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Modern high strength steels (HSS) are mainly manufactured through thermo - mechanical 

controlled process (TMCP), quenching and tempering (QT), Direct quenching (DQ) and 

Quenching and partitioning method (Q&P). The steel grade investigated in this thesis is 

thermomechanically hot rolled S500 ML produced by Dillinger steel. Although it has lean 

chemical composition, its mechanical properties are comparable to expensive S500QT 

steels. Typical applications of S500ML are constructions for steel work and offshore, 

hydraulics, storage tanks or spheres. 

The primary aim of this research is to investigate the hot cracking susceptibility of 24 mm 

thick S500ML steel during submerged arc welding (SAW) with different heat inputs by 

varying the welding speeds. The thesis also aims to understand the effect of welding speed 

and heat input on weld bead geometry and hardness distribution in the weld metal and heat 

affected zone (HAZ). One of the initial goals was also to find out the inter-relationship 



between the depth to width ratio of weld bead, chemical composition and microstructure 

with hot cracking if hot cracking occurs in welded S500 ML. Secondarily, the thesis also 

focuses on the weldability, challenges and problems in welding of High strength steels. 

This thesis is based on literature review, SAW welding experiment, metallographic 

examination and mechanical testing. Firstly, a proper literature research was made on 

modern high strength steels, its production routes, and their weldability. Enough scientific 

articles, books and journal were studied to discover the welding problems and challenges 

during welding of high strength steels. The review was extensively focused on physical, 

thermal and metallurgical factors associated with hot cracking in thermomechanically rolled 

HSS and its remedy. Besides, the effect of welding parameters on weld bead geometry, weld 

microstructures and mechanical properties of HSS was also studied. For experimental 

research, bead on plate SAW welding was carried out on 24 mm thick S500 ML keeping 

constant current and voltage whereas 4 different welding speeds of 40 cm/min, 60 cm/min, 

80cm/min and 98cm/min were employed to yield four different heat inputs. Metallographic 

examinations were carried out using optical and SEM microscopy to detect any hot cracking 

in the weld. Macrograph images of the weld bead was measured with Toupview software to 

determine the depth to width ratio of weld bead and find the link between these ratios with 

hot cracking. The effect of welding speed and heat input on depth of penetration was also 

determined. Struers hardness testing machine was employed to determine the hardness 

values through the base metal (BM), HAZ and weld metal (WM). 

Metallographic observations showed no hot cracking in the weld metal for the investigated 

material S500 ML. From experimental results on effect of welding speed and heat input on 

depth of penetration, it is found that the depth of penetration is increased with increasing 

welding speed until it reaches the maximum at some optimum speed value after which the 

depth of penetration drops with increasing welding speed. Hardness results revealed that 

hardness in both HAZ and weld metal increases with decreasing heat input (increasing 

welding speed). HAZ softening is very common characteristics with TMCP and QT HSS. 

However, the hardness values in HAZ in welded S500ML was found to be highest which is 

contrasting to the general pattern.  
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                              austenite if steel is heated [˚C] 
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                              under 0.83%, where the microstructure changes either fully to austenite 
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Cr                          Chromium 
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SEM                      Scanning electron microscopy 

SMAW       Shielded metal arc welding  

TMCP                   Thermomechanical controlled process 

UCS                      Units of cracking susceptibility 

UTS                      Tensile strength 
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 1  INTRODUCTION 

 

 

1.1 Background 

In modern days, the yield strength of high strength steel (HSS) ranges even greater than 1000 

Mpa. Exact definitions of high strength steels are hard to find as they vary depending upon 

the source. According to definitions mentioned in advanced high strength steel (AHSS) 

application guidelines version 6, steels with the tensile strength (UTS) in between 550 - 780 

MPa are refered as AHSSs, while stronger steels are categorised as ultra-high strength steel 

(UHSS) (Keeler et al, 2017).  Since using strength as a threshold for steels to be entitled to 

AHSS is confusing, steels with yield strength higher than 355 Mpa is considered high 

strength steel in this thesis. Moreover, the researched steels in this thesis are mostly high 

strength structural steel.  

Due to the high strength to weight ratio, good toughness and formability, there is a high 

demand of HSS in wide area of industries and weight critical applications like automobile, 

shipbuilding, pipelines, pressure vessels, weight carrying equipment, hydro and nuclear, 

cranes, and so on. Moreover, when it comes to economical and sustainable aspects like 

fabrication cost, energy savings, material costs and reduction of CO2 life cycle emissions 

without compromising the safety, the value of HSS has skyrocketed. To achieve the required 

strength and fabrication properties of different range of high strength structural steels, the 

modern manufacturing methods are quench and tempering (QT), thermomechanical 

controlled process (TMCP), direct quenching (DQ) and quenching and partitioning (Q & P) 

method.  

Different welding processes are being extensively used to connect the HSS structures and 

day by day, it has been the hot topic of research and interests to produce high quality HSS 

welded joint. Factors affecting the weldability of HSS is the first and foremost thing to be 

taken into consideration. Familiar factors that may influence the weldability of HSS are 

manufacturing method of HSS, its chemical composition, welding process and 

corresponding welding parameters like heat input, cooling time, filler material, preheat and 

inter-pass temperature, etc. These input parameters influence each other and change in only 

one of the parameters can totally affect the resultant parameters like weld bead geometry, 
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mechanical properties, chemical composition and microstructures of the welded joint and 

may result in weld defects like cracking, lack of fusion, imperfections, etc. (TWI, 2010). So, 

discovery of welding process with suitable corresponding welding parameters and other 

factors affecting the welding of HSS is very challenging as anything in order to produce 

quality HSS welded joint. Among these different welding parameters and factors, this thesis 

mainly considers and investigate the effect of welding speed on weld bead geometry and 

hardness of the weld during submerged arc welding. Welding speed is one of the most 

important welding parameters that dictates the productivity and cost reduction in 

manufacturing industry. Welding speed influences the weld bead geometry and thus it is 

very important to understand the interrelationship between the welding speed with bead 

width and depth of penetration. Generally, at constant current and voltage in arc welding, 

the depth of penetration increases with increasing welding speed until it reaches the 

maximum penetration where the welding speed is the optimum. After that the penetration 

reduces with increasing welding speed. With bead width and height, welding speed has 

inverse relation. As the welding speed increases, heat input per unit length decrease and so 

do weld bead width and height (Singh and Singh Bhinder, 2019). Moreover, Welding speed, 

which affects the heat input is is the vital factor that determines the degree of contraction 

stress and strain of the welded part, which in turn dictates the sensitivity of hot cracking. 

Lower the welding speed, higher will be heat input which increases the quantity of 

contraction strains from solidification stage making the welded specimen prone to hot 

cracking. With high welding speed, risk of hot cracking is decreased (Hosseini et al., 2019). 

With HSS, structural integrity problems like cracking, residual stresses and distortion might 

prevail after welding. Among them, cracking is said to be the most common issues. Rapid 

heating and cooling during welding lead to physical, thermal and metallurgical changes in 

the the fusion zone. Different zones of weld and the surrounding areas may be affected by 

thermal expansion and contraction developing residual stresses in the weld. (Lippold, 2015). 

Cracking occurs at the certain point of the weld when the stress is higher than ultimate tensile 

or shear strength of the weld metal. Besides several factors like phase transformations, 

solidification pattern, micro-segregation of impurities during solidification, chemical 

composition of weld has huge impact on susceptibility to cracking and the whole weld 

quality. (Böllinghaus et al., 2011). However current thesis covers only the study and 

investigation of hot cracking in submerged arc welds of S500ML.  Identification of 
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influential factors and setting of optimal welding parameters affecting welding is never 

enough to assure quality welds. Series of standardized testing of welded joint and 

microscopic examination need to be performed to evaluate weld defects, residual stresses, 

micro/macrostructures, weld bead geometry and hardness distribution in the welded joint. 

 

1.2 Research problem and research questions 

Countless number of academic research have been completed on hot cracking and still 

counting but there are only few that are focused on specific grade of steel. Moreover, they 

are limited to theoretical knowledge and only few researches are based on experiments. 

Generally, it is said that high strength steel is said to be hot cracking prone especially with 

high dilution welding process like SAW. There are lot of parameters associated with welding 

that influence the weld bead geometry and risk of hot cracking, but this thesis mainly focuses 

on the effect of welding speed on weld bead geometry and subsequently hot cracking. In 

general, high welding speed facilitates the high productivity and reduction of expenses in 

manufacturing world. So, it's important to understand the correlation between the welding 

speed and depth of penetration of weld bead as depth to width ratio of weld bead heavily 

affects the susceptibility of hot cracking defects in the welded joint. In addition, welding 

speed also influences the solidification behaviour and thermal strain during welding which 

may induce hot cracking in weld bead (Singh and Singh Bhinder, 2019).  Demand and use 

of high strength steel are increasing globally and welding is a fundamental fabrication 

technique to connect the huge and complex HSS structures but there are issues concerning 

welding of these modern High strength steel. So, the thesis also aims to identify the 

challenges and difficulties in welding of HSS. 

Based on research problems, some research questions were generated as follows:  

Is S500 ML grade of high strength steel susceptible to risk of hot cracking during submerged 

arc welding or are they resistive against hot cracking? if hot cracks are observed in weld, 

what are the metallurgical factors and root causes related to hot cracking? 

How does the variation in welding speed affect the depth of penetration and bead width in 

submerged arc welds of S500ML? 

What is the depth to width ratio of weld bead for different welding speeds and how they 

might influence the risk of hot cracking?  
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What are the challenges and problems in welding of high strength steel? 

What sort of typical microstructures and hardness distribution prevails when there is hot 

cracking in the weld area, if hot cracking occurs in welded S500ML? 

 

1.3 Objectives 

The main aim of this thesis is to investigate the hot cracking possibility in thermo-

mechanically rolled high strength structural steel grade S500ML with 24 mm thickness 

during bead on plate submerged arc welding. During SAW, welding speed is an only variable 

input parameter while all other parameters remain constant. It would be interesting to see the 

influence of welding speed particularly on the weld bead geometry (bead width, depth of 

penetration, reinforcement) and hardness of the welds. The susceptibility of hot cracking 

largely depends upon the weld bead geometry and weld chemical composition. In case of 

any findings of hot cracking in the weld, the thesis aims to focus on the metallurgical studies 

of weld and identify the inter-relationship between welding speed, weld bead geometry and 

the chemical composition of the weld with the hot cracking. Besides, the goal is also to 

perform and understand the chemical and metallurgical analysis of weld, hardness 

distribution and micro/macrostructural evolution in the weld and HAZ. Microstructural 

investigation and chemical analysis of the weld will be performed only if the hot cracking is 

found in the weld. 

