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1. INTRODUCTION, GLOBAL AIMS OF THE RESEARCH WORK 

The development of high strength weldable steels (HSWS) has diversified the field of 

application, range of design alternatives subjected to more severe operation conditions than 

previous time. Several steel manufacturers have increased their interest in high strength steels 

(HSSs) or advanced high strength steels (AHSS)/ ultra-high strength steels (UHSS) [1]. Todays, 

categorisation of HSSs based on the tensile strength level whether it is HSSs or UHSS is 

cumbersome. So, using tensile strength as threshold for whether a steel qualifies as HSSs or 

UHSS is quite difficult. However, in general, above 600 MPa yield strength steels can 

considered as HSSs and probably above 960 MPa they can be considered as UHSS. Due to 

global environment, climate change and fuel crisis, the demand for lightweight structures from 

HSSs with the combination of higher tensile strength and toughness has increased over the last 

few decades [2][3][4]. As a result of it, there were several categories of HSSs developed 

according to their intended applications area (e.g. frames, cranes, bridges [5], automotive 

industry [6] etc). HSSs provide high strength to weight ratios, improved toughness and sufficient 

deformation capacity, acceptable weldability especially with undermatching (UM) and matching 

(M) filler materials (FM), while the overmatched welds can result increased cold cracking 

sensitivity (CCS) due to the higher carbon equivalent. Financial benefits can also be realized 

through reduced transportation and lifting costs (reduced weight), material savings 

(smaller/lighter cross-sections) and reduced weld volumes (thinner plates). Nowadays, HSSs 

application, in particular thicker plates for heavy steel structures getting more and more 

attention. HSSs with good structural safety in particular against the brittle fracture and 

acceptable fabrication properties (welding) are already in widespread application and in huge 

demands. However, main points to be consider while designing structure with HSSs should be 

fatigue analysis. Considering application areas, fatigue properties improvement, more strength 

and thicknesses etc., several production processes for HSSs were evolved which influences the 

final intended application and properties of the steels. So, it is important to understand how the 

microstructural and mechanical behaviour of these HSSs produced by the different methods 

influenced by the application of power beam processes. It has wide application in the vehicle 

industry but HSSs are also applied in the structural elements of skyscrapers (sustainable steel 

building) and bridges. HSSs decreases the dead weight of the structures from which the 

substructure and erection helped. It helps in the reduction of cross section of the welded joints 

which ultimately reduces the fabrication and inspections costs [5][7]. 

With the development of various new HSSs and their difficulty in weldabilities arises, leads 

to the requirements of the applicability’s of new technologies of other promising innovative 

welding technological processes like Electron Beam Welding (EBW), Laser Beam Welding 

(LBW) etc. that can be applied for HSSs [8]. The application of these high energy density 

welding processes not only provides the quality joints to fulfil its intended function, but it also 

reduces the area influenced by the heat i.e., heat-affected zone (HAZ) to achieve mechanical 
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properties similar to the base material (BM). The use of innovative welding technologies like 

EBW, LBW etc. growing importance in the field of HSSs because of its excellence in providing 

quality of the welds, high welding speed, high power density, low heat input, ability to make 

exceedingly narrow HAZ, deep penetrated weld, low heat distortions. This stands in remarkable 

contrast to the fusion pattern in arc welds and is attributable to the unique penetration mechanism 

of the beam welding processes [9]. Regarding the economic advantages, the high productivity 

and the less FM costs should be emphasised. Due to the narrow and deep penetrated weld 

structure (keyhole technique) lower amount of FM is needed in EBW and in high power density 

(5×104 to 107 W/cm2) [10] LBW processes. It can be also beneficial to the mechanical properties 

of the whole welded joints since in HSSs the weld can be similarly critical as the HAZ. 

 The weldability tests are the basis for the qualification of new welding technologies. 

However, the important parameter determining the weldability of the steels is the carbon content 

and the carbon equivalent (CE) [11]. A very high carbon equivalent value indicates poor 

weldability, and these steels are not suitable for structural applications, where welding is very 

important to assure structural safety [12]. The most important advantages of TMCP steels 

compared to other conventional steel grades of the same thickness is their outstanding suitability 

for welding, firstly, it reduced or completely eliminated the preheating of thicker plates before 

welding which significantly reduces the time and cost and secondly, its exhibit’s higher 

toughness value and low hardening values in HAZ after welding [7][13]. However, good 

toughness value in the HAZ is a prerequisite for the application of welding processes with the 

high heat input. In case of quenched condition, strength is considerably higher than the required, 

but the material is too brittle for the structural applications. So, a suitable tempering of 

martensite microstructure required in order to get good combination of tensile strength and 

toughness properties. The alloying compositions of the quenched+tempered (Q+T) steels 

increases with the plate thickness in order to ensures sufficient hardening of the plate in the core 

region [7]. Therefore, the CE of a Q+T steels increases with the plate thickness.  

The temperature-time cycles during welding have a significant effect on the mechanical 

properties of a welded joint. The cooling time from 800 °C to 500 °C (t8/5) to characterize the 

cooling conditions of an individual weld pass for the weld metal and the corresponding heat 

affected zone for higher strength steel. The behaviour of the cooling curve in the temperature 

interval (A3 to 500 °C, simplified to 800-500 °C) is decisive for the final microstructure and 

mechanical properties in the steels. Increasing heat input and interpass temperature leads to 

slower cooling and hence the longer cooling time t8/5. To obtain satisfactory weld and HAZ 

properties, the welding parameters optimum and limited with increasing strength. The acceptable 

properties, especially toughness of the HSSs joints generally obtained in short cooling time. 

Although for lower cooling time, the hardness of the HAZ may exceed the limiting values and 

leads to the cold cracking in steels with high CE. On the other hand, longer cooling times results 

in the poor strength and toughness values [7][14]. So, the EBW and the LBW are the opportunity 

for the minimization of HAZ and fusion zone (FZ) where the material is brittle. Therefore, in the 

dissertation I tried to explore the details of t8/5 related to the investigated beam technology. The 

comparative evaluation of various methods for determination of cooling times from 800-500 °C 

(t8/5) in diode laser beam welding (DLBW) process of dual phase (DP) steel is presented. The 

thermal cycles and therefore cooling time were measured and compared using different 

measurement techniques (thermocouple measurement method and analytical method).  
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The weldability of HSSs consists of more challenges compared to mild steels (MS): 

hardening of the HAZ and higher CCS; reduction of strength and/or toughness of HAZ; selection 

of FM (mismatch) [15]. Therefore, new welding conceptions and special welding technology 

should be developed for these steels. Also, a deeper understanding of phenomena occurring 

during welding that influence the microstructure, and thus mechanical properties of welded 

joints, becomes an important issue in the broader application of these steels [16]. So far, the 

studies on EBW on high strength Q+T and TMCP with different yield strength (YS) have not 

been carried out extensively. HSSs and LBW are like two side of a coin, without each other they 

are incomplete and these combinations becoming so popular nowadays especially in automotive 

applications with using the latest technology in the field of LBW. 

