedure. Parameters such as size, shape and appearance of the weld is highly 
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related to the welding process used and the geometry of the weld. Due to the use of the 

unaided eye and a hand lens this type of non-destructive visual characterization is easy to 

perform. The method will take several macro parameters into consideration such as; size, 

location, uniformity, defects and face shape. [11] 

• Size: In order to achieve a well functioning weld the size of it should be appropriate to 

the thickness of the material. For fillet welds the ratio between leg size/plate thickness 

should be between 3:4 and 1:1. 

• Location: The location of the weld needs to be correct. A poorly located weld may lead 

to stress concentrations that will influence the function of the weld. 

• Uniformity: The weld should be uniform in order to have the desired load-carrying 

capacity. 

• Defects: The weld should be free from defects such as; undercut, overlap, porosity, slag 

entrapment and lack of fusion. 

• Face shape: A properly performed weld should have a flat surface. A concave surface 

will lead to high stresses in the throat region and a convex surface will lead to stresses 

concentrations in the toe along the weld. 

2.8.2 Macrostructure 

The macrostructure analysis is a destructive method of characterizing the weld. This analysis 

is commonly made on a cross section of the weld, often perpendicular to welding direction. 

The characterization will show features such as number of passes, fusion zone area, extent of 

penetration, face width but also defect within the material such as porosity and inclusions. 

[11] 

2.8.3 Hardness 

A variety of different tests regarding mechanical properties may be performed to a weld such 

as strength, hardness and toughness. The characterization of determining hardness is mainly 

done in order to evaluate if there is any low ductility microstructures within the heat-affected 

zone. Hard martensite will increase the risk of cracking. The hardness values may also be 

used to determine the susceptibility of stress-corrosion cracking. [11] 

2.8.4 Microstructure 

The characterization of the microstructure in a weld has two purposes: to evaluate the welding 

process influence on microstructure and properties. The effect on microstructure by process 

and parameters are mainly related to the chemical composition and thermal effects within the 
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process. Both the fusion zone and the heat-affected zone will be affected by thermal 

variations while the effect of chemical composition is mainly limited to the fusion zone. [11] 

2.8.5 Weld composition 

The mechanical and corrosion properties of a weld will be greatly influenced by the chemical 

composition of it. The composition will be influenced by the base metal composition, the 

filler material composition and the shielding gas used in the welding process. Scanning 

electron microscopy with wavelength or energy dispersive x-ray spectroscopy (EDS) is often 

used to determine the chemical composition. [11] 

2.9 Influence of alloying elements on the heat-affected zone in welds 
The properties of steels are influenced by the alloying elements. In the welding process 

alloying elements have a significant influence on the formation of the weld, the 

microstructure and the toughness in the heat-affected zone. The formation of different 

microstructures within the heat-affected zone may be explained by continuous cooling 

transformation (CCT) diagram (see Figure 4). The alloying of the metal will influence the 

transformation curves for the material determining how different microstructures form 

according to rate of cooling. The cooling curves will show the actual cooling process of weld 

while the transformation curve will define the region of stability for the different phases. The 

intersections of these curves will give the microstructure in the heat-affected zone.  

 

Figure 4. Example of CCT diagram for steel. 

Hardness enhancing elements such as carbon, manganese, chromium and molybdenum will 

shift the transformation curve to the right to supress the decomposition of austenite at lower 

temperatures while inclusion forming elements such as oxygen and sulphur will move the 
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curve to the left accelerating the austenite to ferrite transformation. Increasing the cooling rate 

has a hardening effect. [12] 

2.9.1 The Carbon Equivalent (CE) 
The weldability of steels is often related to the hardenability. Steels with high hardness often 

have a microstructure containing high amounts of martensite. These steels are generally 

susceptible to cracking. The weldability and hardenability are mainly used to indicate how the 

alloying elements influences austenite stability. In order to express weldability an empirical 

equation estimating the cracking susceptibility according to chemical composition and 

amount of alloying elements has been experimentally developed. The International Institute of 

Welding (IIW) uses the carbon equivalent equation (CE) to determine weldability for steel. 

The equation states that carbon has the most influence on weldability and generally steels 

with a content of less than 0,45 wt% carbon have good weldability and low risk of cracking. 

In steels with a content between 0,45 - 0,60 wt% carbon, cracking are likely and pre heating 

before welding is recommended. In steels with a carbon content above 0,60 wt% the 

probability of cracking are high and both pre- and post-heating is necessary. [12] 

Carbon 

Carbon is the important alloying element in steel and has an important role to the hardness of 

the welded steel. An increase of the carbon content will promote formation of martensite and 

bainite, which will reduce the resistance to cleavage for example formation of cracks, in the 

heat-affected zone. [13] 

Manganese 

Manganese has a strengthening effect of the HAZ due to lowering of the transition 

temperature of austenite to ferrite. This will promote grain refinement and thereby an increase 

of the strength in the heat-affected zone. [13] 

Silicon 

Silicon is added as a deoxidizer in steel making. It will enhance the strength and hardness of 

steel but to a lesser extent than for example manganese. An increasing level of silicon in the 

steel will have negative effect on the quality of the surface especially in low carbon steel. [14] 
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Phosphorus 

Phosphorus increases the strength and hardness of steel but decreases the ductility and impact 

toughness. It is often added to a larger extent in low-carbon free-machining steels in order to 

increase the machinability. [14] 

Sulphur 

Like phosphorus sulphur will increase the machinability of steel. In lower carbon and 

manganese steel sulphur will decrease the weldability as well as being very negative to the 

surface quality. [14] 

Aluminium 

Aluminium is the most effective alloying element when it comes to controlling the grain size 

growth. It will control the austenite grain growth during reheating. Aluminium also works as a 

deoxidizer. [14] 

Niobium and Vanadium 

Niobium and vanadium is added in small amounts in order to retard recrystallization and grain 

growth of austenite during normalization and rolling, this is done by formation of niobium 

carbides and nitrides as well as vanadium carbides and nitrides. During fusion welding these 

carbides and nitrides will dissolve in the heat-affected zone during high heat input and 

reprecipitate during cooling and reduce the toughness in the heat-affected zone. [13] 

Titanium  

Titanium is added in order to prevent grain coarsening of austenite grains adjacent to the 

fusion boundary. This is done by the formation of titanium nitrides. [13] 

2.10 The effect of welding on the material 
The weld bead contains a mix of molten base metal and material from the filler rod or 

electrode. The thermal conditions on the weld will highly influence the formation of the weld 

bead and affect the structure of the material, mechanical properties and residual stresses. The 

welding process and formation of the weld bead can be divided into three stages: 

• Stage of fusion 

• Stage of solidification 

• Stage of structural transformation [15] 
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During welding, the work piece is subjected to a great variation in temperature. From 

temperatures above the melting point in the pool of molten metal to lower temperatures 

further from the weld bead.  