 

1.4 Research methods 

To find out the answers of all the research questions and achieve the purpose of the thesis, 

literature review and experimental welding tests followed by mechanical tests of welded 

material are used as research methods. Literature search was carried out primarily through 

scientific articles, books, conference papers, journals found in scientific databases like 

Science Direct, Springer Link, Scopus, Emerald Journals, SFS-standards, Google, company 

websites and academic library of Lappeenranta University of Technology. Most of the 

literatures gathered were not older than 10 years in order to ensure that the references and 

the information are the most recent as possible. The keywords used in the databases were 

“high strength steel”, “manufacturing method”, “submerged arc welding”, “weldability”, 

“thermo mechanical controlled process”, “hot cracking”, S500ML, “welding speed” and 
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“weld bead geometry”. Literature review was utilized as a source of information to guide the 

experimental submerged arc welding tests and carry out the hot cracking investigation in the 

weld. Mechanical tests like hardness test and macrostructural tests were conducted to study 

the metallurgical and chemical analysis in the weld associated with welding parameters and 

hot cracking.  
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 2  LITERATURE REVIEW 

 

 

2.1 Standards for high strength structural steels 

Steel is a fundamental material for construction, automobile, shipbuilding, pressure vessels, 

offshore, pipeline and other wide range of industries. They are manufactured with specific 

chemical composition and mechanical properties as per the design and strength requirement 

for specific applications. Codes and standards are limited for high strength steels and in case 

of very high strength steels with yield strength exceeding 600 Mpa, they even don’t exist. 

Steel products are classified and termed variably throughout the world. In accordance with 

European standard, high strength structural steels are categorised by application such as 

steels for construction, steels for pressure vessel engineering, steels for pipeline and so on. 

In this way, steels are classified into different groups with corresponding designation on the 

basis of application, delivery conditions, impact testing value and yield strength and thus 

within different section, the relevant standards and the corresponding grade designations can 

be found for high strength structural steel in EN 10025:2004. For structural steels, typical 

grades are named as S500J2Z35+M or S960K2W+N and so on. In these examples S denotes 

structural steels, 3-digit number denotes the yield strength in Mpa whereas the remaining 

letters J2or K2, Z15 and +M or +N denote the impact testing value, through thickness 

property and heat treatment conditions respectively (Oakleysteel. 2019). 

Based on the manufacturing methods, impact testing value and yield strength, hot rolled 

HSSS products are categorised in European standard 10025 (2004), as non-alloy structural 

steels, normalised fine grain structural steel, thermomechanical rolled fine grain structural 

steels, structural steels with improved atmospheric corrosion resistance (weathering steel) 

and quenched and tempered structural steels which is shown in the table 1. 
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Table 1 High strength structural Steel grades under current standards (EN 10025, 2004) 

High strength 

structural Steel 

category 

EN standard Delivery conditions Steel grades with 

maximum yield 

strength 

Non alloyed hot 

rolled 

EN 10025-2 JR, JO, J2, K2 S180, S235, S275, 

S355, S450 

 

Normalised fine 

grained 

EN 10025-3 N, NL S275, S355, S420, 

S460 

 

Thermomechanically 

rolled fine grained 

EN 10025-4 M, ML S275, S355, S420, 

S460, 

 

Steels with improved 

atmospheric 

corrosion resistance 

EN 10025-5 JO, J2, K2 S235, S35 

5 

Steels with quenched 

and tempered 

condition 

EN 10025-6 Q, QL, QL1 S460, S500, S620, 

S690, S890, S960 

 

2.2 Production routes of High strength steels 

The increasing demand for high strength steel is not only because of low weight and good 

combination of strength and toughness but also a low energy requirement in fabrication 

along with the improvement of reliability and endurance. Generally, the strength of a steel 

depends upon its microstructure, which in turn is controlled by the chemical composition, 

thermal cycle and the deformation processes it experiences during its manufacturing. To 

address the ever-growing demands of high strength steel with good toughness, precisely 

controlled heating and cooling processes have been developed and many are still under 

extensive research. These processes produce advanced high strength steels with desirable 
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chemical composition and multiphase microstructures. Moreover, optimum range of 

strength, ductility and fatigue properties are obtained by employing the metallurgical 

strengthening mechanisms like solid solution strengthening, grain refinement strengthening, 

phase transformation strengthening and dispersion strengthening. (Klien et al, 2005)   

Back in the days, very popular and demanding As rolled (AR) conditions of structural steels 

were achieved without any special control of rolling or heat treatment. At about 1100ºC, 

conventional hot rolling of the slab takes place in recrystallised austenitic state which is 

stable at high temperatures. Then follows the cooling of the slab in calm air which is shown 

in figure 1. Steels delivered in this conventional delivery condition have relatively lower 

yield strength and toughness than the grades with other delivery conditions. These steels are 

nowadays manufactured through controlled rolling in which temperature and deformation 

are carefully controlled to achieve desire mechanical properties. Modern high strength steels 

are mainly manufactured through following routes: Normalising (N), quenching and 

tempering (QT), thermomechanical controlled process (TMCP), schematically shown in 

figure 1. Recently, quenching and partitioning (Q & P) process is gaining lot of popularity 

in the field of research but they are however restricted to laboratory use. These production 

routes will be explained in detail as follows. 

 

 

Figure 1 Production routes of high strength steel (Willims, 2009). 
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Normalising rolling/annealing 

In normalising of steel, firstly the plate is hot rolled at temperatures above 950ºC which 

serves the purpose of shaping and homogenizing the microstructure followed by subsequent 

cooling. Secondly it is reheated to ferrite-austenite transformation temperatures (800º-900º) 

C depending upon the carbon content (Willims, 2009) and slowly cooled in calm air. 

Because of this heating and cooling process, transformation of steel occurs from ferrite and 

pearlite to austenite and back again to refined microstructure of ferrite and pearlite. Fine and 

small grains result in the increment of specific surface of grain boundaries, which in turn 

helps to prevent the deformation. Therefore, the yield strength of the steel increases. With 

this manufacturing method, shown in figure 1, process (A+B), the steel grades with moderate 

strength and toughness can be achieved. The yield strength of the structural steel can be as 

high as 460 Mpa and the standard name for this normalised structural steel is S460N. Typical 

applications of Normalised rolled fine grained structural steels are heavy weight welded 

structures like bridges, flood gates, storages tanks etc for service at ambient and low 

temperatures (EN 10025-3 2004). 

Quenching and tempering 

Normalised and as rolled steels can't produce steel at higher strength levels for larger 

material thicknesses. So, quenching and tempering (Q&T) is the standard production route 

to manufacture very high strength structural steel. The schematic diagram of quenching and 

tempering process is quite similar to that of normalising process where the slab is first hot 

rolled and then subsequently cooled which is shown in fig 1, process (A+C). Then the plate 

is austenized to temperature about 800º-900º C where the carbon dissolve in austenite, but 

cooling process differs to that of normalising route because of the fact that rapid cooling is 

performed by quenching the steel into water, oil or forced air which prevents the formation 

of ferrite and pearlite. With quenching, the plate surface is cooled down to below 300ºC in 

few seconds. This results in the formation of hard needle-shaped microstructure, martensite 

or lower bainite which has low toughness (Hanus, Schröter & Schütz, 2005). To compensate 

the decreasing toughness, the steel undergoes through another heat treatment process called 

tempering. Steel is heated to a critical point for a period of time and subsequently cooled in 

still air that helps to regain the toughness. This operation decreases the strength to some 

extent, but desirable combination of high strength and toughness can be maintained. Higher 
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the tempering parameter, lower will be the strength of the material but on the other hand, the 

toughness is improving. Figure 2 shows the effect of tempering on yield strength of steel 

grade S890QL (EN 10137) with 60 mm thickness. 

 

 

Figure 2 Influence of tempering on yield strength of S890QL (Hanus, Schröter & Schütz, 

2005). 

Weldable steels of yield strength ranging from 460 Mpa to 1100 Mpa or higher can be 

achieved with this production route. Extremely high strength of quenched and tempered 

steels is associated with higher amount of alloying elements and therefore high carbon 

equivalent. These types of steels can be sometimes prone to hydrogen cracking and brittle 

fracture in the application of welded structures if the appropriate welding process and 

technique is not used (Willims, 2009). 

Thermo-mechanical rolling  

 One of the effective production routes to achieve extremely fine-grained structural steel is 

Thermo- mechanical rolling (TMCP).  In general, TMCP is always associated with the slab 

reheating and cooling. The purpose of reheating is to deform the slab and make it straight 

while the initial and final temperature of cooling, cooling rate and cooling method are 

adapted according to the required microstructures.  

Unlike conventional hot rolling processes, TMCP is the strict play of hot rolling schedules 

at particular temperatures and with precise control of temperatures. Rolling steps are 

designed on the basis of chemical composition, the plate thickness and the desired strength 

and toughness. Typical TMCP processes are shown in figure 1, Process D-G.  Controlled 



19 
 

hot rolling of plate is conducted in the recrystallized austenitic phase followed by rolling in 

non-crystallized austenitic phase and then austenitic-ferritic phases which is shown in fig 1, 

process D and E. Series of rolling, mostly at lower temperatures than in normalising, produce 

elongated austenite grains (Willims, 2009). The grain size is about 20 micro metre or higher 

after final rolling passes. Then follows the subsequent cooling method that generates desired 

fine-grained ferritic microstructure with good strength and ductility. On the other hand, 

controlled rolling is time consuming and can affect productivity. Besides, low rolling 

temperatures lead to rolling loads and a mechanical power of many mills are not good 

enough to resist the resulting stresses. TMCP alone, shown in process D-E) can´t process 

and produce the steel with higher strength levels required in larger thicknesses. As the 

thickness increases, the rolling temperature increases too, thus decreasing the air-cooling 

rate afterwards. This gives rise to undesirable rough microstructures and prevent the steel to 

achieve optimum tensile properties. Conventional hot rolling processes require higher 

amount of alloy content to obtain higher strength for thicker product thicknesses. Addition 

of alloying elements to improve the tensile properties is expensive and time consuming.  

Figure 3 shows the requirement of alloy content for different rolling processes to attain the 

yield strength up to 500 Mpa for plate thicknesses up to 140 mm. 
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Figure 3. Attainable yield strength with different CE in hot rolling processes 

(Brockenbrough, 1992) 

So, to overcome the limitation of thermo-mechanical rolling process alone, a new generation 

of TMCP processes as shown in fig 1 process F-G, can be employed to achieve the improved 

mechanical properties especially in thick plates. Strength is gained by grain refinement. 

Therefore, these routes have the luxury of reducing the carbon content and alloying elements 

to achieve good tensile properties. With low carbon equivalent value, these steels are 

especially beneficial for large material thicknesses to address excellent weldability.  

The resulting low carbon equivalent and thus improved weldability of steel is one of the 

major benefits of TM steels over normalised and QT steels. Accelerated cooling is one of 

that modern TMCP processes, which is applied after final rolling passes, transforms the 

elongated austenite grains before recrystallization occurs. Mainly ferrite-pearlite or ferrite 

bainite structures are noticed in microstructures of accelerated cooled steels. Consequently, 

higher strength level can be maintained in steels in respect to a larger thickness of the 

material.  

Another way to create the fine-grained microstructure in very thick plate and high strength 

grade steel is TMCP followed by direct quenching (TM+DQ) or direct quenching and 

tempering (TM+QST). In direct quenching, the material is hot rolled to the temperature 

above austenite recrystallisation phase. After hot rolling passes, the rapid cooling 
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(quenching) of the plate begins just before the austenite-ferrite transformation temperature. 