In real welded joints, HAZ properties can be limitedly analyzed by conventional material 

tests. The thermal cycles experienced by the workpiece during the welding can be easily 

reproduced and enlarged the volume of HAZ in small size specimen by using thermomechanical 

physical simulator called Gleeble. Therefore, physical simulator was used for the examination of 

microstructure and different properties in the HAZ areas of different grades of DP steels for 

different cooling time and heat inputs (Q). In case of the investigated Q+T and TMCP steels 

preliminarily HAZ simulations, performed at the Institute of Material Science and Technology 

were used for the analysis. The equipment provides the opportunity for very short time cycles 

e.g., beam welding processes since the specimen can be heated rapidly by resistance heating 

system with the maximum rate as high as 10,000 °C/s and cooled intensively due to the water 

cooled grips and external cooling if necessary. Another motivation for the application of physical 

simulators is the time- and material-saving, as compared to real welding experiments. 

DP steel within the group of HSSs has become an important material of choice for automotive 

industry as it helps to improve energy absorption during impact, provides higher strength, and 

ensures a lightweight design and cost-efficient methods to produce automotive parts 

[17][18][19][20]. The laser welding of DP steels may result in a large amount of martensitic (M) 

structure in the FZ due to the rapid cooling during welding, leading to a considerable increase in 

the hardness. However, previous studies [21][22][23][24][25] showed also a significant 

softening in the HAZ of laser welded joint due to the tempering of the pre-existing martensite in 

the DP steels. In presented dissertation the effect of autogenous DLBW and the influence of post 

weld heat treatment (PWHT) on microstructural changes and mechanical properties of different 

grades of DP HSS butt welded joint (BWJ) are investigated. The high-power diode laser (HPDL) 

technology ensures high quality welded joints in HSSs, facilitate the welding and PWHT by 

same process and equipment. An advanced characteristic of HPDL, vital in the welding process 

and PWHT, is the rectangular or square shape of their laser beams [26]. PWHT reduces residual 

stress (RS) levels and tempers the hard regions, particularly in the HAZ. It is performed to 

temper the weld metal and HAZ with the aim of decreasing hardness and improving toughness, 

and decreasing the RS associated with welding. Furthermore, besides autogenous LBW, DP1000 

HSS with a matching filler wire (MFW) is also welded with the aim to improve the mechanical 

properties of the weld.  

 The stresses developed by the thermal contraction of the cooling weld which must be 

compensated by the strain in the weld metal. The presence of hydrogen appears to lower the 

stress level at which cracking will occur. In rigid structures the natural contraction stresses are 

intensified because of the restraint imposed on the weld by the different parts of the joint. These 

RS can be more troublesome because it generates the stress concentration (SC) at joints, weld 
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toe, root of the weld and the possible chances of deleterious microstructures in the HAZ 

[27][28][29]. The higher degrees of strain which result produce higher risks of cracking for a 

given microstructure. Hydrogen embrittlement is strain-rate dependent and the risk of cracking is 

greatest at slow strain rates. As the straining rate is, or course, low during the final stages of 

cooling in the weld, the susceptibility to crack formation is high at this time [30]. The calculation 

and evaluation of the RS is highly difficult task in the welded specimen specially in the high 

energy beam welded samples due to its narrow weld and HAZ. The RS develop in the welded 

specimen is a complex combination of various factors like geometrical features of the weld, 

welding parameters, stiffness of the structure, manufacturing process, environment and 

volumetric changes due to phase transformations in the weld zone etc. [31][32][33][34]. The 

effects of the tensile residual stress (TRS) may lead to the structural failure, so the proper 

analysis of these stresses is important. TRS in the welded joints can cause higher mean combined 

applied stresses (MCAS) which negatively affect the fatigue life of the joint. The compressive 

residual stresses (CRS) considered beneficial as it reduces the mean compressive residual 

stresses (MCRS) which significantly improve the fatigue life of the welded joint, reduces the 

stress corrosion cracking (SCC) and brittle fracture. 

One of the important issues that limits the applications of HSSs is fatigue. The fatigue 

resistance of the welded structures limits the use of higher strength steels in dynamically loaded 

structures. The fatigue of the welded material affects a wide range of application areas, e.g. cars, 

cranes, bridges, trucks, crankshafts. However, the rapid development of several fracture 

mechanical approaches for assessing the fatigue damage of welded joints have been developed. 

The HSSs welded joints affected by welding heat input and mechanical loads that increases the 

possible chances of deleterious microstructures in the HAZ, which causes inhomogeneous 

microstructure and mechanical properties. The inhomogeneity of the welded joints, material 

discontinuities and locations for stress concentration influences the behaviour of welded joints 

and cyclic loading condition which ultimately leads to the fracture of welded joints. Since the 

structures often have fatigue loading and these HSSs material have high crack sensitivity, 

therefore it is very important to know the resistance level to the fatigue crack propagation. On 

the other hand, the fatigue resistance of the HSSs can be improved by which reducing the notch 

effect of the weld, post weld treatments of the weld i.e., tungsten inert gas (TIG) dressing or 

grinding etc. (it helps in the reduction of notch effects). Therefore, these improvement in the 

fatigue behaviour can increases significantly the efficiency of HSSs in the structural applications 

[7]. FCG tests on EB welded HSSs (S960QL and S960M) joints are limitedly found in the 

literature. Therefore, it is aimed in this dissertation to compare the fatigue crack growth (FCG) 

characteristics of EBW HSSs joints with conventional gas metal arc welding (GMAW) since the 

EBW welds are prepared with narrow FZ and HAZ, without the application of filler material. 
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2. HIGH STRENGTH STEELS AND THEIR WELDABILITY 

2.1.Classification and trends of development 

In recent years, more stringent quality requirements and cost effectiveness have not only led 

to the various rationalization measures being adopted in European steel industry in the past but 

also to the significant technological advances. This is particularly apparent in the significant 

improvements in the HSSs with the combination of good strength and toughness properties but 

also in energy and materials efficiency that have been achieved [35]. HSSs have special types in 

plates (Q+T, TMCP) and other types in sheets (DP, TWIP etc.) for automotive industry. 

Separating thin and thick plates is not an easy task. Welding science separates thin sheets 

from thick ones using heat transfer theories (Rosenthal, Rykalin, Goldak) [36]. In the first 

approximation, the heat dissipation of thin plates, the surface heat transfer is not negligible and 

the heat conduction is of secondary importance (2D model). In the case of thick plates, however, 

in addition to heat conduction, the heat transfer on the surface is negligible (3D model). 

However, the plates are are classified as thin plates (sheets) up to 3 mm, medium thick between 3 

mm to 15 mm and above 15 mm it is considered as thick. The boundary between the models is 

not only based on the physical properties of the materials (ρ, λ, cp etc.), but also depends on the 

welding technology (Ev, I, Varc, v, Tp) [37]. 