2.10.1 Stage of fusion 
In gas metal arc welding a filler material is added to the weld creating a mixture of filler 

material and base material. Usually when the difference in composition between the filler and 

base material is small a good mixture is achieved creating a uniform composition in the fused 

zone. [16]  

During fusion the weld pool is subjected to fluid flow. The moving liquid metal dominates the 

heat transport in the weld pool and the speed and direction of the flowing fluid will affect the 

heat transport and thereby the shape of the weld (see Figure 5). The fluid flow in the weld 

pool will be affected by several parameters for example: [17] 

 

Figure 5. Fluid flow in weld pool. Outwards flow (left) and inwards flow (right). 

• Thermal gradients 

• Transition modes 

• Electromagnetic forces 

• Plasma arc drag force  

• Surface tension forces 

• Marangoni flow [18] 

Heat flow 

The formation and shape of the weld is highly influenced of the heat flow in the material. The 

thermal conductivity of the material will control how the heat is distributed in the weld pool 

and the surrounding area. A low thermal conductivity will lead to a large weld pool while a 

high thermal conductivity will lead to a small weld pool. Another parameter affecting the 

temperature distribution is the travelling speed. An increase in traveling speed will reduce the 

size of the weld pool and lead to a narrower more elongated heat distribution (see Figure 6). 
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In order to obtain the same weld size when increasing travel speed higher heat input is 

required. In low carbon steel the peak temperature increase linearly with heat input but 

decrease exponentially with traveling speed. [5] [13]  

 

Figure 6. Sketch of differences in heat distribution according to welding speed in a low alloy 
steel. Higher welding speed to the right. 

 

Transition modes 

The transfer of heat and mass into the weld is controlled by parameters such as welding 

speed, current, contact distance and voltage. Depending on these parameters the transfer of 

molten metal to the weld occurs in different modes. The most common are: 

• Globular transfer 

• Spray transfer 

• Stream transfer  

• Rotating transfer 

• Short circuit transfer 

The difference between the modes is how the metal is transferred to the weld pool. At low 

wire feeds the transition will be globular with big droplet size at a transition rate between 1-10 

droplets/s. By increasing the wire speed and current, the droplet size will reduce and the 

transfer rate increase resulting in a spray transfer with a rate of 100 droplets/s and further on a 

stream transfer with a rate of up to 1000 droplets/s (see Figure 7). The short circuit transfer is 

present at very short arc lengths leaving the droplet in contact with the weld pool before 

detaching from the wire. In theory the weld reinforcement or transverse cross section of weld 

will be independent from transition mode, since all the material from the wire is assumed to 

transfer to the weld. It is known though that the transition mode will effect the weld 

reinforcement especially for short circuit where the arc splatter causes loss of material.  [19] 
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Figure 7. Different transition modes, globular (left), spray (middle) and short-circuit (right). 

 

Electromagnetic forces 

The electromagnetic force affects the transition of the metal and is generated when the current 

passes through the arc and the droplet. The electromagnetic force is unlike mechanisms such 

as surface tension dependent of current. A higher current will increase the electromagnetic 

force and thereby reduce the influence of surface tension on the weld pool. [20] 

Plasma arc drag force 

The plasma arc drag force is the force between the electrode and the base material acting on 
the liquid drop.  

Surface tension  

Surface tension is the contractive tension within a liquid making it withstand external forces. 

The mechanism is present in the molten metal during the welding process. The magnitude of 

the surface tension will affect the material flow in the weld pool. The temperature and 

surface-active elements in the materials chemical composition, such as sulphur in ferrous 

materials will influence the surface tension. The sulphur will reduce the surface tension and 

since the reduction is larger for a solid than for a liquid resulting in material flowing away 

from the fusion boundary. [16] 
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Marangoni flow  

Like sulphur oxygen is a surface-active agent and will have effects on the fluid flow in the 

weld pool. For pure metals the fluid flow in the liquid weld pool surface is outwards. The 

presence of surface-active agents such as oxygen may reverse the surface-tension/temperature 

gradient creating an inward fluid flow contraction material from the weld pool surface 

boundary. This phenomenon is known as Marangoni flow. [16] 

2.10.2 Stage of solidification 
The structure of the weld bead and the surrounding area is highly influenced by the high 

temperature gradients and the rapid cooling of the weld. Conduction and radiation of heat will 

make the joint cool. The rate of cooling is an important parameter influenced by the thermal 

conductivity, specific heat and melting point of the parent metal but also by the size of the 

work pieces and quantity of weld metal deposited. [12]  

In single-pass welds the material will consist of mainly two different regions, the fusion zone 

containing the weld and a heat-affected zone in the base metal.  

• Weld, the grains in the weld start to nucleate from the liquid-solid transition in the 

weld pool fusion boundary. Grains will form and grow in a columnar way from the 

fusion boundary towards the thickest part of the weld (see Figure 8). The grain size 

will depend on the peak temperature in the weld and the time of heating and cooling. 

[12] 

During cooling, if there is low solubility for alloying elements, commonly sulphur or 

phosphorus, in the primary phase the grain growth will push the minor alloying 

elements towards the centre of the weld bead. There they will react and form phases 

with low strength in combination with the high stresses in the cooling process, this 

may lead to intergranular cracks forming. [9] 

 

 

Figure 8. Solidification of the weld bead creating columnar grains. 
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• Transition zone, in this area the material has been heated into the solidus/liquidus 

phase. The rapid cooling will form a fine grain structure with a mixture of molten 

parent metal and material from the filler rod or wire. The composition will gradually 

change within the zone. 

2.10.3 Stage of structural transformation 
The high temperature of the molten metal in the weld will also affect the parent metal (see 

Figure 9). Depending on the material, heat will be transferred into the material with different 

rates and increase the temperature. The increase will lead to changes in the microstructure but 

due to temperature gradients below the melting temperature the chemical composition will be 

unchanged. The heat in the weld will raise the temperature adjacent to the fusion zone into the 

austenite temperature range dissolving precipitates, causing unpinning of austenite grain 

boundaries leading to grain growth and formation of a coarse grained zone. The variations in 

microstructure within the heat-affected zone will depend on the peak temperature and the 

cooling rates of the material. The heat-affected zone can be divided into several regions (see 

Figure 10). [12] 

 

Figure 9. Weld and heat-affected zone. 