The microstructural constituents of DQ steels are either martensite, combination of 

martensite and bainite or only bainite depending on the chemical composition of the plate 

and cooling rate. Generally, in TMCP microstructure, in comparison to that of normalized 

steel, there are less black areas which indicates less amount of carbon and much smaller 

grains can be seen with TMCP followed by accelerated cooling or DQ (Hanus, Schröter & 

Schütz, 2005). 

According to Porter, steel processed through TMCP followed by direct quenching are harder 

than QT steels with similar chemical compositions which allows the DQ process to reduce 

CE and therefore enhance weldability. After quenching, if needed, steels can be tempered to 

the temperature between 450-700 to increase the ductility. The whole process is known 

TMCP + QST. During tempering, polygonal ferrite matrix are produced with a network of 

carbides. The ferrite grain size of TMCP+QST steels is between 5- 10  μm.   

Quenching and partitioning 

In modern days, quenching and partitioning process is being extensively research to fulfill 

the demand of excellent strength to weight ratio, and toughness especially in automotive 

industries The main aim of quenching and partitioning route process is to achieve the 

strength and ductility and also enhance the formability of high strength steels. As the name 

suggests, Q & P process is carried out in two steps as shown in figure 4. Firstly, Quenching 

and secondly Partitioning. In 1st stage, once the steel is heated to an increased austenization 

temperature to get the homogeneous allocation of alloying elements, fully or partially 

austenized steel is quenched to a temperature between martensite start (Ms) and martensite 

finish (Mf). This operation results in retain of some amount of austenite. 
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Figure 4. Quenching and partitioning process- a schematic heat treatment diagram, b Carbon 

diffusion during partitioning c Microstructure with mixture of martensite (white) and 

stabilsed austenite (red) (Dieck, 2017). 

In 2nd phase, quenching is subsequently followed by partitioning process in which the steel 

is hold either at QT temperature or elevated partitioning temperature which induce local 

carbon diffusion. Highly carbon solubility in retained austenite lead to its stabilization when 

cooled to ambient temperature. When steel is quenched to higher temperature, the carbon 

partitioning is not sufficient to stabilize the retained austenite to full extent which results in 

formation of fresh martensite during cooling. Final Q &P microstructure constitute of 

tempered martensite, lower bainite, retained austenite and fresh martensite (Fonstein, 2015). 

Figure 5 shows the microstructures of a steel processed through different manufacturing 

routes and particularly 5 e represent the microstructure during early minutes of partitioned 

state where white arrow represent austenite and red arrow indicates the location of former 

carbide locations. Importantly, presence of the metastable (stablised retained) austenite in 

microstructure helps to achieve intended combination of high strength and ductility. Q and 

P steels have tensile strength ranging from 1300- 1800 Mpa, higher than TRIP and DP steels 

with excellent elongation properties (Shome et al, 2015). 

With evolution of quench and partitioning process to QPT, microalloying elements are 

utilized to refine the grains and enable carbide precipitation allowing the precipitation 

strengthening to the process. Moreover, in QPT process, carbide precipitation, not carbon 

partitioning has significant influence on determining tempering time and temperature and 

tempering is associated with partitioning. The final microstructure of these steels is lath 
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martensite, retained austenite and fine carbides distributed in martensitic matrix (Zhang et 

al, 2019).  

 

 

 

Figure 5. Microstructures of high strength steels by different production routes (Modified 

from Willims, 2009) 

2.3 Weldability of High strength steels 

Weldability is an ability of the material to be welded to get the good quality joint as per the 

design requirement so that the welded joint can perform efficiently for specific application 

and for intended period. Besides, the cost of welding must be reasonable. Nowadays, there 

is a high demand of high strength steel (HSS) in wide area of applications and it’s difficult 

to fulfill the ever-growing demand because it’s really challenging to increase the mechanical 

properties of a material without losing its weldability or formability. Weldability of High 

strength steel (HSS) is affected by many interrelated factors like manufacturing methods of 

steel, its chemical composition and welding method and process parameters like heat input, 

cooling time, preheating, etc (Omajene, 2013). Very common difficulties to achieve good 

quality welds in high strength steels result from inappropriate heat input, cooling time and 

metallurgical factors associated with welding process. Moreover, due to self-hardenability, 

an important characteristic of HSS, the weld becomes hard with low ductility and it can 

become cracking- susceptible in the presence of diffusible hydrogen and restraint stress 

(Kobe, 2015.p.7.). So, each factor is equally influential and thus must be considered in order 
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to prevent the possible weld defects such as solidification cracks, hydrogen induced cracks, 

lamellar tearing and stress relieve cracks which can affect the performance of welded joint. 

Some of these important factors will be discussed below. 

2.3.1 Hardenability  

Good weldability or formability in high strength steel is obtained by reducing the 

hardenability of the steel. Carbon content is reduced to maintain low hardenability and 

reduce the chance of cold cracking. Usually, the carbon content of HSS is as low as 0.06 – 

0.15 % and considering also alloying elements, carbon equivalent is even less than 0.41. 

This facilitate HSS to be welded without preheating which makes them economical and 

sustainable in terms of usability. However, the low CE comes at the cost of reduced strength 

as a result of loss of carbon. and that’s where the role of additional microalloying elements 

such as Nb, Ti, V come into play to achieve the fine-grained microstructures though these 

elements are added in very small amount (max. 0.1 wt %) (Guo, 2015). These elements 

increase the austenite recrystallization temperature and form the strong and stable 

precipitates like VN, NbN, Nb (C, N), V(C,N), (V, Ti) N, (Nb,Ti) which inhibits the austenite 

grain growth in weld HAZ during welding. Alloying elements like Mo and B are added in 

HSS to obtain the microstructures like lower bainite and martensite which also depends upon 

the rolling and cooling method and thus achieve increased hardness and tensile strength 

(Guo, 2015).  

So, it can be said that chemical composition of modern high strength steels makes them 

different and demanding than conventional HSS and mild steels because conventional steels 

maintain the required strength through high carbon content, thus increasing the CE. In 

welding, CE is used to evaluate the hardenability of a base material which is accessed by 

using the formula as presented in equation 1 (SFS-EN 1011-2). 

 

𝐶𝐸 = 𝐶 + 
𝑀𝑛

6
+

𝐶𝑟 + 𝑀𝑜 + 𝑉

5
+

𝑁𝑖 + 𝐶𝑢

15
                                  (1) 

 

Besides, CEV also evaluates the sensitivity of cold cracking, HAZ hardness and address the 

requirement of preheating. Higher the CEV, higher will be the susceptibility to brittleness 

and cold cracking.  Lower the CEV, better the weldability and less risk of weld defects 
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(Lancaster, 1999). The table 2 shows the influence of CEV on weldability and precautions 

needed to improve the weldability based on CEV range.  

Table 2 Influence of Carbon equivalent on weldability. (Omajene, 2013) 

CEV Weldability Precautions 

 

˂ 0.41 Excellent Preheat to remove moisture 

 

0.41-0.45 Good Preheat + low H electrode 

 

0.46-0.52 Fair Preheat + low H electrode+ interpass temperature 

control 

˃ 0.52 Poor Preheat + low H electrode+ interpass temperature 

control+post weld heat treatment 

 

Like CEV, other factors that help to address the level of preheat requirement are combined 

joint thickness, joint design and heat input potential resulting from welding process. 

Preheating is usually necessary to remove the moisture, control the cooling time and thus 

reduce the hardening and possible weld defects. Preheating is often required for steels with 

high carbon content and thick plates. But preheating is generally not recommended for 

AHSS because of low carbon content. Moreover, in this case, inter-pass temperature is also 

kept low to reduce cooling time. But in some cases, where there is a possibility of high 

hydrogen level in the welding method that may increase high risk of cold cracking, 

controlled preheating is applied to HSS prior to welding (Kou, 2002). The preheat 

temperature for different grade of steels depending upon the plate thickness is shown in 

figure 6 below. 
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Figure 6. Preheat as a function of plate thickness (Omajene, 2013). 

 

2.3.2 Welding process and technique of HSS 

The characteristic of welding method employed for joining of HSS affect significantly on 

the mechanical and chemical properties of welded joints. Widely used welding processes for 

HSS are submerged arc welding (SAW), laser welding, resistance spot welding (RSW), 

Shielded metal arc welding (SMAW), gas metal arc welding (GMAW) and gas tungsten arc 

welding (GTAW). Yet there is still lack of systematic study made on the effect of welding 

methods on mechanical properties of welded joint of HSS. So, based on a few available 

investigations, some key aspects regarding these welding processes can be put into 

comparisons.  

SMAW, a manual and cheap process, associates with low heat input and produce relatively 

narrow HAZ and low softening. GMAW/GTAW and SAW are known for high heat input 

and may generate wide HAZ and high softening. Welding with these processes can achieve 

the welded joints with good strength and plastic properties (Kah et al., 2014). Being low 

energy density processes, strict considerations should be made regarding heat input, cooling 

time and penetration. Moreover, there is a high demand of SAW for thick plates because of 

its advantages like high deposition rate, ease of automation and absence of fumes and 

spatters.  RSW has been commonly used to weld thin HSS in automotive industry, generally 

about 0.8-3 mm because of their relatively simple and cheap operation (Guo, 2015). 

However, one of the demerits of RSW is use of too many welding machines due to 

geometrical and structural problems. So, laser beam welding is attracting the automotive 
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industry because of merits like fast and flexible technique, low heat input, low heat distortion 

and excellent weld quality.  A major difference LBW and arc welding process is its higher 

energy density of 1000 W/mm2 which allows it to use the thermal energy efficiently to make 

the weld molten pool (Messler, 2004). That’s why, laser welding is very suitable to weld 

HSS as this process produce small HAZ with low softening. In comparison to other arc 

welding processes, it's easier to maintain low heat input and shorter cooling times. 

Consequently, the softened zone of HAZ is narrower and best combination of strength and 

toughness is possible in bainitic-martensitic structures of HSS. The mechanical properties 

like the hardness and strength of laser welded joint matches to that of parent metal unlike 

GMAW where low hardness prevails through HAZ and weld metal even at low heat input 

of 0.5 KJ/mm (Peltonen, 2014).  

In order to maintain the similar strength and properties in the weld as well as in HAZ, 

controlled heat input and low softening is a prerequisite in welding of HSS.  

 Efficiency of the welded joint depend upon numerous inter-related factors associated with 

welding such as material type, filler metal, joint design, welding parameters, heat input and 

cooling time, preheating, etc. More importantly, manipulation of welding parameters like 

current, voltage and welding speed determines the amount of thermal energy that goes into 

the material. These input parameters have significant influence on output parameters like 

weld bead geometry, microstructures and overall properties of welded joint (Layus, 2017). 

Some of the principal parameters are discussed below. 