Among the available HSS sheets, several types of HSSs were developed which primarily 

focused on the automotive industry based on the principle of light-weight design, innovative 

forming processes and new tooling concepts, as well. The main HSSs family used today in the 

automotive industry include steels with a Complex phase (CP steels), Transformation induced 

plasticity (TRIP), Ferritic-Bainitic (FB), Martensitic (MS) steels, DP steels, Hot-Formed (HF) 

and Twinning Induced Plasticity (TWIP) [38][39][40][41]. However, the most common HSS is 

in growing demand for wide application in the automotive industry is the group of DP steels 

owing to their good combination of high strength, ductility and formability. This approach 

enhanced the development of high strength DP steels, which contain a ferrite matrix and 

martensite island. This composition has a significant contribution in providing excellent ductility 

of DP steels and a strain hardening rate effect, which sustains higher stresses at higher strain 

rates. The above advantage of DP steels made them lucrative for intensive application in the field 

of vehicle industry. Nowadays, there are several grades of DP steels are available with different 

tensile strengths like DP600, DP800, DP1000, DP1200 and DP1400.  

HSSs like S960QL, S960M grades find extensive uses in wider application areas like 

structures, cranes etc. due to its extraordinary material properties and acceptable weldability. 

Q+T steel grades with yield strength grades up to 960 MPa are standardized in EN 10025-6 

“Technical delivery conditions for flat products of high yield strength structural steels in the 

quenched and tempered condition” and TMCP steel grades are standardized in EN 10025-4, 

“Thermomechanically rolled weldable fine grain structural steels” but constructional steel work 
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in Europe is still limited to steel grades with minimum yield strength of 690 MPa. Higher steel 

grades are still the main choice of the construction equipment industry but still not classified by 

the standard [42]. However, over the last three decades several development took place and 

many higher strength grade steels were developed above the 960 MPa yield point which found 

extensive application in production of high-loaded elements of travelling cranes, car lift and 

special bridge sructures [16].  

Some types application field of HSSs are shown in Fig. 2.1. 

 

 

Fig. 2.1.(a) and (b) High strength structural steels (HSSS) [43][44][45];(c) and (d) High strength 

automotive steels [46][47] 
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Among the large number of modern developing steels, different HSSs (Q+T, TMCP, DP steel 

grades) continue to play a leading role in their respective field of applications areas like in the 

case of engineering structures, automotive industries, S960Q; (industrial truck, dumptruck, 

lorries, trailer, bulldozers, excavators, cranes, bridges, lifting equipment, forestry machines etc.), 

S960M; cranes and lifting processes industry (base frame, crane jibs and crane columns), 

concrete pump cars, penstock, vehicles and steel contruction industry and architecture, trailer, 

agricultural and forestry machinery, earth moving equipments etc [43][48]. 

The current trends in HSSs development are to a great extent motivated by new environment 

of the end users, as carmakers are facing drastic changes in regulations that dictate new rules for 

both safety and fuel consumption which required special combinations of strength and 

formability parameters. Fig. 2.2. shows the grouping of traditional and advanced high strength 

steels which typically falls into the category of thin plates. The diagram represents the tensile 

strength and percent elongation of different steels grade. The figure illustrates well that the 

individual categories cannot be separated from each other strictly, only with overlaps. It can also 

be observed that each group is located along three characteristic curves, their characteristic 

values km is called the material constant. 

 

 

Fig. 2.2.Chronology of Automotive AHSS developments [38][39][41] 

 

Related to medium and thick plates a series of developments took place in the production 

methods of HSSs (firstly Q+T steel, secondly TMCP and thirdly direct quenching) with the aim 

of improving the YS and good ductility [2][49]. Due to the technological advancement and 

growing demand of HSSs since the seventies, when Q+T group appeared, combination of 

varying alloying components along with the Q+T heat treatment process, now the maximum 

yield strength has been reached to the 1300 MPa. However, it should not be ignored that FM are 

currently available in the market are up to 1100 MPa of yield strength so for this extreme 

strength HSSs only undermatching (UM) (approximately 15-20%) is available if it is allowed. 
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However, the application of UM during the selection of the FM may have some additional 

positive effects (lower residual stress, higher fatigue resistance etc.). Due to the abovementioned 

reasons, instead of S1100Q and S1300Q, the S960Q is more widespread, which can be welded 

by MFW as well [50].  

The development of the metallurgical process obtained by decreasing both production cost 

and unfavourable impurities in structural steel to protect it from lamellar tearing or hot cracking 

[16]. Generally, the ultra-high strength categories of structural steels are produced by Q+T 

process with a final microstructure of martensite [51][52]. Since martensite can only offer a high 

strength, improving its impact toughness has become a major concern [53]. It is well known that 

toughness can be improved by grain refinement without loss in strength [54]. Due to their 

outstanding mechanical (especially strength) properties, significant weight reduction can be 

achieved by their application. Besides their high yield strength, they have also good toughness 

properties because of the fine-grained tempered martensitic (TM) and partially bainitic (B) 

microstructure [16]. The strengthening mechanisms in these steels are: solid solution, phase 

transformation, grain and subgrain boundary, and precipitation strengthening [55]. By the 

improvement of the thermomechanical treatment (TM), combined with several heat treatment 

technologies (e.g. precipitation hardening), the yield strength of thermomechanically treated 

HSSs can approach the level of Q+T steels [56]. TM rolled steels require significantly less 

alloying elements, especially less carbon than normalised steels (NS) or Q+T steels. Due to the 

good weldability of TM steels, preheating during welding can be significantly reduced or 

avoided. The chronology of structural steel development trends with increasing strength of steels 

are summarised in Fig. 2.3. 

  

 

Fig. 2.3. Development trend of structural steels [8][13][14]. 
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After the exhaustion the potential of normalised production technology, HSSs produced by 

quenched and tempering and thermomechanical treatment with refined grains structure. From 

Fig. 2.3, it can be seen with the development two technology viz. Q+T and TMCP, steels of 

higher strength can be produced. First, a steel with given strength category was produced with 

manufacturing technology typically consisting of quenching and high temperature tempering but 

with delay of 10-20 years strengthening of HSS was also achieved with a TM. It is also clear that 

the maximum strength achievable with steels produced by thermomechanical treatment is always 

lower than that of Q+T steels. A further disadvantage is that the plate thickness that can be 

produced is also smaller. 

According to steel manufacturing companies data, the minimum yield strengths of (extra) 

HSS plates stated for Q+T steels 1300 MPa [57][58] and for TM steels 1100 MPa [59]. These 

mean that the highest available grades of Q+T and TMCP in Fig. 2.3 are nowadays available for 

users and development trends have shifted for higher strengths. 

The relation between the cooling rate and the resulting phase can be predicted using the 

continuous cooling transformation (CCT) diagram. Fig. 2.4a and Fig. 2.4b. shows the CCT 

diagram S690QL [60][61] and S700MC [43] high strength steels respectively. 

 

   

  Fig. 2.4. CCT-W diagram (a) S690QL; [60][61] (b) S700MC [43] 

 

The comparison between conventional toughening process and new technologies of 

production of structural steel belong Q+T type occur by apply heat treatment and conditions of 

rolling and kept the same chemical composition. For example, yield point increased 130 MPa, 

carbon equivalent decrease by 0.05%, and better weldability obtained by applying new 

production technology than conventional one [16]. The range of structural steel thicknesses will 

grow along with the development of metallurgical processes. In the case of these steels, one of 

the most important features of the successfulness of the weldability is the heat input (Q) which 

can be described with the linear energy (heat input per unit length). If the value of this is too low, 

the cooling rate of the welded joint may be too fast, and then cold cracks can be developed. In 

the opposite case (high heat input), strong coarse grain microstructure can be evolved in the 

HAZ, which can be caused by the decreasing of the strength and toughness features. The 

advantages of using steels with high mechanical properties are regards to the costs of transport, 

metal forming, cutting, and welding [11]. 