• Grain growth (area 1 in Figure 10), in this area the high temperature will lead to 

recrystallization to γ-austenite and grain growth. The larger grains in this area will 

negatively influence the strength of the joint. The microstructure will consist of bainite 

laths with islands of martensite connected. The structure is formed due to enrichment 

of carbon and coarse-grained austenite favouring transformation to bainite and 

martensite under cooling. 

• Recrystallization zone (area 2 in Figure 10), the temperature in this area is above the 

Ac3 line but well below the temperature for grain coarsening. The material in this area 
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will have a more fine-grained structure than the base material due to the finer austenite 

grains and the subsequent ferrite transformation. 

• Partially transformed zone (area 3 in Figure 10), in this zone there will only be a 

partial transformation resulting in a mixture of austenite and ferrite. During cooling 

the austenite decomposes resulting in martensite or bainite in the final ferrite matrix, 

depending on the cooling rate and local chemical composition of alloying elements. 

• Tempered zone (area 4 in Figure 10), in the tempered zone the temperature has been 

below the recrystallization temperature and no microstructural changes is obtained. 

The increased temperature will lead to spherodizing of the perlite in the material. [12] 

 

Figure 10. Heat-affected zone. 
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3 Method and materials 

3.1 Experiment design 
The experiments and tests are designed in order to retrieve useful output from the 

characterization of the welds. The retrievable outputs from the weld characterization tests are: 

• Throat thickness 

• Weld bead cross areas 

• Toe transition radius 

• Hardness of weld and HAZ 

• Amount of arc splatter 

• Weld penetration 

The aim of the thesis is to examine the influence of a number of material parameters on the 

welding process. In order to do this, input parameters need to be altered. The input parameters 

are: 

• Material 

• Welding speed 

• Thickness  

• Gaps 

3.1.1 Materials 
Three different types of sheet metal were tested. All low alloy mild steels, all within the ISO 

355S standard and delivered from Weland AB. The chemical composition of the materials 

according to standard can be found in Table 1. Besides the differences in chemical 

composition, the materials are also manufactured in different ways and the surface of the 

S355MC and S355MC Si are pickled. The material is delivered laser cut in two different 

sizes: 75 x 200 mm and 125 x 200 mm.  

• S355MC 

The S355MC is a low alloy carbon steel with a carbon content of less than 0,1% (see 

table 1), manufactured by the heavy plate technique described in 0. The yield strength is 

above 355 MPa. 

• S355NL  

The S355NL is a low alloy carbon steel with a carbon content of less than 0,18% (see 
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table 1), manufactured by the sheet metal technique described in 2.1.2. The yield 

strength is above 355 MPa. 

• S355MC Si  

The S355MC Si is a low alloy carbon steel with a carbon content of less than 0,1% and 

a silicon content above 0,2% (see table 1), manufactured by the sheet metal technique 

described in 2.1.2. The yield strength is above 355 MPa. 

 

Table 1. Chemical composition according to standard 

Material C % 

max 

Si % 

min/max 

Mn% 

max 

P % 

max 

S % 

max 

Al % 

max 

Nb % 

max 

V % 

max 

Ti % 

max 

S355MC Si 0,10 0,15/0,21 1,5 0,025 0,01 0,015 0,09 0,20 0,15 

S355NL 0,18 -/0,50 1,6 0,025 0,02 - 0,05 - - 

S355MC 0,10 -/0,03 1,5 0,025 0,01 0,015 0,09 0,20 0,15 

 

3.1.2 Welding speed 
In large-scale production time is of great relevance. A decrease in production time will reduce 

costs. When welding frames the welding speed is of great importance during production. 

Examinations will be performed on how two different sets of welding parameters, one high 

welding speed and one low welding speed influences the outputs. 

3.1.3 Material thickness 
Difficulties in achieving materials of the same thickness for all the materials due to 

differences in manufacturing led to that materials of two different thicknesses needed to be 

compared. The influence of the material thickness is investigated on the S355MC material, 

which was available in a thickness of 15 mm and 8 mm.  

3.1.4 Gaps 
During production of wheel loader frames the tolerances on the dimensions of the sheet 

material leads to gaps between the different panels. Gaps up to a distance of 2 mm are of 

interest to Volvo CE. Since many of the measured output parameters are depending in the 

flow of the molten weld metal, heat distribution and cooling of the material tests are 

performed on samples with a gap to examine its influence. 



 31 

3.1.5 Tests and evaluation 
The examined input parameters results in a test set up with 16 different samples. Sample 1-12 

weld be subjected to a full weld characterization and comparison (see Table 2). Sample 13-16 

will be compared with 1-4 to determine the influence of thickness (see Table 3). 

Table 2. Samples for weld characterization 

No Material Thickness 

(mm) 

Welding 

speed (m/min) 

Gap 

1 S355MC 15 20 No 

2 S355MC 15 15 No 

3 S355MC 15 20 2 mm 

4 S355MC 15 15 2 mm 

5 S355NL 15 20 No 

6 S355NL 15 15 No 

7 S355NL 15 20 2 mm 

8 S355NL 15 15 2 mm 

9 S355MC Si 8 20 No 

10 S355MC Si 8 15 No 

11 S355MC Si 8 20 2 mm 

12 S355MC Si 8 15 2 mm 

Table 3. Sample for thickness comparison 

No Material Thickness 

(mm) 

Welding 

speed (m/min) 

Gap 

13 S355MC 8 20 No 

14 S355MC 8 15 No 

15 S355MC 8 20 2 mm 

16 S355MC 8 15 2 mm 

The evaluation of the results will be done using Minitab 17, a statistical software used to 

analyse data.  
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Execution of Minitab analysis 

1. Open Minitab 17 and start a new project. 

2. Chose Stat -> DOE -> Factorial -> Create Factorial design. 

3. Chose General full factorial and number of factors analysed. 

4. Chose number of levels under the Designs button. 

5. Enter input data into the worksheet. 

6. To analyse the data chose Analyse factorial design in the Stat -> DOE -> Factorial 

menu. 