2.3.3 Heat input 

Heat input which significantly depends upon welding parameters and welding method, is the 

measure of total amount of thermal energy transferred to the workpiece. It is one of the 

influential variables that affects the strength and mechanical properties of the joint. Thermal 

efficiency factor of different welding methods may differ from each other as shown in the 

table 3.   
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Table 3 Thermal efficiency factor k of welding processes (EN 1011-1:2009). 

 

Submerged arc welding has the highest thermal efficiency factor of 1 among arc welding 

methods as energy lost through radiation, conduction, convection and metal vapour is 

eliminated in SAW unlike other arc welding processes. However, arc welding methods have 

low energy density of 5-500 W/mm2. i.e. high heat input because of which heat is distributed 

to wider area creating large HAZ. In comparison to arc welding processes, laser beam 

welding has higher energy density value of 1000 W/mm2 and higher melting efficiency 

(Messler, 2002). Input thermal energy is efficiently used to create fusion state in the joint. 

High energy density and low heat input is desirable for HSS and AHSS to maintain 

homogeneous microstructures and properties in the weld and HAZ like in the base metal.  

AHSS are sensitive to high heat input which results in long cooling time. Since AHSS has 

martensitic and bainitic microstructures, (fast cooling rate) short cooling time is preferred to 

avoid excessive softening of HAZ. Additionally, the grain growth process reduces, and the 

intended microstructures can be achieved. Basically, low heat input results in fast cooling 

thus the welded joint has increased strength, lower residual stresses and deformation whereas 

high heat input results in slow cooling, which in turn develop softening and reduces 

toughness and yield strength of the welded joint. When phase transformation occurs at high 

temperatures, precipitates of alloying elements like NbCN, VCN, dissolve leading to loss of 

strengthening mechanism except TiN which exist in even extreme temperature. 

Consequently, the pinning effect is hindered making the situation favourable for grain 

growth (Nishioka et al. 2012 & Kou 2002 & Gladman 1997). During welding of HSS, the 

utmost softening occurs in HAZ (subcritical HAZ) when the temperature reaches lower 
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critical point A1 (723º C). In this zone the temperature is not high enough to transform the 

ferrite to austenite microstructure but enough to decompose the martensite from the base 

metal into softer microstructure in HAZ due to tempering effect. Control of heat input is 

very critical during welding of HSS because sometimes too low heat input may increase risk 

of defects like lack of fusion and cold cracking. Due to the risk of cracking and soft HAZ, 

there is more strict limitation in heat input in welding of QT steels than TMCP. (Peltonen, 

2014). 

In fusion welding processes, the welding energy that transfers from heat source to the 

workpiece can be controlled by altering the welding parameters such as current, voltage and 

welding speed. According to EN 1011-1:2009, heat input can be calculated as shown in 

equation 2. 

𝑄 = 𝑘 
𝑈 ∙ 𝐼

𝑣
∙

10−3𝐾𝐽

𝑚𝑚
                              (2) 

 

Where, k is the thermal efficiency factor that depends upon welding process, I is the current, 

U is the voltage and v is the welding speed. 

2.3.4 Cooling time 

Heat input is one of the critical variables that governs cooling time which also depends on 

other factors such as thermal conductivity, preheating, inter-pass temperature, plate 

thickness and joint design. Cooling time plays vital role in determination of resulting 

microstructure and mechanical properties in the weld and HAZ. Basically, with fast cooling, 

structures transform into martensite whereas slow cooling results in bainitic and ferritic 

structures. Sufficiently low heat input and subsequent short cooling time is recommended 

for AHSS to maintain homogeneous microstructures and strength properties in the weld and 

HAZ (Peltonen, 2014).  Cooling time, in material science is termed as t8/5, which mean the 

time taken for welded joint to cool down from 800 ̊ C to 500̊ C. In this temperature range, 

the significant phase transformation occurs in HSS. Plate thickness of the material and joint 

design are the defining factors to determine the state of heat flow. In thin plates, the heat 

flow is 2-dimensional which is a common sight in single pass welds where heat can flow 

only in 2 directions. Conversely in thick plates, heat flow is 3-dimensional, and heat can be 

conducted in 3-D space. For unalloyed and low alloyed steels, cooling time in 2-dimensional 
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and 3- dimensional heat flow conditions can be calculated as shown in equation 3 & 4 (SFS-

EN 1011-2: 2001). 

 

𝑡8/5 = (4300 − 4,3𝑇𝑜) × 105 ×
𝑄2

𝑑2
× [(

1

500 − 𝑇𝑜
)

2

− (
1

800 − 𝑇𝑜
)

2

] × 𝐹2         (3) 

𝑡8/5 = (6700 − 5 𝑇𝑜) × 𝑄 × [(
1

500 − 𝑇𝑜
) − (

1

800 − 𝑇𝑜
)] × 𝐹3                              (4)  

 

Where Q is the heat input (KJ/mm), To is the preheat temperature (ºC), d is the plate 

thickness, F2  and F3 is the shape factor for 2-dimensional and 3 dimensional heat flow state. 

These shape factors depend upon upon weld seam geometry which is shown in the table 4. 

Table 4 Influence of form of weld on cooling time (SFS-EN 1011-2) 

 

 

2.3.5 Filler material 

In welding of HSS and AHSS, selection of consumables plays a crucial part. As the strength 

increases in HSS, the options for choice of filler material gets narrow unlike low strength 
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steels for which there is a flexibility of choice with a wide variety of filler materials. Correct 

selection of filler material should be made mainly based on the material chemistry of base 

metal as well as the level of dilution, which depends on the joint configuration and welding 

method, to achieve the required weld strength and desirable microstructures (Peltonen, 

2014). For instance, in submerged arc welding, which is accustomed to deep penetration and 

higher dilution, the chemical composition of the weld metal is greatly influenced by the 

composition of base metal. Usually either matching filler material or undermatching material 

is used for HSS. HSS with yield strength higher than 800 Mpa, it is recommended that filler 

material should be selected in such a way that yield strength of welded part doesn’t fall 

behind that of base metal. However, some investigations reveal that undermatching filler 

material are good enough for welding of quenched and tempered steels to get the required 

weld strength. Under matching filler material is less expensive and risk of hydrogen induced 

cracking (HIC), which is a critical issue in high strength QT steels, is diminished.  

Additionally, low hydrogen filler material should be used to prevent the introduction of 

diffusible hydrogen into HAZ and reduce the risk of possible HIC (JFE, 2012). 

Undermatching filler is said to be favourable for partial joint preparation, fillet joints and the 

joint with less stressed location whereas matching filler for complete joint preparation 

groove welds and the joint with highly stressed locations. Use of filler material with low 

yield point than base material offers low residual stresses in the welded joint, increases the 

toughness of the weld metal and reduce the risk of cold cracking. Matching fillers are 

preferred for stressed locations and for higher load carrying applications. Overmatching 

filler is generally not preferred because of their high costs and the susceptibility they carry 

for high residual stresses in the joint and consequent risk of brittle fracture. (Lund, 2016). 

2.3.6 Microstructures and hardness of HSS weldments 

In welding of HSS, the primary factors that determine the microstructures and mechanical 

properties of the welded joint are heat input, cooling time, dilution and filler material.  When 

the heat is introduced to the material in fusion welding, the effect of thermal cycle varies in 

different regions of the welded area. This phenomenon develops the diverse microstructures 

and the mechanical properties in these regions. Basically, the welded joint is categorised into 

three different zones: weld metal (WM), fusion line (FL) and heat affected zone (HAZ) 

which is schematically illustrated in figure 7 (Lund, 2016).  
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Figure 7. A schematic diagram of weld metal, HAZ and fusion line in the welded joint of 

carbon steel. (modified Ovako 2012, p. 4) 

 

Weld metal (WM), also known as fusion zone (FZ), is the weld accumulation resulting from 

the mixture of base metal and filler material during welding. The dilution of base and filler 

material is strongly affected by the welding method and joint configuration whereas the weld 

metal properties depend mainly on the selection of filler material, heat input and cooling 

time (Peltonen, 2014). Generally, dominant microstructures in weld metal are various 

morphologies of ferrite like acicular ferrite (AF), allotriomorphic grain boundary ferrite 

(GBF), idiomorphic primary ferrite and Widmanstätten ferrite. On the other hand, HAZ in 

HSS mainly consist of bainitic structures though it may consist of microstructures like 

acicular ferrite, martensite depending on the chemical composition, heat input and the 

subsequent cooling rate (Keyvan, 2017). 
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HAZ of high strength steels weldments is a critical issue in steel fabrication industry as it is 

one of the favourable locations for crack initiation especially in (CGHAZ) coarsed-grain 

heat affected zone. Besides excessive softening and the loss of toughness in HAZ are one of 

the major problems during welding of high strength steels. That’s why softened HAZs in 

high strength TMCP and QT steel has been the hot topic for long years. Softening can occur 

in HAZ of HSS either by transformation softening or tempering softening.  Transformation 

softening occurs at the peak temperatures above A1 and depending upon the chemical 

composition and initial microstructure, the ferrite decomposes into austenite and 

precipitations of micro-alloy dissolve at high temperature and contribute to grain coarsening 

which leads to softening of HAZ. On the other hand, tempering softening occurs at low 

temperatures below A1 due to tempering of martensite when the temperature rises over 

250°C (Lahtinen, 2019). Tempering softening is the dominant softening mechanism in 

TMCP HSS. Usually, the width of soft zone is lower in TMCP steels in comparison to QT 

steels (Hochhauser et al, 2015). On the other hand, regarding the concern about the loss of 

toughness in HAZ, Hu et al concluded that V-N microalloying increases the toughness of 

HAZ by reducing the size of undesirable martensite/austenite (M/A) components and by 

producing the fine ferrite on the austenite grain boundaries. Likewise, in a study made by 

Sung et al., it was found that higher volume fraction of acicular ferrite is advantageous for 

the improved impact toughness. Similarly, addition of sufficient boron aids in the generation 

of acicular ferrite and suppresses the formation of grain boundary ferrite, thus improving the 

toughness in HAZ (Lahtinen et al, 2019). 

HAZ is the zone located adjacent to weld metal which is not melted but affected by the heat 

input during welding. It is divided into different subzones as: Coarse grain heat affected zone 

(CGHAZ), fine grained heat affected zone (FGHAZ), Inter critical heat affected zone 

(ICHAZ) and sub critical heat affected zone (SCHAZ) (Lund, 2016). 

CGHAZ is located adjacent to fusion line which experiences the temperature range of 1200-

1500 C. In this region, microstructures transform into austenite where the precipitates of 

microalloying elements present in the high strength steel such as VCN, NbN dissolve due to 

high thermal cycle leading to grain growth. Higher the heat input, wider will be CGHAZ and 

inevitably a greater amount of softening. Coarsening of grain growth mainly depends on the 

peak temperature, the exposure time above A3 and the chemical composition of the material. 
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(Peltonen, 2014). The grain size in CGHAZ may increase upto 60 % in comparison to 

unaffected base metal decreasing the hardness, strength as well as toughness (Aucott, 2015). 