There are several possible ways to increase the strength of steels (e. g. grain size reduction; 

formation of a complex phases, like DP, TP and TWIP; precipitation hardening of the maraging 
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steels). In case of the examined heavy plate thickness range, the higher strength can be 

effectively reached by grain refinement and the change of the second phase quality, size and 

distribution [27][34][35]. 

During Q+T process, after a hot rolling above A3 temperature, the slow cooling rate is 

generated until the plate cools down to room temperature. Then, the hot rolled plate is reheated 

above A3 temperature, and held there for a short period, while the microstructure in the whole 

cross section transforms to austenite. After that, a quenching process takes place, when an 

extremely high cooling rate is applied, which can be achieved by water quenching [37]. In order 

to realize the quenched condition in the whole cross section, alloying components (Cr, Mo) are 

added to the steel, which moves the CCT curves to the right. Microalloying elements (Ti, Nb, V) 

are also used in order to ensure and preserve the fine grain microstructure. Then, in the 

tempering cycle (HTT: high temperature tempering) of the heat treatment process, the plate is 

heated under A1 temperature, which is followed by a slow cooling process [62].  

There are different elements effects on chemical composition during the metallurgical process 

of HSSs (Q+T, TMCP etc.) steels [37][62][63][64] as follows: 

− Cr and Mo: decrease the critical cooling rate and increase hardenability; Mo increases 

tempering resistance and it is used as ferrite- and carbide-forming alloy of refined high-

strength steels. 

− Nb: fine grains of austenite during rolling and thus very tiny lamellas of supersaturated ferrite 

(martensite) after cooling. Tempering 600 ºC, precipitation hardening of NbC or V4C3 

develop strength and impact resistance i.e. obtained a fine-grained structure with dispersive 

carbides. 

− Ni: improve strength and toughness. 

− B: a common microalloy below 0.005% in refined HSSs, improve hardenability. It improves 

the toughness in the form of fine carbide precipitates [37]. 

− Ti: Adequate amount of Ti  needed to bind nitride in TiN and to avoid worsening the ductility 

of steel. 

− V: addition of V gives a strengthening to the steels, tensile and yield strengths increase. It 

increases the strength in the form of precipitate hardening as well as by its grain refining 

effect. The maximum permissible vanadium content in the hardened high-strength steels is 

0.12% [65]. 

 

2.2. Production processes and their influences on welding 

With the increasing strength of steels by the addition of higher amounts of alloying elements 

and a tendency to result in higher hardenability. This may lead to a higher risk for brittle fracture 

and when used in welded structures it causes cold cracking (CC), in particular if the optimal 

processing parameters for welding are not applied. While the TMCP steel produced with 

accelerated cooling (AcC) a yield strength of 500 MPa in plates up to 100 mm thickness is 

obtainable with the use of very few alloying elements which provides excellent toughness values 

in the BM and in the HAZ of a welded joint [66]. 

The various production methods i.e. as rolled (AR), normalised (N), dual phase (DP), 

quenched and tempered (Q+T) and thermomechanically controlled steel (TMCP) steel are 

discussed below in brief. 
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2.2.1. Dual phase (DP) steel 

The dual-phase steels are low-alloy steels which satisfy these requirements by exploiting 

microstructure in which there are two major phases, one of which is soft and the other 

significantly harder. The most common method of producing DP steels is by cold rolling of low 

alloy steels followed by intercritical annealing treatment in a continuous annealing line in which 

the steel is heated into the Ac1-Ac3 (α+γ) region and held, typically at 790 °C for several minutes 

(in the case of continuously annealed cold-rolled and hot-dip coated products) to allow small 

regions of austenite to form in the ferrite. The austenite phase will transform to martensite when 

quenching, provided the proper hardenability of the steel and a sufficient cooling rate. The result 

is a structure with a soft continuous phase of ferrite (α) with imbedded hard particles of 

martensite [67][68]. The strength of DP steels is determined by the ratio of the two phases. 

 

2.2.2. Quenched and tempered (Q+T) steel 

Fig. 2.5 shows that the initial step is in each case a hot rolling in the homogeneous austenitic 

field. For NS, this is followed by a normalizing heat treatment (A + B curve), while for quenched 

and tempered (Q+T) steels, a hardening and a high temperature tempering (curves A and C) are 

used. For steels produced by thermomechanical treatment (D-G curves), a much more complex 

manufacturing process can be observed. 

Firstly, heating at temperatures of about 1100 °C, then rolling of the slab takes place in the 

austenitic state, a stable crystal structure is formed at high temperatures. After that the plate cools 

in open air and the “AR” condition is achieved (Process A in Fig. 2.5).  

Further, to get a more homogenous microstructure an additional heat treatment can be 

performed. The plate should be reheated just above the ferrite-austenite (α+γ) transformation 

temperature (about 800 – 900 °C, depending on the carbon content). 

 

 

Fig. 2.5. Schematic illustration about the production  of structural steels [66] 

 

2.2.3. Thermomechanically controlled steel (TMCP) 

The technology of controlled rolling and controlled cooling, TMCP contributes to the 

development of fine grained steels. It is one of the main production methods of high strength and 

high toughness structural steel materials [69]. The TMCP steels were originally developed to 
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fulfill the needs of the oil and gas industry. Their excellent field weldability and their good 

formability enable variable applications in different branches of industry (automotive, truck and 

crane industry, construction engineering) [70][71]. Later on, welding technology was applied to 

manufacturing of steel structures. It is then required that carbon content and CE in the steel 

should be lowered. In order to maintain strength level while carbon content is lowered, European 

countries starting with UK applied rolling technology based on low temperature rolling. The 

essential of this practice was the microstructural refinement of austenite leading to grain 

refinement strengthening contributing to strength increment in addition of solid strengthening by 

alloy elements and precipitation strengthening. 

During thermomechanical treatment, the final rolling temperature is reduced from 1100-

1200 ºC to 850-900 ºC, which significantly increases the pressure required for rolling. At this 

value, austenite is stable even at lower temperatures. When the material leaving the rollers, the 

austenite is significantly supercooled, so crystallization begins in an extremely large number of 

grains and thus the extra fine microstructure can be achieved. The aim of the subsequent 

controlled cooling is to maintain a small grain size and to ensure high toughness even at low 

temperatures. This process is described in curves of D-G in Fig. 2.5.  

The diverse manufacturing technology is due to the different techniques of different 

steelmakers, not forgetting that thermomechanical treatment is more costly to manufacture than 

refining. Higher pressure requires higher load bearing rows, which means higher investment 

costs. Rolling time is usually longer, so productivity is lower; moreover, for larger plate 

thicknesses, the effect of both air cooling and water cooling is reduced, i.e. the resulting 

microstructure will not meet the expectations. Based on these, it is worth briefly addressing each 

variant [72]. 