7. Select the relevant input parameters under Terms and output parameters as responses. 

8. Chose factorial plots under Stat -> DOE -> Factorial. 

9. Chose response and click OK to analyse the results. 

3.2 Welding 
The welding of the test specimen was made in an IGM RTi 330 robot used in the production 

at Volvo CE, Arvikaverken. Four test specimens of each set up were welded using parameters 

according to appendix 1.  

Equipment used during welding 

IGM RTi 330 robot with Teach Pendant K5 

Esab Aristorod 12.63 wire 1,2 mm 

92%CO2 and Argon shielding gas 

Welding table with fixture 

Digital spirit leveller 

Execution of welding 

1. The sheets are attached in the ends manually (see Figure 11). For the samples with a 

gap, a 2 mm thick sheet metal strip is placed in the ends between the sheets. 

2. The test specimen is placed in PA position on the fixture and levelled using a digital 

spirit leveller (see Figure 12). 

3. A fillet weld is welded using an IGM robot with parameters according to appendix 1. 

4. The material is cooled in air at room temperature. 
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Figure 11. Layout of test specimen.  Figure 12. Welding of test specimen. 

3.3 Characterization of the welds 
In order to determine the quality of the welding process Volvo CE uses a package with 

several different methods of characterizing the weld. Different types of characterization tools 

are used depending of the type of the weld.  

3.3.1 Break test 
The break test is performed in order to determine the weld penetration. The break test is easy 

to perform and thereby also useful to determine variations within the welding process. Since 

the full weld characterization is very time-consuming it will only be done on one sample from 

each setup. Three additional test samples will be welded and the weld penetration measured in 

order to determine variations within the welding process. The penetration is measured at three 

different points: one 30 mm from the start of the weld, one in the middle of the weld and one 

30 mm from the end of the weld. 

Equipment used for break test 

Scribe paint 

Brush 

Scribe 

Angle grinder 

Hydraulic press 

Callipers 
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Execution of break test 

1. The test specimen was painted and scribed (see Figure 13 (left)). 

2. A 3 mm deep cut track was grinded into the weld. 

3. The test specimen was placed under a hydraulic press and then broken apart (see 

Figure 13 (right)). 

4. The weld penetration for the flange and the web were measured in three different 

points using callipers. 

 

 

 
Figure 13. To the left: Sketch of the painting and scribing during the break test. To the right: 

Set up in the hydraulic press. 

3.3.2 Visual inspection 

The visual inspection is a cost efficient way of determining the quality of the weld. This type 

of inspection is performed on wheel loader frames in production on Volvo CE in order to 

verify the quality of the welds. The weld was investigated by Volvo’s internal welding audit 

at Arvikaverken. The investigations were performed on a distance of 50 mm of the length of 

the weld, 50 mm from the starting point of the weld in order to reduce the influence of the 

start and stop of the welding. Focus was put on the throat size and toe transition radius 

towards the flange and the web. When classifying the throat size a deviation of 30 % is 

allowed. The transition radius was classified according to Table 4. 
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Table 4. Outer transition radius classification 

Welding class Outer transition radius 

VE No requirements  

VD r ≥ 0,3 mm 

VC r ≥ 1 mm 

VB r ≥ 4 mm 

 

3.3.3 Sample preparation macro etching and hardness 

For the Vickers hardness test and the macro test samples of the weld was cut out and prepared 

to make it possible to study the cross section of the weld bead and the heat-affected zone. Due 

to the size of the welds these samples were grinded and polished by hand on a Struers Knuth-

Rotor 3.  

Equipment used 

Forte cold saw 

Struers Labotom with a Buehler disc 

Struers Knuth-Rotor 3 

Silicon carbide sandpaper, 60p, 120p, 220p, 400p, 800p, 1200p, 2400p  

KEMET polishing pad MRE 

KEMET VX Liqiud Diamond suspension 3 µm 

Nital 4 % nitric acid, 96 % alcohol 

Execution of preparation macro and hardness 

1. Three 30mm thick sample was cut out using the cold saw. 

2. The test samples were cut according to Figure 14 in a Struers Labotom. 

3. The samples were grinded at 300 rpm in several steps using a Struers Knuth-Rotor 3. 

Between each step the sample was cleaned in water. The steps was as follows: 

• 60p sandpaper 

• 120p sandpaper  

• 220p sandpaper  
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• 400p sandpaper  

• 800p sandpaper  

• 1200p sandpaper  

• 2400p sandpaper  

• KEMET Polishing pad and KEMET VX 3 µm diamond suspension 

4. The sample was cleaned in alcohol and etched using 4 % Nital. 

 

 

 

Figure 14. Cut out of macro samples. 

3.3.4 Macro 

The macro test is a method used to examine how the welding process has influenced the weld 

bead and the material according to shape, weld penetration, undercutting or incomplete 

fusion. The analysis will determine a number of different dimensions of the weld bead such 

as: 

• Effective throat thickness. 

• Length of leg towards flange and web. 

• Toe transition angles. 

• Weld penetration. 

• Weld penetration in the flange and in the web. 
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Besides this an analysis of the shape was performed. Areas measured can be found in Figure 

15. An Olympus stereomicroscope connected to a computer with Piscara weld software is 

used to analyse and measure the dimensions and areas.   

Equipment used 

Olympus SZX10 stereomicroscope 

Olympus U-TV0.5XC-3 camera 

PC 

Euromed Networks Picsara 9.7 with weld module.  

Execution of macro analysis 

1. The sample was placed under the stereo microscope 

2. Picsara 9.7 was started. 

3. The focus was set. 

4. The weld module in Picsara 9.7 was used to determine areas and dimension of the 

weld. 

3.3.5 Hardness 

Changes in the microstructure and hardness after welding will influence the quality of the 

weld. In order to examine the influence of the welding process a hardness test is performed. 

Besides the melting of material during welding the heating of the base material will lead to 

changes in the structure in the heat-affected zone. Grain growth, recrystallization and 

formation of hard and brittle microstructures such as martensite and bainite will influence the 

durability of the weld and might lead to formation of cracks. By measuring the hardness of 

the weld and heat-affected zone it is possible to determine if the changes will jeopardize the 

quality of the weld by making the heat-affected zone brittle. 

The hardness test was done in a Future-Teck Microhardness tester with an applied load of 2 

kg and a time of 15 s on several points within the weld according to Figure 15.  

Equipment used 

Future-Tech Microhardness tester FM 

Sample holder 
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Execution of hardness measurement 

1. The sample was mounted in the holder and place in the hardness tester. 

2. Imprints were made according to Figure 15. 

3. The width and height of the imprint is measured.  

 

 

Figure 15. Areas in macro etching and points for hardness measuring. 