 

Karkhin et al. (2015) compared the microstructures of HAZ from GMAW welding (heat 

input- 1.4 KJ/mm) of 8 mm HSS manufactured through TMCP and QT process with tensile 

strength of 821- 835 Mpa under the same welding conditions. It was concluded that 

microstructures in HAZ of TMCP and QT steels were found to be different despite the fact 

that both steels have same strength. In the welded joint of TMCP, the microstructures of 

CGHAZ was found to be dominantly bainite along with some retained austenite and 

martensitic-austenite (M-A) component. Hardness distribution in coarse- grain zone of 

TMCP ranges from 230 HV to 240 HV which is lower than that of the base metal. The 

softened HAZ and the relatively low hardenability in this region is obvious in TMCP steels 

than in QT steels as they contain low carbon and alloying element. Alternatively, the 

microstructures in the welded joint of QT HSS was characterized by lath martensite and 

bainite with increased hardness of 333HV and 300 HV for corresponding microstructures. 

The hardness in this region is higher than that in parent metal but the toughness is reduced 

(Karkhin, 2015). 

The zone next to CGHAZ is FGHAZ which is exposed to high temperatures around 1200º 

C. The temperature is high enough for ferrite to transform into austenite but is relatively 

lower than in CGHAZ for austenite to grow sufficiently enough to dissolve carbides and 

nitrides of microalloying elements. This results in the formation of fine-grained austenite 

structure with improved toughness but relatively reduced hardness than in CGHAZ 

(Bhadeshia 2006). According to reasearch made by Karkhin, 2015, the final microstructure 

of FGHAZ was the mixture of polygonal ferrite and granular bainite in both TMCP and QT 

steels. Consequently, the hardness of FGHAZ for ferrite and bainite structures in QT steel 

were 220 HV and 240HV respectively, only slightly higher than that in TMCP steel.   

ICHAZ is the heat affected zone adjacent to FCHAZ. This zone is heated to a temperature 

range of A1 (723 ºC) to A3 (approximately 900º C) where microstructures are not completely 

transformed into austenite. Therefore, this region is also known as partially- austenized 

region (Bhadesia, 2006). Since the transformed austenite is enriched with carbon, the 

resulting microstructure in this region for QT steel is the blend of bainite, tempered 
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martensite and pearlite. If the cooling time is long, austenite to harder structures like 

martensite doesn’t occur but Spheroidite structure like mostly cementite forms due to 

spheroidization and amalgamation of carbides. Contrastingly, these phenomena don’t exist 

in TMCP steels when heated to around A1 temperature. Therefore, there is only a slight 

difference in the microstructures of ICHAZ and SCHAZ of TMCP steels in comparison to 

the base metal (Karkhin et al, 2015).  In the same research comparative analysis of QT and 

TMCP steels under similar welding circumstances made by Karkhin, the final 

microstructures retrieved in the weld metal of QT and TMCP steels were identical. The 

microstructures mainly consist of acicular ferrite, polygonal ferrite and Widmanstatten 

ferrite and the hardness of the weld metal in both grade of steels was also quite similar (200-

210 HV). 

The lateral most region of HAZ which is heated to relatively lower temperature, below A1 

(723 ºC) is SCHAZ.  Since the temperature is not high enough for α → γ transformation to 

occur in this region, the structures unable to transform into austenite get tempered. This 

region in AHSS normally constitutes of tempered martensite or bainite (Peltonen, 2014). 

Additionally, this zone is characterized by the nucleation and spheroidization of the carbides. 

Rate of spheroidization increases if the base material is exposed to temperature below A1 

for longer time. This may cause hardening in HSS consisting of a higher amount of 

microalloying elements due to production of metastable carbide precipitation (Bhadeshia, 

2006). 

Peltonen et al.  made study on welding of steel grades S700MC (Optim 700 MC plus) and 

S900 (Optim 900 QC). The material was 8 mm and welded with three different welding 

methods GMAW, PAW and SAW at heat input ranging between 0.56 -2.9 KJ/mm. In MAG 

welded joint, ferrite was dominantly present in CGHAZ with some bainite. Microstructures 

in FGHAZ was the mixture of widmannstätten ferrite, polygonal ferrite and granular bainite. 

Weld metal had mainly acicular ferrite, but martensite was also observed when the cooling 

time was the highest. The microstructures observed in PAW welded joints were mainly 

ferrite and bainite. Almost all the zones of PAW welded joints at least consist of grain 

boundary ferrite, widmannstatten ferrite, carbides and polygonal ferrite which is the 

indicator of decreased toughness. Composition of SAW welded joint is quite similar to PAW 

sample where grain boundary ferrite, widmannstatten ferrite and carbides were observed in 
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CGHAZ and FCHAZ. However, weld metal in SAW constituted of acicular ferrite due to 

the effect of used consumables. (Peltonen, 2014) 

Both grade of steels exhibited the HAZ softening as shown in figure 8, which is a common 

characteristic for TMCP as well as TMCP + quenched steels. Low hardness in CGHAZ and 

FGHAZ is a consequence of transformation of microstructure into austenite due to high 

temperature. Moreover, the low hardenability in S700MC is very significant due to presence 

of low carbon content and alloying elements than in quenched S900 QC which can be seen 

in figure 8. Weld metal hardness is lower than that of parent metal which is generally caused 

by dilution rate and high heat input.  
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Figure 8. Hardness distribution in SAW welded joint: a) S900 QC b) S700MC (Peltonen, 

2014). 

Lisiecki, 2016 investigated the microstructure of disk laser welded joint of S700MC (5 mm 

thickness) at heat input ranging between 99 J/mm and 600 J/mm. The resulting 

microstructure in FGHAZ was ferrite with a uniform precipitation of fine carbides like in 

the base metal. However, the grain size was smaller than that of base metal. Higher 

proportion of acicular ferrite was observed in CGHAZ. The microstructures in weld metal 

comprised of dominant acicular ferrite, side plate ferrite and grain boundary ferrite. The 
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proportions of these various types of ferrite present in HAZ and the weld metal depend upon 

the heat input and the cooling rate.  

In another study made by Lisiecki on laser welding of HSS Strenx 1100 MC at heat input in 

the range of 99 to 396 J/mm, the microstructure in the weld metal was composed of mainly 

bainite, martensitic islands, polygonal ferrite and grain boundary ferrite. HAZ softening was 

observed in HAZ with microhardness of about 300 HV0.2 or even lower. However, the weld 

metal was as hard as base metal with microhardness in the range of 400 to 450 HV 0.2 

(Lisiecki, 2017). 

The microstructures in electron beam welded joint of S960 QL for plate thickness of 11mm 

was mainly a blend of martensite and bainite in the weld metal whereas the microstructure 

in HAZ consisted of martensite near the fusion line and a blend of bainite and ferrite in the 

close proximity of the base material. The hardness value near the fusion line was decreased 

to 370 HV than that of base metal (485 HV0.05). However, the maximum hardness observed 

in CGHAZ, FGHAZ, SGHAZ and the weld metal were 400 HV0.05, 354 HV0.05, 277 

HV0.05 and 516 HV0.05 respectively (Blacha et al, 2017). 

 Lahtinen et al. 2019 investigated on MAG welding of 8 mm Q&T S690 QL with different 

cooling times of 5s, 10s, 15s and 20 s. The resulting microstructure in CGHAZ was coarse 

bainitic structures along with carbide concentration and reduced toughness which makes it 

prone to HAZ embrittlement than in TMCP steels.  

 

2.4 Cracking defects in High strength steels 

During welding of high strength steels, structural integrity is a very big issue. Different 

problems like cracking, residual stresses, distortion, and fatigue are encountered. Among 

them, cracking is the most common in fusion welding. For any kind of cracking mechanism 

to occur, different mechanical and metallurgical factors come into play.  So, factors like 

stress, restraint and susceptible microstructure must prevail to cause cracking.  Residual 

stress is always present in the weld due to local expansion and contraction resulting from 

heat input. Joint design and preparation also play some part to induce residual stresses to 

some extent. Weld restraint exists due to local restriction or through the component parts 

welded to each other. Production routes of the material and welding process and technique 
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have a significant influence to give rise to susceptible microstructure. Typical cracking 

defects that occur in weldment are discussed below. 

 

2.4.1 Hot cracking 

Hot cracking occurs at the terminal stage of the solidification due to solidification shrinkage 

and thermal contraction when the tensile stresses emerged across neighbouring grains go 

beyond the strength of the solidifying weld metal. The schematic view of hot cracking is 

shown in figure 9. Hot cracks mainly occur in the weld metal but sometimes they may also 

exist in heat affected zone (TWI, 2019). Cracks at weld metal are termed as solidification 

cracks whereas that in HAZ is referred as liquation cracks. Welding processes known for 

generating high heat input have the risk of liquation cracking during welding because HAZ 

spends longer time at liquation temperature allowing the harmful impurities to segregate 

more. This also facilitate the greater influence of thermal strain on grain boundary to cause 

liquation cracking. Normally, solidification cracking is the most common phenomena in high 

strength steels and is discussed below in detail. 

 

 

Figure 9. Schematic view of hot cracking (Brockenbrough, 1992). 

 

Solidification cracking 

Solidification cracks can be found internally as well as surface penetrating in various 

locations and orientations. But centreline cracking is believed to be the most common which 
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are usually visible to the eye. In single pass weld, weld bead normally forms in the centre of 

the joint and so does the centreline cracks which might not be the same case for multi-pass 

weld. Because of the several possible runs and layers in multi-pass welding, a centreline may 

not be exactly at the centre of the joint, but it is certain that they always occur at centre of 

the weld bead. Sometimes the cracks can also emerge from the flare angle of the weldment, 

which are known as flare or butterfly cracking which is shown in figure 10. These cracks are 

buried because of which they can't be readily seen. Flare cracks are believed to be the hotspot 

for rise of liquation cracks (Jindal, 2012). 

 

 

Figure 10. Centerline and flare cracks (Bailey, 1978). 

At the end-most stage of solidification when solid fraction is high as up to 0.8- 0.9, liquid is 

isolated, or its movement is restricted by surface tension. As a consequence of trapped liquid 

in between interlocking dendrites, continuous liquid films now transform into non -

continuous isolated liquid droplets which result in reduced strength of the material. In the 

presence of shrinkage strain or any external stress, hot tearing takes place. In the last stage 

of solidification when solid fraction exceeds 0.9, dendritic structure in weld metal transform 

into grain structure. At this stage, thin liquid films are still present at grain boundaries due 

to the presence of low melting segregates in the liquid. Eventually intergranular cracks 

appear in the centre of the weld (Aucott, 2015). 

During solidification, different mechanical and metallurgical factors co-exist together and 

contribute to centreline cracking. Some of the factors are segregation of the impurities, 
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surface tension, liquid flow, weld bead shape, surface profile and the local strain. It is really 

difficult to figure out which of the factors has the most significant contribution to cracking 

because they all interact simultaneously and cause cracking. Following three principal 

elements must be present in the weld to induce hot cracks. 