As can be seen from Fig. 2.5, each variant from D-G start with a temperature above Ar3 at a 

temperature higher than the no recrystallization temperature (TNr). This is followed in each case 

by a primary rolling, also above the TNr. As a result, the initial large austenite grains are 

transformed into a myriad of smaller size grains. The second rolling takes place already below 

the TNr, but still above the Ar3 temperature, in each variant the in the austenitic state, the rolling 

time is different. As a result of second rolling many small-sized grains have an elongated, 

anisotropic structure. At this stage, the average austenite grain size is 20 μm [73]. 

In the case of the first variant (D), this is followed only by a controlled cooling phase, during 

which the elongated grains undergo further recrystallization, resulting in an extremely fine-

grained microstructure overall. The elongated grains obtained during the primary rolling can be 

observed throughout the microstructure. 

In the variant (E) when a third rolling was introduced between Ar3 and the Ar1. The result 

observed that the elongated austenite grains will undergo even more intense recrystallization, i.e. 

the end result will be an even finer granular microstructure. In the variant (F), using AcC, which 

is usually achieved by water spraying the steel plate exiting the rollers, a similar microstructure 

can be obtained as in the case of variant (E), however, the grain size shows less variation. In the 

variant (G), during intensive cooling (DIC, according to other literature direct quenching DQ-T 

[74]), water cooling is also used, but a high temperature tempering (+Q+T) also takes place for a 

much longer period of time or immediately thereafter. In this case, it must be taken into account 

that by increasing the tempering temperature, the tensile strength decreases intensively, while the 

yield point does not change significantly, so the Ry/Rm ratio will approach to 1.0 by increasing 

the tempering temperature, which is mechanically unfavorable. According to various 
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experiments, the most favorable microstructure can be achieved in this case, however, the rate of 

intensive cooling is difficult to adjust precisely, and reproducibility is also questionable. At the 

same time, AcC and DIC technologies make it possible to produce the appropriate 

microstructure even for larger plate thicknesses. At the very end of the process, the average grain 

size obtained is 5–10 μm [73]. 

Combination of controlled rolling and controlled cooling lead to the formation of complete 

TMCP technology. Fig. 2.6 shows schematically the models of microstructure evolution of 

austenite and ferrite during controlled rolling and controlled cooling (rolling temperature down 

going to the right direction, on the upper level there is austenite microstructure evolution; while 

on the lower level, austenite microstructure models at the beginning of phase transformation), 

especially ferrite nuclei formation sites.  

 

 

Fig. 2.6. Models of microstructure evolution during TMCP [69]. 

 

Application of TMCP technology for grain refinement and clean steel-making technology, 

together with the application of physical-metallurgical principles of solid solution strengthening, 

precipitation strengthening, and grain refinement strengthening lead to the formation of main 

stream of strengthening and toughening of structural steels, i.e. the processing routes used in 

steel plants for production of hot rolled high strength and high toughness steel products. Of 

course, there still are cold rolling, coating and other down-stream processes in steel plants. 

Dislocation strengthening due to cold rolling and other strengthening mechanisms are involved 

in later processing stages. Some steel plants also provide semi-parts and semi-components for 

machinery industry. After heat treatment and finish machining, these parts and components will 

have their final properties guaranteed. Nevertheless, fine grained HSS toughness steels produced 

by using TMCP has been recognized as one of the greatest progresses in the last decades in the 

field of steelmaking. 
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2.3. Weldability questions, mismatching, cracking phenomena 

The major impetus in the development of various HSSs with with overall “property package” 

of very attractive mechanical properties brought a widespread adoption and prompting much 

interest from various industries. However, the practical application is only realized if it can be 

welded by means of arc welding or beam welding processes [75][76]. The wider applications of 

these steels would require changes and most importantly improvements in welding technology. 

That’s why, the weldability study is of primary importance and being a very important 

technological features of structural steels which depends on the processing, carbon concentration 

and alloying element composition [1][77]. Weldabilty is defined as “the capacity of a metal to be 

welded under the fabrication conditions imposed into a specific suitably designed structure and 

to perform satisfactorily in service” (American Welding Society, AWS). The difficulties arise in 

the welding of HSS due to its inhomogenous grain structures resulting from the alloys added to 

the steel and refining method used in the production of the steels. As a result, the HAZ of the 

welded joint has an extremely inhomogeneous microstructure and different mechanical 

properties compared to the BM. It is a difficulty that brittle parts formed locally in the HAZ as a 

result of the thermal cycle, especially in combination with a sufficient diffusible hydrogen 

content, can be sites of crack formation. Furthermore, the additional internal stresses due to 

welding and the low ductility of HSSs together increase the tendency to form cracks. The choice 

of FM is also much more complex for HSSs, as the manufacturing technology used in the 

production of the BM cannot be reproduced during welding, so it is difficult to choose a FM that 

guarantees sufficient weld strength and ductility to avoid cracking. In case of HSSs, the 

reduction of toughness properties usually occurred due to the effect of the welding heat input. 

The major problem that encountered during welding of HSSs are HAZ phenomena, cold 

cracking phenomena and mismatch phenomena. 

 

2.3.1. HAZ phenomena 

The HAZ is of major concern in a weldment since it can contains different subzones with 

variety of microstructure, joint geometries, stresses and thereby have different properties 

depending on the location in the HAZ. The time-temperature cycle during the weld process, in 

combination with the chemical composition in the base materials and its thickness governs the 

HAZ properties. When analysing the weldability of a steel it is of great importance to consider 

the peak temperature reached in the HAZ which has a major influence on; 

- the dissolution of microalloying precipitates in the grain-coarsened HAZ, 

- the austenite grain growth, 

When welding a structural steel, heat input should be considered appropriately in order to 

avoid too much martensite in the HAZ and also limiting the softening [78]. 

The HAZ of HSSs causes problem primarily due to the reduced toughness and secondarily due to 

softening and hardening in some cases. In a welded joint made of HSSs, the brittle fracture may 

occur in the HAZ in addition to the weld, where the welding thermal cycles create a new, 

(predominantly) unfavorable microstructure. The HAZ of a single weld pass of a hot-rolled 

structural steel is generally composed of the following subzones [37][79][80][81] : 

- Coarse grained heat affected zone (CGHAZ) 

- Fine grained heat affected zone (FGHAZ) 
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- Intercritical heat affected zone (ICHAZ) 

- Subcritical heat affected zone (SCHAZ) 

Fig. 2.7 illustrates the structure of HAZ formed in the case of single welded pass. 

 

 

Fig. 2.7. Schematic diagram of HAZ, single pass weld [76]. 