3.4 Material investigation 

3.4.1 Influence of the chemical composition 
The quality of the weld is highly related to chemical composition of the material, defects and 

the welding process. A common method for determining the weldability of a material is by 

calculating the carbon equivalent (CE). The carbon equivalent states how the chemical 

composition effects the hardenability and likeliness to form brittle microstructure such as 

martensite. The CE is calculated from equation 1. Values below 0,35 will have excellent 

weldability while values above 0,50 will have poor weldability. 

The chemical composition is also an important parameter in how likely defects in form of hot 

cracks may appear. The probability of formation of hot cracks may be calculated using 

equation 2. An UTS value below 10 will indicate a low susceptibility of cracking, while a 

value above 30 will indicate a high susceptibility. Value between 10 and 30 are highly related 

to the welding procedure parameters.  
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𝑈𝑇𝑆 = 230  𝐶 + 190  𝑆 + 75  𝑃 + 45  𝑁𝑏 − 12,3𝑆𝑖 − 5,4𝑀𝑛 − 1   (2) 

The elemental value is given in percent.  

3.4.2 Sample preparation microstructure and EDS/SEM analysis 

In order to perform microstructure analysis, EDS analysis and SEM surface investigation 

samples of the materials need to be produced. The test specimen is cut using a Struers 

Unitorm-50 cutter. The samples is moulded into plastic using a Struers Citopress-1 and the 

grinded and polished using a Struers Tegrapol-21. 

Equipment used 

Struers Unitom-50 cutter and with Struers 84EXO disc 

Struers Citopress-1 

Durofast 

Multifast 

Polyfast 

Struers Tegrapol-21 

Silicon carbide sandpaper, 120p, 320p 

Piano disc 

Allegro disc 

MD plus disc 

Blue lubricant 

Green lubricant 

6µm diamond spray 

3µm diamond paste 

Nital, 5% nitric acid 95% alcohol 
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Execution of sample preparation 

1. The sample was cut in a Struers Uniform-50 cutting machine. 

2. The samples was cleaned and mounted into plastic using Struers Citopress-1. Samples 

for the SEM and EDS was mounted into 20 ml of Polyfast while samples for 

microstructure analysis was mounted in 10 ml Durofast and 20 ml Multifast 

3. The samples were grinded using a Struers Tegrapol-21 with an applied load of 25N 

and a speed of 300 rpm in several steps. Between each step the sample is clean in an 

ultrasonic alcohol bath for 10min and dried. 

• 120p sandpaper and water were used until the sample was flat. 

• 320p sandpaper and water were used during 6 min. 

• 500p sandpaper and water were used during 6 min. 

• Piano disc and water were used during 3 min. 

• Allegro disc with 6 µm diamond spray and blue lubricant were used during 3 min. 

• MD Plus disc with 3 µm diamond paste and green lubricant were used during 4 

min. 

4. The samples were cleaned in an ultrasonic bath with alcohol for 30 min and then 

dried. 

5. The samples used for the microstructure analysis were etched using 5% Nital and the 

cleaned and dried. 

3.4.3 Microstructure analysis 

The analysis of the microstructure is performed in order to examine changes in the structure 

between the different base materials since the manufacturing technique for them is different. 

Apart from the investigations of the base material, investigations of the weld is performed. 

The focus on the analysis of the microstructure in the weld is to examine if it is possible to see 

any similarities in the microstructure according to base material especially near the face of the 

weld bead and the toe of the weld.  

The microstructure of the base material and the welds was performed in Reichert-Jung optical 

light microscope connected to a computer with Leica QWin V3 Software. 
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Equipment used 

Reichert-Jung Polyvar Met optic light microscope 

Leica DFC 295 

Leica QWin V3 software 

Execution of microstructure analysis 

1. The prepared sample was placed under the optic light microscope. 

2. The Leica Qwin V3 software was started. 

3. Micronbar, grey scale was chosen in the menu. 

4. Examination of the microstructure was performed and pictures taken. 

3.4.4 EDS/SEM 

The SEM analysis is performed due to suspicions that the surface of the material will 

influence the quality of the weld. Pickling is used to remove oxides from the surface after 

manufacturing.  How the pickling of the S355MC and the S355MC Si influences the surface 

of the material is examined using the secondary electron detector. An EDS analysis is also 

performed to examine differences of the composition on the surface of the base material. 

Equipment used 

LEO 1530 field emission SEM 

Link Inca EDS detector 

Execution of SEM/EDS analysis 

1. The samples were placed in the SEM vacuum chamber and the air pumped out. 

2. The working distance was set to 10 mm. 

3. Pictures were taken using the secondary electron detector or the backscatter electron 

detector. 

4. EDS analysis was made using an EDS detector. 
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4 Results 

4.1 Influence of thickness 
To investigate the influence of the material thickness Minitab 17 was used. The 8 mm thick 

S355MC was compared to the 15 mm thick S355MC. The thickness will influence the weld 

penetration on the flange in the end of the weld (see Figure 16) and the hardness in the weld 

and the heat-affected zone (see Figure 17). The difference in weld penetration according to 

thickness can be seen in Figure 18. 

  

Figure 16. Minitab analysis of the influence of thickness to penetration on the flange in the 

end of the weld. 

    

Figure 17. Influence of thickness on the hardness of the weld bead (left) and the heat-affected 

zone (right). 
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Figure 18. The influence of thickness on weld penetration at a welding speed of 15 m/min 

(left) and 20 m/min (right). 

4.2 Break test 
The variation in the weld penetration for the different materials and the different points in the 

weld can be seen in Figure 19. 

The materials in the diagrams are: 

1. S355MC 

2. S355NL 

3. S355MC Si 

    

Figure 19. Weld penetration in the start, centre and end for S355MC, S355NL and S355MC 
Si at a welding speed of 15 m/min (left) and 20 m/min (right). 
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4.3 Visual inspection 
The classification of the welds can be found in Table 5. All welds were classified as a4 – a6 

welds. Sample 9 - 16 is welded with a 2 mm wide gap. 

Table 5. Classification from the visual inspection 

No Material Thick 

(mm) 

Welding 

Speed 

(m/min) 

Weld 

class 

Radi. 

Flange 

Radi. 