Strain on the solidifying metal 

Hot cracks are caused by local strains during the welding. The magnitude of strain can be 

influenced by different factors like material thickness and strength, joint restraint, and the 

type of welding process and technique applied. Internal stresses are developed in the weld 

either due to negative volume changes during solidification as a result of thermal contraction 

or transformation contractions or due to undesirable stress distribution in the weld face as a 

result of weld joint configuration and bead geometry.  On the other hand, external stress on 

the weld could be produced by clamping of the material or/and volume changes of base metal 

due to thermal cycle associated with welding (Lippold, 2015). For instance, large gaps as a 

result of poor fit up between the workpieces will create a strain on solidifying weld metal 

when the depth to width ratio is very high. 

Presence of impurities 

Solidification of molten weld pool always ends up at the centre of the weld pool with the 

growth of crystals from fusion boundary towards it. In this process, impurities like sulphur 

and phosphorus from the parent plate move towards the centre to form low melting point 

compound like iron sulphides. These compounds have low tensile strength. So, liquid films 

are always present in the weld pool due to the segregation of these low melting point 

compounds. These phenomena increase the solidification temperature range. Higher the 

amount of sulphur and phosphorus, longer will be the solidification temperature range as 

well exposure time to strain. Since low melting point liquid films exist between the dendrites 

for longer time exposed to strain, the bonding between grains is weak and inevitably cracking 

occurs. 

At the same time, these impurities have significant effect on the surface tension of the grain 

boundary liquid. They segregate to the surface of molten weld pool affecting the direction 

of the fluid flow and the shape of weld pool. With higher concentration of surface-active 

elements like sulphur, surface tension gradient will be positive (dγ/dt ˃ 0) which lead to 

deeper penetration. Deep and narrow welds are always vulnerable to solidification cracking.  
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Solidification cracking normally occurs at the weld metal at the grain boundaries where 

impurity elements precipitate into. Coarse columnar grains are more cracking susceptible 

than fine equiaxed grains because they are relatively more ductile and can deform to resist 

the shrinkage strain easily. Fine -grained structure are more capable of liquid feeding and 

curing the cracks at initial phase. Additionally, larger grain boundary area of fine grain 

structure prevents from a higher concentration of impurity elements at grain boundary 

reducing cracking susceptibility. 

The principal source of sulphur in the weld pool is by dilution with base metal. With high 

dilution welding processes like submerged arc welding, dilution of root passes can be as high 

as 80 % so that the chemical composition of base metal, not the filler metal or flux has the 

dominant effect on weld composition and after all, the hot cracking phenomena. 

Consumables are generally cleaner than the base material to be weld. To prevent the higher 

contamination of sulphur and phosphorus from the parent metal to the weld pool, low current 

can be utilised to decrease the penetration and thus the dilution. (Bailey N, 1978). 

As mentioned in EN 1011- 2:2001 Annex E, the risk of cracking can be estimated on the 

basis of the weld metal chemical composition through the empirical equation 5 as shown 

below.  

Units of cracking susceptibility (UCS) = 230 C + 190S + 75P + 45Nb – 12.3Si - 5.4Mn – 1 

(5)   

For the validity of this formula, the weld metal composition should be as in table 5 

Table 5 Range of weld metal composition for UCS validation (TWI, 2019) 

C S P Si Mn Nb 

0.03- 0.23 0.010-0.05 0.01-0.045 0.15-0.65 0.45-1.6 0-0.07 

 

Another limitation for UCS formula is that the amount of certain alloying elements can't 

exceed the values as shown in the table below to prevent any influence on the values of UCS. 

Table 6 Limitation for the amount of alloying elements. (TWI, 2019) 

Ni Ti Cr Al Mo B V Pb Cu Co 

1% 0.02% 0.5% 0.03% 0.4% 0.002

% 

0.07% 0.01% 0.3% 0.03% 
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The values of UCS below 10 suggests high cracking resistance whereas that of greater than 

30 indicates low cracking resistance. Within this higher arbitrary UCS values, there is a high 

risk of cracking facilitated by deep and narrow welds and high strain acting on the welds. 

For fillet welds with depth to width ratio of 1, UCS values greater than 20 denotes e the risk 

of cracking whereas for butt welds, UCS value of 25 or above are believed to be cracking-

prone. 

Shape of the weld bead 

Deep and narrow welds are prone to solidification cracking. Deeper welds are often common 

sight in deep penetration processes like submerged arc welding and Flux cored arc welding. 

It is believed that if the depth to width ratio of the weldment is greater than 1, there is higher 

possibility of cracking which is shown in figure 11. In deep and narrow welds, columnar 

grains growing from a fusion boundary towards centre of the weld interfere each other during 

solidification. This leads to the formation of voids between the grains. Under the influence 

of low strength segregate compound in the voids and the contraction strain, centreline hot 

cracking occurs. Deeper penetration also facilitates higher dilution which has again adverse 

effect on cracking susceptibility (TWI, 2019). 

 

 

Figure 11. Effect of weld bead shape on state of stress at centre of outer surface (TWI, 

2010). 
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Joint preparation, welding process and parameters have significant effect on the shape of the 

weld bead. Depth of weld is directly proportional to penetration. Penetration can be 

decreased with proper joint design and by utilising lower current density and larger diameter 

electrodes. Moreover, control of fluid flow during welding is very important which 

ultimately determines the penetration, solidification structure and the cracking behaviour. 

Appropriate welding process and parameters can be employed so that solidification pattern 

and direction of molten weld flow is upward rather than inward. This affects the geometry 

of the weld bead resulting the formation of wide and shallow weld beads. Shallow weld 

pools normally give convex surface profile of the bead which decreases the risk of cracking. 

Contrastingly, deeper and narrow welds give a tear shaped concave profile which increases 

surface tension of outer surface and causes the segregates to concentrate in the centreline, 

thus making the weld prone to cracking. One of the factors that creates tear shaped weld pool 

is high travel speed during welding. High voltage may also lead to the formation of concave 

surface profile and boost the cracking tendency. Slight decrease in voltage and travel speed 

may help to gain convex surface profile (Håkansoon, 2008). But however too wide bead 

(width > depth) can be also sometimes susceptible to solidification surface cracking. So 

appropriate weld bead shape plays vital role to avoid cracking susceptibility. Besides, weld 

bead regularity is also of greater importance because flare angles or the inflexion point in 

the fusion line or HAZ might result in flare or butterfly cracking (Bailey N, 1978). 

 

2.4.2 Hydrogen induced cracking 

 

Hydrogen induced cracking (HIC) is believed to be the most serious cracking defect and the 

most difficult one to understand. It is caused by the diffusion of hydrogen to the highly 

stressed and the hardened zones of the welded joint. This is normally a HAZ phenomenon 

but also occur in weld metal particularly in modern high strength steels.  HSS are more 

susceptible to hydrogen embrittlement due to its fine-grained structure. Due to small size 

grains, hydrogen atoms are easily trapped into its structure and eventually make the structure 

vulnerable to HIC. Contrastingly, Hydrogen atoms can easily diffuse out of the larger grain 

structures. (Sharma, 2016). HIC are known by different terms like cold cracking, delayed 
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cracking or under bead cracking. Cold cracks are visible immediately after welding or might 

appear after hours or even several days. Crack length may vary from microns to few 

millimetres. HAZ cracking are usually located at weld toe, weld root or under the surface of 

the weld bead which can be seen in figure 12 whereas weld metal cracks can form buried or 

surface breaking and are oriented longitudinally or transverse to the weld length (Jindal, 

2012). 

 

 

 

 

Figure 12. Location of HAZ hydrogen cracks (TWI, 2010) 

 

HIC occurs when three of the following factors exist simultaneously. 

Presence of hydrogen 

Hydrogen is absorbed by weld pool when hydrogenous compound in the arc break down 

during fusion welding. Due to diffusion, some amount of Hydrogen escapes out of the steel 

whereas some diffuse to the HAZ and the base metal during solidification and at ambient 

temperatures. The rate of diffusion depends upon the total amount of hydrogen absorbed, the 

decreasing hydrogen solubility, size of the weld and the time-temperature conditions. Higher 

the amount of hydrogen in the weld, greater the risk of cold cracking. Greater than 15 ml of 

hydrogen per 100g of weld metal makes the welded joint susceptible to cracking.  Sources 

of hydrogen in the consumables and parent metal are as follows: (Bailey et al, 1973). 

• Moisture in the coating of consumables 
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• Presence of hydrogen -containing compound in coating or flux 

• Oil, dirt, grease and rust on the surface or inside of filler wires 

• Hydrogen from base plate. For instance, those remaining from casting or previous 

forming processes 

• Platy fluids, lubricants, soaps used to prepare or clean the weld surfaces 

Susceptible microstructure in weld metal or HAZ 

Microstructure of the welded steel structure is the function of different inter- related factors 

like parent metal composition, combined thickness of welded plates, welding parameters, 

heat input and cooling rate. 

Amount of carbon and other alloying elements present in the steel can be used to determine 

the carbon equivalent value of that steel which defines its hardenability. General wisdom 

suggests that carbon equivalent value less than 0.4 has low risk of hydrogen cracking. 

However, factors like welding process and technique, preheat temperature, heat input and 

cooling rate affects the hardness distribution in subzones of welded joint. Welding processes 

incorporating with high heat input like submerged arc welding results in slow cooling rate, 

thus avoiding higher hardening in HAZ. Similarly, the thicker plates have the same fate 

which bring about the softening in HAZ which reduces the risk of cracking. Alternatively, 

fast cooling rate and no preheat temperature form a hard and brittle structure called 

martensite in HAZ. If the hardness level of these microstructures exceeds 400 VPN, cold 

cracking may occur under the influence of high residual stress and high concentrations of 

hydrogen in the weld metal (TWI, 2010). 

High residual stresses  

Normally, Hydrogen cracks originate at regions like weld toe and weld root where there is 

higher concentration of stress. Fusion welding is associated with continuous heating and 

cooling phenomena. This results in an expansion and contraction of the weld which is 

resisted by a surrounding cold matrix leading to development of inevitable residual stress.  

Local plastic strain is the cause of this stress which is tensile in nature. Due to the 

development of high heat input during welding, the material also undergoes through non 

uniform heat distribution, plastic deformation and phase transformation. These differential 

plastic flow, cooling rates and phase transformation with volume changes play vital role to 
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develop residual stresses within the material (Aucott, 2015). Moreover, magnitude of 

stresses generated across the welded joint depends upon variable factors like joint geometry, 

material thickness, external restraint and fit up. For example, large root gap in fillet welds 

increase the risk of cracking. 

Besides these principle factors, low temperature during cooling off of welded joint serve as 

a favourable condition for HIC to occur. Rate of hydrogen diffusion decreases as temperature 

falls. When HAZ undergoes transformation from austenite,to ferrite, increase in 

temperatures above 200 C elevate the rate of hydrogen diffusion. Hydrogen is more soluble 

in austenite than in ferrite. In this phase, solubility of hydrogen in weld metal decreases and 

a higher amount of Hydrogen is escaped out before the weld cools. Preheating is 

recommended to allow slow cooling rate that in turn not only reduce the hydrogen level in 

the weld but also decrease the hardenability in the welded joint. Both measures help in 

decreasing the risk of cold cracking. Post heat treatment can also be done to maintain high 

temperatures so that enough hydrogen is diffused out of the steel. 