 

In the case of the CGHAZ, the peak temperature immediate adjacent to the fusion line is well 

above the Ac3 temperature, as a result of which the austenite grains (above 1100 °C) start to grow 

at an exponential rate as a function of the alloying content [68]. Thus the increasing effective 

grain size has an adverse effect on the critical stress level required for micro fracture, resulting in 

a higher transition temperature compared to its BM [55]. With the help of microalloys (Al, Ti, 

Nb, V) added to the steel, the dispersed precipitates at the grain boundary effectively prevent the 

grain coarsening, thus the expansion of the coarse-grained (CG) subzone [37][82][83]. This 

subzone can also be considered critical in case that the hydrogen diffusion in the seam that can 

cause cold cracks when entering the CG subzone [84]. Martensite-austenitic (M-A) islands, 

which result in relatively brittle parts, can also be formed as a result of a relatively long thermal 

cycle, which can further reduce toughness [83]. In the case of structural steels, the highest 

hardness can usually be measured in the CG subzone, since the high austenitic temperature in 

this zone also favors the martensitic transformation. As a result, this subzone of the HAZ is the 

most dangerous in terms of cold cracking. 

HAZ with fine grain structure is heated to temperature above A3 (900 °C ≤ Tmax ≤ 1100 °C). 

The toughness of FGHAZ can be as high as the BM, however in some HSSs hardness peaks are 

observed in this subzone.  

In general, the CG zone is remembered for the decrease in toughness in the HAZ of structural 

steels, but when welding HSSs, the study of the intercritical zone can also be interesting. Moving 

away from the normalized zone next to the coarse grain towards the BM between Ac1 and Ac3, 

the austenitic transformation takes place only partially, so a rather heterogeneous microstructure 

is formed here. In favorable cases (e.g. with a low alloy content), the resulting microstructure has 

good mechanical properties, so in the case of some HSS, intercritical annealing is used to 

improve the strength properties [85]. Due to the characteristic carbon content of hardened HSSs, 

sometimes approaching the 0.20% limit, and alloys that help the tendency to harden, a decrease 

in toughness relative to the BM may occur in this zone. The γ-α transformed parts formed at the 

boundary of the original grains typically have a higher carbon content because austenite has a 
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higher carbon solubility in this temperature range. If high linear heat input is used and this zone 

remains in the intercritical range for a long time, the carbon concentration of the austenitized 

parts is further increased by diffusion. Subsequently, in the cooling stage, these carbon-enriched, 

austenite-like parts are transformed into microstructure that are more brittle than the base metal 

and have martensite properties depending on their chemical composition and cooling rate. 

Meanwhile, parts that are not transformed during heating are relaxed as a result of the thermal 

cycle, and their carbon content also decreases, so in many cases they soften [68]. In addition to 

the resulting brittle martensite microstructure, retained austenite (RA) can be detected in many 

cases (M-γ islands). The brittle portions located between the transformed, relatively softened 

microstructure represent local brittle zones (LBZ) in the welded joint [68][83]. 

As the yield strength of structural steels increases, increased attention should be paid to the 

tendency of the HAZ to soften, which can occur primarily in the intercritical and subcritical 

zone. Subcritical HAZ heated to temperature below A1 in the range (450 °C ≤ Tmax ≤ 700 °C). 

Due to their tempering, Q+T HSSs are less prone to hardness or strength loss during the thermal 

cycle below the tempering temperature, so the subcritical zone will only tend to soften at higher 

linear heat input [55][86]. 

 

2.3.2. Cold cracking Phenomena 

Cold cracking generally occurs during cooling of welded joints and is formed with the 

participation of microscopic stresses arising from martensitic transformation of austenite in the 

HAZ. One of the basic characteristics of HSSs is that as the strength increases, the ductility 

decreases, which indicates an increased tendency to brittleness. In such steels, the impurity is due 

to advanced still metallurgical processes content is minimal (according to EN ISO 10025-6 [65]: 

P ≤ 0.025%, S ≤ 0.015%, L category upto P ≤ 0.020%, S ≤ 0.010%), therefore there is no issue of 

the appearance of hot cracks (crystallization or liquidation cracks) during welding. This fact is 

supported by the limited nickel content of 2% in the BM, which would increase the susceptibility 

to hot cracking in larger quantities and in the presence of sulphur. 

However, the risk of cold cracks, another large group of cracks in welded structures, is 

significant; as the strength increases, the CCS increases. The tendency to cold crack is basically 

influenced by the combined effect of three factors [37]: 

- Dissolved hydrogen in BM and HAZ, 

- Tensile stresses, 

- Low ductility microstructure such as martensite. 

Q+T steels possess higher hardenability than normalised or TMCP steels and therefore there is 

an adverse microstructural influence such as the greater likelihood of forming martensite and/or 

bainite [75]. The study of previous researchers confirms the HSS susceptibility to the cold 

cracking. Opiela [87] investgated that the welded joint HSS (up to the yield strength of 960 MPa) 

are susceptible to cold cracking in both HAZ and FZ. Laschowicz and Nosko [88] also revealed 

that the Weldox700 steels shows the tendency of HAZ hardening and cold cracking. Also the 

results of S890, S960, S1100 as well as S1300 steels have the same problem of cold cracking 

[76]. 

The degree of hardening in the HAZ is an important consideration determining the weldability of 

a carbon or low-alloy steel. Weldability and resistance to cold cracking generally decrease with 

increasing carbon or martensite in the weld metal or the HAZ, or both. Although carbon is the 

most significant alloying element affecting weldability, the effects of other elements can be 

https://idp.springernature.com/authorize/email?code=7d9f70cd-650a-4938-b586-fe4522016e1b
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estimated by equating them to an equivalent amount of carbon. Therefore, the effect of total 

alloy content can be expressed in terms of a International Institute of Welding (IIW) carbon 

equivalent (CE) (Equation 2.1.). 

   
( ) ( )

6 5 15

Mn Cr Mo V Ni Cu
CE C

+ + +
= + + +     2.1 

Steels with CE below about 0.45 are readily weldable with appropriate procedures but CE 

greater than 0.45 indicates a need for caution. Most structural carbon and low-alloy steels that 

may be susceptible to cold cracking transform from austenite during cooling through the 

temperature range of 800 to 500 °C. The length of time, steel spends in this temperature range 

during cooling will establish its microstructure and hence it’s cracking sensitivity. This time 

segment is generally referred to as t8/5 (in seconds) [86]. While considering the relation of 

cooling time (t8/5) and toughness in case of HSS, it was observed that the cooling time of the 

welded joint influences the toughness of HAZ and thus the resistance to brittle fracture of joint. 

The transition temperature to brittle of HAZ increases with the increase in cooling time (t8/5) 

[89]. Gáspár [14] observed in his study that the HAZ physical simulations (CGHAZ, ICHAZ) of 

S960QL HSS in the whole t8/5  range whether the t8/5 was short (2.5, 5 s) or long (10, 15, 22.5, 30 

and 100 s), it was always brittle. Therefore, the application of EBW process can provided a 

unique possibility to reduce tendency to brittle fracture due to the narrow HAZ compared to arc 

welded joints. The main reason for the increase in brittleness at longer cooling time is the 

disappearance of the tempered martensite microstructure in the favour of a martensitic and 

upper-bainitic mixed microstructure [90]. Therefore, a proper selection of cooling time is very 

crucial because too short cooling time can cause hardening of HAZ (increase in cold cracking 

sensitivity) while too long cooling time limit the toughness of HAZ [76]. 