Web 

Notes 

1 S355MC 15 20 a6 VE VE VD - 

2 S355MC 15 15 a6 VD VD VD - 

3 S355MC 8 20 a6 VD VD VD - 

4 S355MC 8 15 a6 VD VD VD - 

5 S355NL 15 20 a6 VD VD VD Arc splatter 

6 S355NL 15 15 a6 VD VD VC - 

7 S355MC Si 8 20 a6 VD VD VD Occasional arc splatter 

8 S355MC Si 8 15 a6 VD VD VD Occasional arc splatter 

9 S355MC 15 20 a6 VD VD VD Larger arc splatter 

10 S355MC 15 15 a5 VE VE VD - 

11 S355MC 8 20 a6 VD VC VD Occasional arc splatter 

12 S355MC 8 15 a5 VC VC VC Some arc splatter 

13 S355NL 15 20 a5 VD VD VC Much arc splatter 

14 S355NL 15 15 a4 VE VE VD Occasional arc splatter 

15 S355MC Si 8 20 a6 VD VD VC Some arc splatter 

16 S355MC Si 8 15 a6 VD VD VC Occasional arc splatter 

A Minitab analysis of the arc splatter and toe transition radius can be seen in Figure 20 and 

Figure 21. 
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Figure 20. Effect of material, welding speed and gap on arc splatter. 

 

Figure 21. Effect of materials, welding speed and gap on toe transition, flange (left), web 
(right). 

4.4 Macro etching 
A Minitab analysis of influences of material, welding speed and gap on the total weld bead 

area and weld bead area located in the Y2 region can be seen in Figure 22. 

1. S355MC 

2. S355NL  

3. S355MC Si 
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Figure 22. Effects of material, welding speed and gap on total weld bead area (left) and Y2 
area of the weld bead (right). 

A comparison of weld bead shapes related to material and welding speed can be seen in 

Appendix 2. Figure 1 is a comparison between S355MC and S355NL with a thickness of 15 

mm welded with a speed of 20 m/min (left) and a speed of 15 m/min (right). Figure 2 is a 

comparison between S355MC and S355MC Si with a thickness of 8 mm welded with a speed 

of 20 m/min (left) and 15 m/min (right). Figure 3 is a comparison between S355MC and 

S355NL with a thickness of 15 mm and a 2 mm gap welded with a speed of 20 m/min (left) 

and 15 m/min (right). Figure 4 is a comparison between S355MC and S355MC Si with a 

thickness of 8 mm and a 2 mm gap welded with a speed of 20 m/min (left) and 15 m/min 

(right). 

4.5 Micro Vickers hardness testing 
The hardness of the weld bead was measured in twelve points. Diagrams of the hardness can 

be found in Figure 24-Figure 27. The hardness is measured on two different depths. Figure 

24 shows the hardness in seven points located at a depth of approximately 30 % of the weld 

bead, welded with a welding speed of 20 m/min. Figure 25 shows the hardness at depth of 

approximately 70 % of the weld bead. Figure 26 and Figure 27 show the same for a welding 

speed of 15m/min. A Minitab analysis of the influence of material, welding speed and gap on 

the measure hardness of the weld can be seen in Figure 23.  
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Figure 23. Main effects on the hardness in the centre (left) and in the HAZ (right) of the weld 

bead. 

 

 

Figure 24. Hardness of weld bead at a depth of approx. 30% of the weld bead welded with a 

welding speed of 20 m/min (For point positions see Figure 15). 
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Figure 25. Hardness of the weld bead at a depth of approx. 70% of the weld bead welded with 

a welding speed of 20 m/min (For point positions see Figure 15). 

 

Figure 26. Hardness of weld bead at a depth of approx. 30% of the weld bead welded with a 

welding speed of 15 m/min (For point positions see Figure 15). 
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Figure 27. Hardness of weld bead at a depth of approx. 70% of the weld bead welded with a 

welding speed of 15 m/min (For point positions see Figure 15). 
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4.6 Chemical composition 
Chemical composition for the different materials according to manufacturers certificate can be 

seen in Table 6. The calculated values for the weldability and the probability of hot crack 

formations shows that S355NL is more likely to form hot cracks.  

Table 6. Chemical composition of sheet metal materials, wt% 

 S355NL 15 mm S355MC 15 mm S355MC 8 mm S355MC Si 8 mm 

C 0,17 0,067 0,055 0,06  

Si 0,34 0,03 0,01 0,21 

Mn 1,42 0,06 0,72 1,21 

P 0,012 0,005 0,01 0,011 

S 0,001 0,002 0,005 0,006 

Cr 0,07 0,04 - - 

Ni 0,05 0,05 -  - 

Mo 0,014 0,02 -  - 

V 0,02 0,01 0,009  0,010 

Ti 0,003 0 0,001  - 

Cu 0,01 0,01 -  - 

Al 0,033 0,038 0,024  0,031 

Nb 0,026 0,035 0,03  0,022 

N 0,002 0,005 -  - 

CE 0,43 0,10 0,18 0,26  

UTS 28,51 16,05 10,69 6,64  

4.7 SEM examination of the base material surface 
The surfaces from the SEM examination can be seen in Figure 28, the pictures is taken with a 

magnification of x 3000 at a working distance of 10 mm. The picture of S355NL shows a 

layer of oxide on the surface.  
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Figure 28. Upper left: 15 mm thick S355MC, Upper right: 15 mm thick S355NL, Lower left: 
8 mm thick S355MC, Lower right: 8 mm thick S355MC Si. 

 

4.8 EDS analysis of the base material surface 
Figure 29 shows the chemical composition on the surface of the different base materials, 

achieved from the EDS analysis. The surface of S355NL has a larger amount of oxygen in the 

compared to the other materials. 

 

Figure 29. Weight% of different elements on the surface of the base materials. 
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4.9 Microstructure analysis 

4.9.1 Base material 
The microstructural examination of the different base materials can be seen in Figure 30. The 

S355MC and S355MC Si material have a homogenous ferrite structure matrix with some 

pearlite present while S355NL have a banded structure of pearlite in a ferrite matrix. 

     

     

Figure 30. Upper left: 15 mm thick S355MC, Upper right: 15 mm thick S355NL, Lower left: 
8 mm thick S355MC, Lower right: 8 mm thick S355MC Si. 