2.5 Submerged arc Welding 

Submerged arc welding (SAW) is a fully mechanised fusion welding process in which 

invisible arc established underneath the layers of granular flux melt the electrode and the 

workpiece. Flux forms the slag which protect the arc from the atmosphere and avoids the 

fast cooling of the weld. Hence, this process is ideal for the thick plates and pipes. Since the 

arc is submerged, the spatter and possible energy loss that occurs in other welding methods 

through radiation, conduction, convection and metal vapour is eliminated in SAW. 

Therefore, the thermal efficiency factor of SAW is 1. There is possibility of adding alloying 

elements and metal powders to the granular flux which facilitates the control of weld 

composition. 

SAW process, whose schematic diagram shown in figure 13, is well known as the process 

with high deposition rate, deep penetration and quality welds. The nature of current is often 

direct current electrode positive (DCEP) which is mostly used in the applications that utilize 

a single arc with thicknesses up to 30mm. The magnitude of current is relatively high, usually 

between 300 to 2000 A (Peltonen, 2014). 
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Figure 13. Schematic process of Sumberged arc welding (Kou, 2002). 

 

High welding currents, multiple wires possibility, welding with a longer wire extension 

length, narrow gap technique and other wide variations of SAW allow this welding process 

to achieve deposition rate from 5 kg/hr to as high as 100 kg/hr. In thick plates and tubes 

applications, high deposition rate is highly beneficial because it saves time and money by 

reducing the number of welding passes. However, welding of a very thick high strength steel 

may still face the problems related to brittle failure and decrease welding time. In SAW, arc 

voltage is generally set at 25-40 V while welding speed can be achieved 0.5 - 3m/min 

depending upon the process variations. 

2.5.1 Influence of welding parameters 

Welding parameters plays significant role to determine the mechanical properties, 

microstructure variations and thus quality of welded joint. The workpiece material type, 

groove geometry, wire type, flux brand are the fixed parameters whereas current, arc voltage, 

welding speed, wire feed rate, stick out, preheating temperature, etc are the variable 

parameters. Among them current, voltage and the welding speed are the main welding 

parameters. Proper setting and selection of these parameters can result in desirable 
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penetration and bead geometry, minimal weld defects and good mechanical properties of the 

weld. Welding current is directly proportional to penetration and dilution rate. Penetration is 

normally high in SAW which makes it sensitive to hot cracking. Arc voltage has greater 

influence on arc shape and size, flux consumption and bead width. Keeping other parameters 

constant, high voltage will produce bead with higher width and contrastingly lower width 

with low voltage. Manipulation of welding speed mainly affects shape and size of the weld 

and heat input. Higher the welding speed, lower the width and penetration of the bead. 

Besides, heat input can be reduced by increasing the welding speed and raised by decreasing 

the welding speed. The influence of welding parameters on resulting outputs are shown in 

the table 7 (Layus, 2017). 

 

Table 7 Influence of welding parameters on resulting outputs (Tewari, et al., 2010), 

(Pandey & Shukla, 2012). 

 Arc voltage ↑ Current ↑ Welding speed ↑ 

Heat input ↑ ↑ ↓ 

Penetration ↓ ↑ ↓ 

Width of weld bead ↑ ↑ ↓ 

Dilution ↑ ↑ ↓ 

Excess weld metal ↓ ↑ ↓ 

Melting rate No co-relation ↑ No co-relation 

Risk of arc blow ↑ No co-relation ↑ 

 

 

2.5.2 Application 

Due to high deposition rate, ease of automation and excellent weld quality, SAW has been 

used widely in the area of civil construction, pipelines, pressure vessels, storage tanks, 

shipbuilding, power generation, offshore construction, cranes and many more. Since SAW 

is associated with slow cooling rate because the weld is covered by flux, this process is ideal 

for thick plates and pipes. With thin plates lower than 8 mm, there is a risk of burn through 

the materials due to high heat input generation in SAW. The large volumes of molten slag 

and weld pool restrict SAW to only flat and horizontal position welding of longitudinal and 
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circumferential profiles. It is commonly used for low and medium carbon steels, low alloy 

high strength steels, quenched and tempered steels and stainless steels. Without edge 

preparation, the material can be welded as thick as 12 mm. With edge preparation, thickness 

up to 25 mm can be welded in single welding pass and there is theoretically no thickness 

limitation with multi-pass technique (Layus, 2017). 
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 3   MATERIAL AND EXPERIMENTAL PROCEDURES 

 

 

3.1 Base metal and Filler metal 

The base metal investigated in this thesis is S500ML, a thermomechanically rolled, fine 

grained structural steel from Dillinger steel (Dillinger, 2009). The preferential applications 

of this steel are constructional steel work, hydraulic steel work, mechanical engineering, 

offshore constructions, storage tanks or spheres (Dillinger). This grade of steel has low 

carbon equivalent of 0.46, thus known for good fabrication properties. The thickness of the 

welded plate was 24mm.  

High-basicity flux cored wire, commercially known as Topcore 742B was used for SAW 

experiment. As recommended by the manufacturer, this wire shows excellent weldability in 

combination with high basic flux, ST55 during SAW. CE of the filler wire 742 B is 0.69 

which is calculated according to the equation 1. The diameter of the wire was 4 mm. The 

chemical composition and mechanical properties of base metal and filler material are 

depicted in table 1 and 2. 

Table 8 Mechanical properties of base metal and filler metal. 

Material Minimum yield 

strength (Mpa) 

Tensile strength (Mpa) Minimum elongation 

(%) A5 

S500ML1 (16 < T ≤ 

50) 

490 610-750 17 

742 B1 690 770-900 17 

 

 T= thickness of the steel plate 

 1 = Mechanical property declared by manufacturer 
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Table 1 Chemical composition (%) of base metal and filler wire 

Chemical composition 

(%) wt 

S500ML 742B 

C 0.081 0.08 

Si 0.442 0.4 

Mn 1.66 1.6 

P 0.01 < 0.015 

S 0.0011 < 0.015 

Nb 0.022 - 

N 0.0049 - 

Cu 0.269 - 

Mo 0.045 0.5 

Ni 0.412 2.2 

Cr 0.227 0.5 

V 0.001 - 

Al-Ti 0.027 - 

B 0.0003 - 

Ca 0.0027 - 

CEV of S500 ML - 0.46 

CEV of 742 B – 0.69 

 

If the chemical composition of the material is known, UCS value can be calculated according 

to EN 1011-2 as shown in the equation below. 

Units of cracking susceptibility (UCS) = 230 C + 190S + 75P + 45Nb – 12.3Si - 5.4Mn – 1 

UCS value less than 10 suggests high resistance to cracking whereas if it exceeds 30, we can 

assume that there is high risk of solidification cracking (Häkansson, 2008). Moreover, the 

high depth to width ratio of weld geometry increases the risk of cracking within this range. 

For fillet welds, UCs value of about 20 and W/D ratio of 1 denotes susceptibility to cracking 

while the margin for risk of cracking for butt welds if UCS value of 25 (TWI, 2019). 
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Table 9 UCS value of base metal and filler wire 

Items UCS 

S500ML 5.178 

Filler wire (742 B 9.045 

 

3.2 Welding flux 

If submerged arc welding is used for Dillimax, it is recommended that a basic flux should 

be used together with a wire that provides the required mechanical properties. So, high basic-

SAW flux with low H content, ST55 are used with 742B flux core wire. The chemical 

composition of the flux is presented in the table 10 below. 

Table 10 Chemical compostion of flux ST55. 

                                    Chemical composition of ST55 (%) wt. 

 
SiO2+TiO2 CaO+MgO Al2O3+MnO CaF2 S P 

15 40 20 25 ≤ 0.015 ≤ 0.015 

 

3.3 Experimental procedure 

Bead on plate submerged arc welding experiments was carried out on thermomechanically 

rolled 24 mm thick S500 grade steel plate using the constant current and voltage of 600 A 

and 30 V respectively. The welding experiment was performed in the laboratory of 

Lappeenranta university of technology. Experimental set up and equipment for SAW 

welding are presented in the figure 14 below. 
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Figure 14. Control unit, power source and welding head for SAW experiment. 

Welding speed was the only variable welding parameter used in the experiment. Four 

different welding speeds of 40, 60, 80 and 98 cm/min were employed to see its effect on 

weld bead geometry especially penetration depth. No preheating was applied to the material 

before welding. The main aim of the experiment is to investigate the hot cracking 

susceptibility in this particular type of steel grade and the current work mainly focuses on 

the metallurgical studies of the welded part and find out a link between chemical 

composition, hardness distribution, weld bead geometry and microstructure with the hot 

cracking. 

 The main process parameters considered in SAW experiment are shown in the figure 15 

below. 
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Figure 15. Fix, variable and response parameters during SAW welding 

 Heat input should be kept low when welding high strength steels because high heat might 

result in slow cooling and therefore undesirable microstructure and mechanical properties. 

Higher the strength of the steel, lower should be the cooling time. The recommended heat 

input depending upon electrode diameter and welding parameters is 2.7 – 7 KJ/mm and the 

recommended cooling time is less than 30 second for S500 (Dillinger, 2007). All the welding 

conditions and parameters employed for SAW experiment are summarised in the table 

below. Heat input is the function of current, voltage and welding speed. Since the thermal 

efficiency factor of SAW is 1, heat input is calculated using equation 2 in accordance with 

EN 1011-1:2009.  

Table 11 SAW welding parameters and conditions used during the experiment 

Test 

series 

Plate 

thickness(mm) 

Electrode 

diameter  

  (mm) 

Current 

(A) 

Voltage 

(V) 

Travel 

speed 

(cm/min) 

Heat 

input 

(kJ/mm) 

A 24 4 600 30 40 2.7 

B 24 4 600 30 60 1.8 

C 24 4 600 30 80 1.35 

D 24 4 600 30 98 1.1 

 

Four welded plates were first cut into sections and the surface of those specimens were 

prepared by grinding, polishing and lastly etching of polished specimen with 4% nital 

solution and ethanol to carry out macrostructural examination. Metallographic structures 

were observed via Olympus metallurgical microscope with a higher resolution scanner as 

shown in figure 16 and the weld bead geometry was measured using Toupview software. 



56 
 

The measured depth to width ratio can be analyzed how it corresponds to the development 

of cracks in case if any hot cracks occur. 

 

 

Figure 16. Olympus PME scanning micoroscope used for macrographical examination 

Microhardness distributed in the weld area was determined via Hardness Vickers test using 

Struers hardness testing machine employing 5 kgf load which is shown in figure 16. The 

tension force is applied onto the welded specimen which makes it tensile and subsequently 

break. Through computer software, different measurement points were marked and inserted 

on the horizontal line through the region of base metal, HAZ and weld metal and the testing 

device measured the hardness of the respective points on the basis of indentation size.  

 

 

Figure 17. Hardness testing device used in this study. 
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 4   RESULTS AND DISCUSSION 

 

 

4.1 Weld macrostructure characterization and weld bead geometry 

 

Macrostructure of the weld was observed by SEM for detection of any hot cracks.  No hot 

cracking was observed for any of the welds.  Weld surface macrographs of the welded 

specimens with different welding speeds are shown in the figure 18. 