In addition to the microstructure, another factor that causes the appearance of cold cracks is 

hydrogen. Hydrogen can come from steelmaking or can be used in subsequent uses (welding, 

corrosion protection, presence of high pressure hydrogen gas etc.). During welding, the hydrogen 

molecules in the arc decompose into hydrogen atoms, which, due to their small size, are able to 

move by diffusion in the lattice gaps. The activation energy required for diffusion motion is 

available in the form of thermal energy at high temperatures, however, as the temperature 

decreases, the solubility of hydrogen decreases. In sufficient time, hydrogen, which has become 

insoluble during crystallization, is removed from the molten metal by diffusion. In the welding 

process, there is usually no time for the diffusion process to take place completely, so large 

amounts of hydrogen accumulate at locations with larger gaps (grain boundary, lattice defects, 

dislocation sites). Hydrogen is thus forced to precipitate again, preferably in molecular form, 

however, the diameter of the hydrogen molecule is much larger than the diameter of the 

hydrogen atom, so the molecular form is incapable of further diffusion. The diffusion of 

hydrogen molecules in such places brittles the material (prevents the movement of dislocations), 

and the pressure of hydrogen gas increases so much that the bond between the grains is broken 

locally, cracks are formed [79][84]. Depending on the boundary conditions, the resulting cracks 

can even reach a critical size leading to rapid brittle fracture [55]. The hydrogen content can be 

significantly reduced by choosing the right filler material, cleaning and keeping the surfaces to 

be welded and their surroundings clean, using the right quality shielding gas, and choosing the 

right welding parameters [76]. 
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The tensile stress required for the propagation of cracks is present in all restrained welded 

joints due to thermal expansion, however, its magnitude can be reduced in almost all (realistic) 

structures by consciously choosing welding parameters and optimizing the welding sequence. In 

the case of HSSs, in addition to the factors described above, the reason for the increased 

tendency to crack due to hydrogen is also due to the higher residual stress on the three-axis 

tensile due to the increased yield strength. 

As an alternative approach adopted from some countries is the Graville diagram as shown in 

Fig. 2.8. which separates structural steels into three zones rated by their ease of weldability, zone 

I easily weldable, zone II weldable with care, and zone III difficult to weld [56]. From this 

diagram it can be seen that with increasing carbon equivalent the weldability decreases but it also 

emphasizes the extremely important effect of carbon content on weldability. Reducing the 

carbon content of steel is the most effective way to improve its weldability [79][91]. 

 

 

Fig. 2.8. The Graville diagram [79]. 

 

The CE or CEV is also utilized to assess preheat requirements for a welded joint or assembly, 

and to take into account the influence of hydrogen and joint restraint. According to the 

classification of the Graville diagram preheating and controlled linear heat input should be used 

for the welding of Q+T HSSs. As it can be seen Q+T steels mostly belong to the zone III 

(S890Q, S960Q, S1100Q), where steels have both high carbon and high hardenability, and all 

welding conditions will produce crack-sensitive microstructures. By considering these 

technological criteria the risk of cold cracking can be reduced, and the welded joint has better 

toughness and strength [15]. However, the investigated S960M thermomechanical steel is 

situated in the area I, so it has relatively low carbon and low hardenability and therefore it is less 

susceptible to cold cracking. The determination of preheating temperature and linear energy is 

the most important duty of engineers during planning the welding technology of HSSs.  

The microstructure of the S960M steels produced by using TMCP processes is mainly 

composed of lath bainite packets, martensite and acicular ferrite (AF) [92]. There can be some 

degree of softening in the HAZ of TMCP steels after welding. Reduction in joint strength, 
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however, is unusual, in those that have not had accelerated cooling as part of the manufacturing 

process. TMCP steels that have been manufactured using an AcC method to achieve the desired 

properties are not generally resistant to high heat inputs, and a degradation of properties can 

occur on welding. This is because the cooling rate in the weld region may be slower than that of 

production. In these steels, it is important that the cooling rate is high, so that the grain size of 

the weld and HAZ can be maintained to give the desired properties. This is achieved by the use 

of moderate heat input levels, typically ≤ 2.5 kJ/mm for 15 mm plate in these steels or TMCP 

there is a need that the HAZ shall not be too wide and too soft, i.e. a maximum cooling time Δt8/5 

has to be limited. This differs with heat input, hydrogen content, plate thickness and carbon 

equivalent.  

 

2.3.3. Mismatch Phenomena 

Filler materials are most often selected on the basis of chemistry match. However, other 

considerations sometimes take precedence, such as ferrite control in the welding of stainless 

steels, distortion/residual stress control for high-strength steels, optimization of elevated-

temperature properties for nickel-base superalloys etc. Filler metal also has quite a considerable 

effect on the welded structure of HSS depending on the yield strength of filler metal 

corresponding with the yield strength of base metal. One major drawback when developing filler 

materials for such grades is that, high amount of alloying elements are used which can result in 

severe cold cracking problems. 

The filler metal can be classified as undermatched, matched or overmatched. The filler metal 

is undermatched when the yield strength of the filler metal is below the yield strength of the base 

metal. Matched filler metals have nearly the same yield strength as base metals, and 

overmatched filler metals have yield strength greater than the base metals. Generally, HSSs are 

welded by undermatched or matched filler metal, and overmatched filler metal is infrequently 

used as confirmed by Porter [93]. Undermatched welds have proven to be effective with HSSs, 

reducing the need for preheating. Undermatched welds lead to lower residual stresses than 

matched welds, which has the potential to reduce crack initiation. The properties of the weld 

metal are also a factor in the effectiveness of undermatched welds on HSSs. The results of 

restraint cracking tests indicated that the application of undermatched welds to HSSs leads to the 

reduction of minimum preheating temperatures and thus preventing cold cracking on the weld 

metal. It is necessary to consider not only the strength of weld metal, but also its ductility, 

fracture toughness, and hydrogen content when selecting weld metals for undermatching. 

Undermatched welds have similar fatigue characteristics to matched welds, where both 

undermatched and matched welds have similar crack propagation rates [94]. Another key 

parameter in welding of HSSs is correct selection of a filler material with respect to the base 

metal to obtain sufficient weld strength. Although, when welding HSSs with a yield point higher 

than 800 MPa, it is recommended to select a filler metal with a yield strength that is not lower 

than the yield point of the base metal [95][96]. Some other studies have shown that the required 

strength of welded joints made of Q+T HSS can be obtained when filler metal with a lower yield 

point are used (undermatching filler material). In such cases, in addition to lower costs, the 

propensity of joints for cold cracking can be reduced as well [86]. 
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2.3.4. Case studies  

− M. Gáspár and A. Balogh [62] studies of GMAW of 15 mm thickness S960QL plate 

presented optimal mechanical properties obtained at lower cooling time (5-6 s) with lower 

linear energy of 700 J/mm. Although, the hardness peak can be even above 400 HV in this 

case. Generally, the upper limit of linear energy, which gives acceptable mechanical 

properties, is 900-1000 J/mm. When larger linear energy is set, the tensile strength and impact 

energy reduces under the required minimum values; 