4.9.2 Weld bead 
The microstructure in the weld toe transition for 15 mm thick S355MC and S355NL and 8 

mm thick S355MC and S355MC Si can be seen in Appendix 3 Figure 1 – Figure 8. The 

microstructure of the fusion boundary and transition zone can be seen in Figure 31.  
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Figure 31. Upper left: 15 mm thick S355MC, Upper right: 15 mm thick S355NL, Lower left: 
8 mm thick S355MC, Lower right: 8 mm thick S355MC Si. 
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5 Discussion 

5.1 Influence of thickness 
Since there were difficulties in achieving the materials interesting for the examination in the 

same thickness, the S355MC was compared in a thickness of 8 mm and a thickness of 15 mm. 

The analysis of the output data from the weld characterization was analysed with Minitab 17 

and the results show that the hardness depended on the thickness of the material in all 

measured points within the weld and HAZ region. Further analysis shows that the weld 

penetration is higher in the thicker material. The difference is most likely to depend on the 

differences in the heat distribution during the welding process and differences in the rate of 

cooling. [5] During steel manufacturing a thicker plate cools slower than a thinner plate since 

the thicker one has higher volume to area ratio, the slower cooling rate for the thick material 

will lead to lower hardness, lower yield strength and higher elongation. During welding a 

thick material will increase the cooling rate compared to the thin since the thick has more 

mass to absorb the heat. This will lead to a higher yield strength and hardness for the thick 

material. [21] It should be noted that even since the material is classified the same there are 

differences in the chemical composition (see Table 6).  

5.2 Break test 
The break test and weld penetration measurements seen in Figure 19, show that the weld 

penetration increases with the distance of welding. The penetration is larger in the end than in 

the beginning of the weld. This may be an effect of the heating of the base material during 

welding leading to larger weld penetration with time. It can be stated that a lower welding 

speed will increase the weld penetration. This together indicates that the weld penetration is 

connected to the heat distribution and will increase when the base material is subjected to heat 

for a longer time. The variation within the welding process is extensive, showing differences 

in weld penetration up to 100 % for the same material. Differences of this magnitude may 

indicate an unstable process for the small pieces used during the examination and may be 

related to arc blow noted in the visual inspection. It can be noted though that the process is 

more stable for the materials with higher silicon content, S355MC Si and S355NL than for 

S355MC. 
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5.3 Visual inspection 
The visual inspection shows that only one of 16 welds fails to achieve the right throat 

thickness. One might suspect that this is related to the gap and the lower welding speed 

leading to a higher weld penetration. 

Only one of the welds without gaps and two with gap fail to achieve the VD class. The 

S355MC material is found in two of them. In Figure 20 it can be seen that an increase in 

welding speed and the presence of a gap will increase the arc splatter. It can also be seen that 

the S355MC will cause the lowest toe transition radius for both the web and the flange. The 

toe transition radius will increase with a gap for the web while decrease for the flange (see 

Figure 21). This may indicate that the heat distribution in the material will effect the toe 

transition radius. 

During the visual inspection of the weld signs of influence of arc blow on the weld was found. 

The effect of this was that only a short distance of the weld without the influence of arc blow 

could be analysed. In production the steel sheets are much larger than in testing making this 

less of a problem in production because of the more symmetric amount of ferromagnetic 

material around the arc. The problems during testing may be reduced by using larger test 

specimen. As a result only 50 mm of the total weld length of 200 mm was analysed.   

5.4 Macro etching  
In the comparison of the weld bead geometry (se Appendix 2, Figure 1 – Figure 8) it is 

indicated that the S355MC Si and S355NL material will have flatter weld bead shape than 

S355MC. In the 355MC the weld bead has a shape with more material concentrated to the 

middle of the face. This can also be seen in Figure 22 where it is clear that the material will 

affect the size of the Y2 area in the weld bead. It is also clear that a gap will increase the total 

area but reduce the amount located in the Y2 region, indicating influence in the weld bead 

face shape. It is also indicated that a reduction of welding speed will reduce the Y2 area of the 

weld. This may be a result of surface tension, electromagnetic flow related to differences in 

the chemical composition or transition mode. [16] A reduction of material in the Y2 area is 

also of interest in an economical point of view, since material in this area have no 

contribution to the strength of the weld.  
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5.5 Hardness 
The higher probability of hot crack formation and lower weldability for the S355NL material 

is mainly related to a higher carbon content and higher probability to form brittle martensite 

in and near the weld bead. The hardness tests performed on the different weld shows that the 

S355NL suffer from a heat-affected zone with a higher hardness than the S355MC (see 

Figure 24 - Figure 27). This will likely be a result of the higher carbon content in the 

S355NL material and will increase the likeliness to form hard and brittle structure within the 

material. It can be noted that the welding speed and the presence of a gap have little or no 

effect on the hardness in the weld or the heat-affected zone, Differences in hardness are 

related to material (see Figure 23). A micro Vickers hardness profile of the heat-affected zone 

might be a better method to increase the accuracy of the hardness tests. Martensite can be 

detected in the transition zone near the fusion boundary. 

5.6 Chemical composition 
In the measured chemical composition of the different materials three major differences may 

be noticed. The levels of silicon and manganese as well as the levels of sulphurs differ widely 

between the materials. The silicon and manganese levels are up to 30 times greater in the 

355NL and S355MC Si material than in the 355MC. It is known that silicon has enhancing 

effects on both the strength and the hardness of the material. Silicon and manganese will also 

have a deoxidizing effect in the steel making process. [14] This means that dissolved oxygen 

in the molten metal will react with any of these elements and inactivate them by creating 

manganese silicate or solid silica. This will prevent the steel from oxidizing. As may be seen 

in appendix 1 and in Figure 22 the S355MC material will be more likely to form a high throat 

which might be explained by an inward flow of material due to the Marangoni effect and 

surface tension. These differences may be explained by the higher sulphur content which will 

make the weld pool pull inwards during welding due to the effects of sulphur on the surface 

tension. The higher levels of silicon, which works as a deoxidizer may decrease the dissolved 

oxygen content in the material and reduce the inward Marangoni flow. [16]  

5.7 SEM 
In order to determine differences in the surfaces the material was investigate in the SEM. The 

differences of the surfaces can be seen in Figure 28. I can be noted that the S355NL material 

have an oxide layer on the surface while this is not seen for the other materials. The absence 

of a clear oxide layer for S355MC and S355MC Si is a result of the pickling process with in 
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the manufacturing. Hydrochloric acid is used in order to remove the scale and oxides of the 

surface for these materials. It is also noticeable that there seems to be an intergranualar 

removal of grains from the surface for these materials (see Figure 28). This may be a result of 

acid penetrating along the grain-boundary finally removing the grain. One might expect that 

this may cause an increase in hydrogen in the surface, which could lead to an increase in the 

risk of hydrogen embrittlement of the material even though hydrogen levels was not 

measurable in the EDS analysis.  