 

 

Figure 18. weld bead geometry at four different welding speeds. a) 40cm/min b) 60cm/min 

c) 80cm/min d) 98cm/min. 

 

The width, height and penetration depth of weld bead was measured by using Toupview 

software. D/W ratio of the weld bead obtained for different welding speeds are presented in 

the table 12. 
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Table 12 Measured value of input and response parameters. 

S. No.  Current Voltage Welding 

speed 

Heat 

input 

Bead 

width 

(mm) 

Depth 

(D) 

 (mm) 

D/W 

ratio 

Remarks 

1 600 30 40 2.7 27,92 4,57 0,163 A 

2 600 30 60 1.8 19,03 6,65 0,349 A 

3 600 30 80 1.35 14,62 5,91 0,404 A 

4 600 30 98 1.1 12,55 5,15 0,410 A 

A - No risk of hot cracking, B - Risk of hot cracking 

 

From the above table, it is evident that D/W ratio of weld metal didn’t even exceed 0.5 which 

implies no risk of hot cracking possibility. As a result, no hot cracking was found in any of 

the welds despite varying the welding speeds. Low D/W ratio may be because of bead on 

plate experiments that resulted in low penetration.  Result would have been different and 

may be interesting, had it been for V groove butt or fillet joint preparation. Generally D/W 

ratio must be greater than 1 to cause hot cracking which also depends upon the UCS value 

of weld metal.  Since there is no hot cracking, we can easily guess that the UCS value of 

weld is not high enough to cause hot cracking.  But still it would be interesting to determine 

the chemical composition of weld metal and subsequently UCS (units of cracking 

susceptibility) value in weld metal by using mass spectrometry machine and compared it 

with that of base metal and filler metal. That would give the clear idea about the link between 

the chemical composition of the weld with the hot cracking. Since no hot cracking was 

observed, measurement of the chemical composition of the weld was not covered in this 

thesis.  

From the table 12, it is apparent that increase in welding speed under constant current and 

voltage resulted in decrease of heat input per unit length as the heat input is inversely 

proportional to the welding speed. Influence of welding speed on heat input is shown in the 

figure 17.  
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Figure 19. Influence of welding speed on heat input 

 

After the measurement of the weld bead width, height and the depth of penetration, the 

results were also analysed to study the effect of welding speed on weld bead geometry. Under 

constant current and voltage, the effect of welding speed on weld bead width, depth of 

penetration and reinforcement is plotted in the figure 18. 

 

 

Figure 20. Effect of welding speed on depth of penetration with constant current and voltage 
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The result of measurement shows that the depth of penetration increases with increasing 

welding speed until it reaches the maximum penetration at optimum value after which the 

penetration start decreasing with increase in welding speed. So, as illustrated in the figure, 

the optimum value of speed and the corresponding heat input at which the maximum depth 

of penetration achieved was 60 cm/min and 1.8 KJ/mm respectively. Since welding was not 

performed at 70cm/min, there is possibility of higher penetration at this speed. So, the best 

penetration on SAW is achieved at speeds between 60 and 70 cm/min. It can be also said 

that these are the optimum values of heat input and welding speed to obtain the hot cracking-

free weld. These results are mutually supportive with the literature review and sees an eye 

to eye with result of the research “Effect of welding speed on depth of penetration during 

arc welding of mild steel plate done” by Jodh Singh (Singh and Singh Bhinder, 2019).  

Alternatively, the minimum depth of penetration was observed for the lowest welding speed 

of 40 cm/min. Moreover, the weld bead at this speed is quite irregular than the rest of the 

welds due to low speed. The penetration force of the arc is supressed by the molten weld 

pool leading to lack of penetration which is clearly visible in figure 16. On the other hand, 

weld bead width and reinforcement both was decreased with increasing welding speed. 

 

4.2 Hardness distribution  

 

Different points were marked on the horizontal line through the region of base metal, HAZ 

and weld metal for four welded samples with different welding speed/heat input to determine 

the hardness of the respective points which is shown in figure 19. 

 

 

Figure 21. Hardness measurement for four welded samples with variable welding speeds. 

a)40 cm/min b) 60 cm/min c) 80cm/min d) 98cm/min. 
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Hardness results obtained for 4 different heat input is shown in the figure 22. It is evident 

from the figure that when the heat input is 2,7 KJ/mm, the highest one during experiment, 

the minimum hardness of 294 HV is obtained. Alternatively, in case of lowest heat input 

(1,1 KJ/mm), the maximum hardness of 363 HV is acquired which is quite high when 

compared to those obtained with highest heat input. From these results, its more than clear 

that the hardness values are increased through the HAZ and the weld metal with decreasing 

heat input. It can be explained by the fact that the low heat input is followed by fast cooling 

resulting in higher hardness and strength in the weld. 

 

 

Figure 22. Hardness results for different heat inputs. a) Q- 2,7 KJ/mm; b) Q- 1,8 KJ/mm; c) 

Q - 1,35 KJ/mm; d) Q - 1,1 KJ/mm. 

 

The maximum hardness obtained in the weld for different heat inputs of 40 cm/min, 

60cm/min, 80cm/min and 98cm/min are 294 HV, 325 HV, 331 HV, and 363 V respectively 

which is shown in the table 13.  
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Table 13 Influence of heat input on the maximum hardness with variable welding speeds. a 

- 40cm/min, b- 60cm/min, c- 80cm/min, d- 98cm/min. 

Weld Welding speed 

cm/min 

Heat input 

KJ/mm 

Maximum hardness 

      HV 

a) 40 2,7 294 

b) 60 1,8 329 

c) 80 1,35 331 

d) 98 1,1 363 

 

From this table, the relation between heat input and the maximum hardness when using 

different welding speeds can be generated as shown in figure 23. The result shows that the 

hardness and thus strength in the HAZ and weld metal increase with increasing welding 

speeds. 

 

Figure 23. Influence of heat input on the maximum hardness with variable welding speeds. 

a - 40cm/min, b- 60cm/min, c- 80cm/min, d- 98cm/min. 
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The result also revealed that the hardness in weld metal is higher than that of base metal in 

all the welds. Interestingly, the higher values of hardness are achieved in HAZ in all cases. 

In general, HAZ softening is common phenomena in high strength steel due to tempering 

softening and transformation softening. However, the hardness results do not support that 

general literature findings as the HAZ was found to be harder than base metal and weld metal 

in all cases which is quite shocking.  
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 5  CONCLUSION 

 

 

Hot cracking is less likely to occur during bead on plate SAW welding of 24 mm thick 

S500ML although different welding speed are set. So, no hot cracking can be observed in 

SAW welding within certain heat input range i.e. if the heat input is less than 2.7 KJ/mm. 

The D/W ratio of weld bead doesn’t exceed 1 with the applied welding conditions and 

parameters during SAW welding which also explains the absence of hot cracking in the 

welds.  

Heat input decreases with increase in welding speed. The depth of penetration increases with 

increasing welding speed until it reaches the maximum penetration. After that the penetration 

decreases with increasing welding speed. This effect of increasing welding speed on the 

depth of penetration confirms to a general pattern. The bead on plate experiment on 24mm 

thick S500 ML showed that the best penetration is achieved at speeds between 60 -70 cm/min 

and the corresponding heat input for that speed is about 1,8 KJ/mm when the constant current 

and voltage of 600 A and 30 V with 4 mm electrode wire are used. With increasing welding 

speed, weld bead width and the height decreases.  

The hardness distribution through the weld increases with decreasing heat input. The 

maximum hardness is obtained when the heat input is the minimum. Hardness values in weld 

metal are higher than that of base metal which can be explained by the use of over- matching 

filler wire. But the most surprising conclusion was that the hardness distribution in the HAZ 

was found to be higher than that of base metal and weld metal. This is quite contrasting to 

the previous research which says thermomechanically controlled high strength steel tend to 

soften in HAZ. 

For hot cracking to occur in the weld or HAZ, the main elements that must be present in the 

weld are strain on the solidifying metal, presence of impurities like Sulphur and the shape of 

the weld bead. The cracking occurs at the final stage of the solidification due to solidification 

shrinkage and thermal contraction when the tensile stress across adjacent grains exceed the 

strength of solidifying metal. Solidification cracking normally occurs at the weld metal at 

the grain boundaries where impurity elements precipitate into. Coarse columnar grains are 
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more cracking susceptible than fine equiaxed grains because they are relatively more ductile 

and can deform to resist the shrinkage strain easily. Hot cracking is likely to occur in deep 

and narrow welds. The two main conditions for occurrence of hot cracking are: 

a) When depth to width ration of the weld bead is greater than 1. 

b) When units of cracking susceptibility (UCS) value of the weld exceed 25 for fillet 

welds and 20 for butt welds. 

 

Concerning the weldability, challenges and problems in welding of high strength steels, 

following conclusions can be drawn. 

Wide range of types of high strength steel are available in the market and their evolution 

seems unstoppable that will definitely raise the requirements for welding process and 

procedures. It’s a big challenge for welding machine manufacturers to update with the 

progress and fulfil the requirements of newly evolved HSS. Its more challenge for them to 

present the equipment with reasonable price which also meets the demand and requirement 

of industrial application. For instance, consumable selection is normally wide with low 

strength steels but for S700, the options can be narrow. 

The main governing factors for weldability of HSS are heat input, cooling time, 

preheat/inter-pass temperature, carbon equivalent and selection of consumable. Cooling time 

from 800 ˚C to 500 ˚C is one of the principle factors that dictates the nature of 

microstructures formed especially in the HAZ.  

It’s necessary to maintain low heat input to maintain similar weld joint as base metal in terms 

of microstructures and mechanical properties but most of the conventional arc welding 

methods are known for low thermal energy density and high heat input. The consequences 

of high heat input are larger and softer HAZ, larger grains, low toughness and hence 

susceptible to several weld defects. HAZ softening is the common characteristics of TMCP 

and QT steels. Heat input and cooling time influence the amount of softening in HAZ. High 

heat input and slow cooling rate leads to wider HAZ.  

Welding conditions applicable for HSS produced through one production route (e.g. TMCP) 

may not be suitable for those manufactured from other production routes (e.g. Quenched and 

tempering). 
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The welding conditions and the chemical composition of the steel has a huge influence on 

microstructures and the mechanical properties. Higher the carbon content and alloying 

elements in the steel, more sensitive the steel will be towards thermal cycle during welding. 

This leads to greater changes in the microstructures and properties of weld when compared 

to the base metal.  

Recommendation for future research 

HAZ is the common phenomena in HSS especially manufactured through 

thermomechanically controlled rolling and quenched and tempering. But HAZ was found to 

be higher than base metal and weld metal when bead on plate submerged arc welding was 

performed on thermomechanical rolled S500ML with 24mm thickness. It would also be 

interesting to investigate the possibility of hot cracking in thermomechanically rolled HSS 

with yield strength over 700 Mpa and in quenched and tempered HSS.  
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