There are sign of plastic deformation on the materials pickled. This may be a result of the 

manufacturing process or the handling of the material during cutting, storage or 

transportation. 

5.8 EDS 
The EDS analysis performed on the surface of the material shows a much larger amount of 

oxygen on the surface of the S355NL material (see Figure 29). This difference is related to 

the pickling of the S355MC and S355MC Si materials. The acid pickling with hydrochloric 

acid removes the scale and oxides leaving a grey smooth surface. The relatively high amounts 

deoxidizers such as silicon and aluminium in the S355NL material will help reducing the 

dissolved oxygen during the welding process. One might aspect that the high amount of 

oxygen will increase the Marangoni effect causing inward fluid flow in the weld pool. [16] 

This can however not be confirmed during the tests. The test even indicates a decrease in 

weld in the Y2 area (see Figure 22) and an increase in toe transition radius (see Figure 21) 

compared to the S355MC material. 

5.9 Microstructure 
In the microstructure of the base material, major differences can be seen between the S355NL 

and the other materials. The microstructure in S355NL is a banded structure of ferrite and 

pearlite. While the others have a similar structure of fine-grained ferrite (see Figure 30). The 

difference in microstructure is most likely a result of the higher carbon content in S355NL. 

It can be noted that S355MC in 8 mm and 15 mm and S355MC Si have similar 

microstructures with a large amounts of primary ferrite in the toe transition from the weld to 

base material while S355NL have more of a needle-like structure (see Appendix 3). The 

needle-like structure in S355NL may be a result of a faster cooling rate in the toe transition 

and a higher carbon content in the material. [12] The difference in the microstructure is 
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particularly clear in the heat-affected zone near the fusion boundary where martensite can be 

found in S355NL (see Figure 31). This is also confirmed by the results achieved in the 

hardness test (see Figure 24 - Figure 27). The microstructure in the weld is similar for all 

welds with primary ferrite and Widmanstätten ferrite. 
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6 Conclusions 

An increase in welding speed will reduce the weld penetration. The variations within the 

welding process determined by the weld penetration measurements indicates that the full weld 

characteristics should be performed on more samples to statistically verify the results.  

The SEM investigation of the surface shows that pickling during the manufacturing process 

successfully reduces the surface oxide layer of the material. 

The welding speed and presence of a 2 mm gap have little or no effect on the hardness of the 

weld but will increase arc splatter and the total weld bead area. The presence of a gap will 

also reduce the area in the Y2 region leading to a reduction of material in region not 

contributing to the strength of the weld.  

It is indicated that the toe transition and area in the Y2 region of the weld is influenced of the 

material. The S355NL and S355MC Si will have a larger transition radius for both the web 

and the flange. An increase in welding speed will also increase the area in the Y2 region while 

decreasing the total area. 
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brazing and soldering. Materials Park, Ohio: ASM International; 1993. p. 25-29 

[Figure 8] Redrawn from: Lincoln Electric, The procedure handbook of arc welding 12th 

edition, The Lincoln Electric Company Cleveland, Ohio, U.S.A, 1973  
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Appendix 1 
Two different set ups of welding parameters where used during the welding. One high speed 

welding set up with a wire feed speed of 20 m/min and one low speed welding set up with a 

wire feed speed of 15 m/min.  

Table 1. Parameters used during welding. 

Parameter 15 m/min  20 m/min 
Current type DC+ DC+ 
Current (A) ± 10% 335 395 
Wire Feed Speed (m/min) ± 10% 15 20 
Contact tip distance (mm) ± 10% 22 25 
Voltage (V) ± 10% 31,2 32,9 
Travel speed (cm/min) ± 10% 48 60 
Gas flow (l/min) 15-25 18-22 
Heat input (kJ/mm) 1,0 1,0 
Weaving width 3 3 
Weaving frequency 100 120 
Torch angle A (°) ± 3° 90 65 
Torch angle B (°) ± 3° 45 45 
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Appendix 2 
The macro analysis of the weld bead geometry can be seen in Figure 1-4 below: 

 

Figure 1. Difference of weld bead shape between S355MC (red) and S355NL (yellow) at a 
welding speed of 20 m/min (left) and 15 m/min (right). 

 

Figure 2. Difference of weld bead shape between S355MC (red) and MS28256 (yellow) at a 
welding speed 20 m/min (left) and 15 m/min (right). 

 

Figure 3. Difference of weld bead shape between S355MC (red) and S355NL (yellow) with a 
2 mm gap at a welding speed of 20 m/min (left) and 15 m/min (right). 
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Figure 4. Difference of weld bead shape between MS28256 (red) and S355MC (yellow) with 
a 2 mm gap at a welding speed of 20 m/min (left) and 15 m/min (right). 
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Appendix 3 
The toe transition towards the flange and the web was examined in each weld. Pictures from 
this examination can be seen in figure 1-8 below: 

     

Figure 1. Toe transition in S355MC 15 mm. Picture 1 and 2: Flange and web transition at a 
welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a welding speed of 
15 m/min. 

     

Figure 2. Toe transition in S355MC 8 mm. Picture 1 and 2: Flange and web transition at a 
welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a welding speed of 
15 m/min. 

     

Figure 3. Toe transition in S355NL 15 mm. Picture 1 and 2: Flange and web transition at a 
welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a welding speed of 
15 m/min. 

     

Figure 4. Toe transition in MS28256 8 mm. Picture 1 and 2: Flange and web transition at a 
welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a welding speed of 
15 m/min. 
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Figure 5. Toe transition in S355MC 15 mm with a 2 mm gap. Picture 1 and 2: Flange and web 
transition at a welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a 
welding speed of 15 m/min. 

 

     

Figure 6. Toe transition in S355MC 8 mm with a 2 mm gap. Picture 1 and 2: Flange and web 
transition at a welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a 
welding speed of 15 m/min. 

     

Figure 7. Toe transition in S355NL 15 mm with a 2 mm gap. Picture 1 and 2: Flange and web 
transition at a welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a 
welding speed of 15 m/min. 

     

Figure 8. Toe transition in MS28256 8 mm with a 2 mm gap. Picture 1 and 2: Flange and web 
transition at a welding speed of 20 m/min. Picture 3 and 4: Flange and web transition at a 
welding speed of 15 m/min. 

 