− M. St. Węglowski and M. Zeman [77] investigated the cold cracking sensitivity in GMAW of 

Weldox 1300 steel with 10 mm thickness. The energy input was used are 1920 and 800 J/mm. 

the preheating temperature has a complex influence over the cracking process. The minimum 

temperature that allows to avoid cold cracking can be estimated as 100 °C regardless of heat 

input; 

− F. Hochhauser et al. [97] studied the influence of softening in the HAZ and the constraint 

effect on the transverse tensile strength of a microalloyed, TMCP high-strength steel grade, 

C< 0.12%, Mn< 2.1%, Si<0.6%, Nb<0.09%, Ti<0.22%; tensile strength=750-950 MPa; yield 

strength ≥ 700 MPa. GMAW welding process was used with 6 mm plate thickness. Three 

different energy input are 420, 530 and 760 J/mm was used and their corresponding cooling 

time was 5.5, 8.5 and 18.5 s respectively. The results showed that the tensile strength was not 

significantly compromised by softening in the HAZ. The reason for this is the constraint 

effect of the base metal and the high strength of the weld metal. In conclusion low heat input 

welding processes keep the soft zone small and the strength high. Hardness drop in the HAZ 

of the welds could be attributed only to transformation softening effects. The width of soft 

zone increases linearly with the cooling time. 

 

2.3.5. Recommendations to the aims 

− Q+T, TMCP and DP steel base materials with different strength categories are in the focus of 

the researchers within the group of HSS, therefore they are worth to be investigated; 

− The cooling time (t8/5) should be analysed to understand the microstructural properties and its 

effect on the mechanical properties. 

− Detailed HAZ characterization of the investigated HSSs grades are needed in order to identify 

hardened and brittle zones, softened zones; 

− Beam welding processes should be applied to utilize its outstanding characteristics features 

(low heat input, narrow HAZ, fast welding speed etc.) and influence on the joint quality and 

HAZ should be analysed; 

− Mismatch phenomenon should be investigated in terms of the autogeneous EBW and 

compared with GMAW matched welds. 

 

2.4. Physical simulation of HAZ 

The physical simulators available today are an inevitable opportunity in the development of 

increasingly HSSs and the corresponding welding technology associated with them. For a given 

steel, the physical simulator can be used to determine the welding parameter and to analyze the 

tendency of the steel to be tested for cracking phenomena. On the other hand, physical 

simulation provides an opportunity to consciously develop steels that take into account the 
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adverse effects of welding technology and compensate for it (e.g. by microalloying) [14]. 

Physical simulation of material technology processes means tests performed under laboratory 

conditions that accurately reproduce the thermal and mechanical processes that reach a given 

material during real operations. In another word, physical simulation is the realization of real 

technological processes in (nearly) real time and geometrical step [86][98]. Thermophysical 

simulation of welding importantly reduces the process of selecting optimal welding parameters 

and standardising the welding procedure and it also reduces total cost of the weldability tests. 

The data obtained by this weldability testing methods are repeatable and verifiable, so that can 

be used with sufficient reliability in selection of optimal welding parameters and standardisation 

of welding procedures [99]. Gleeble systems typically can run thermal tests 3 to 10 times faster 

than conventional furnace equipped machines [100]. The major problem of performing basic 

investigations on HAZ microstructures in actual welds is the presence of extremely narrow and 

inhomogenous subzones however the simulator facilitate to enlarge the volume of HAZ while 

considering the different welding processes e.g. LBW, EBW, GMAW, TIG etc. during 

simulation experiments [101]. The other advantage provides to simulate the combined HAZ 

zones formed in the case of multipass welding. It is one of the most accurate and reliable 

methods of HAZ characterization. This can be further used for metallographic examination as 

well as for different standarised mechanical testing procedures such as impact tests, tensile tests, 

fatigue tests etc. The test specimen can be heated at a speed of up to 10,000 °C/s by direct 

resistance heating (depending on the dimensions of the specimen). In order to achieve a steady 

state, the specimen can be kept at a constant temperature with high accuracy, in which a uniform 

temperature distribution can be achieved in the tested part. The specimens shall be placed in high 

thermal conductivity clamps to facilitate higher cooling speed. This can be as high as 

10,000 °C/s, depending on the size of the specimen and the cooling conditions. Given the typical 

specimen dimensions and the heating-cooling technique used, the differences between the 

thermal cycle on the surface and inside the piece are usually negligible. To achieve the desired 

thermal cycle, the feedback is provided by thermocouples [98]. 

HAZ of welded joints is such a narrow in width, and consists of very fine subzones having 

different structures. When the toughness of the critical subzones of the HAZ can be tested in the 

traditional way only on the side of the fusion line of the “half-V” and “K” welds, which is 

considered to be quasi-straight (as shown in Chabelka test), however, there is still a high degree 

of uncertainty as to whether the impactor incision passes through the zone to be tested. In 

addition, the radius of incision of a standard impactor (R = 0.25 mm) usually exceeds the width 

of a critical HAZ subzone [102]. Thus, it is very difficult to analyse the effect of characteristic 

microstructure on toughness using true weldment. Using the physical simulator, the desired 

subzones of HAZ, depending on the distance between the jaws and the test parameters, up to 5-6 

mm wide, homogeneous structure can be produced. Heat processes in different subzones of the 

HAZ are determined by known welding thermal cycle models (e.g. Hannerz, Rosenthal [103], 

Rykalin [104]) provided in the available QuickSim software with equipment can be used to 

describe different thickness of the materials to be simulated. 

HAZ properties and microstructure depends on the accurate simulation of thermal cycles 

corresponding to the peak temperatures using suitable HAZ thermal simulator. However, several 

methods were developed to predict the thermal cycle in the various subzones of HAZ during 

welding. Some of them based on the thermal properties of the materials whereas others were 

measured based on the experimental method. So, there must be appropriate HAZ thermal 
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simulation program which can authentically replicate the actual thermal cycle experienced 

during welding within reasonable limits [105]. Therefore, the similarities and differences among 

the HAZ thermal cycles obtained by the different methods should be fully studied and 

understood and the same is presented in the dissertation.  

 

2.4.1. Case studies of physical simulation 

− J. Wang, L. Yang et al. [106]: presented the study of softening mechanism of DP1000 steel 

and Gleeble 3500 thermal simulator was used to simulate the welding thermal cycles of all the 

subzones of the HAZ of laser-welded specimens. Softening was observed in two subzones, 

firstly in the ICHAZ, when the ferrite transformed from the martensite and some of the ferrite 

in the original microstructure were transformed into austenite. Secondly, in the tempering 

zone i.e. SCHAZ because the martensite in the original microstructure precipitates carbides 

and then forms tempered martensite, the hardness of tempered martensite is lower than that of 

quenched martensite, which decreases the hardness. 

− Q. F.Wang, C.J. Shang, R.D.Fu et al. [107]: studied the physical simulation and metallurgical 

evaluation of HAZ of ultrafine bainitic ferrite steel during laser welding. The thermal cycle 

was determined from actual laser welding. The rapid thermal cycle of laser welding imposed 

on the HAZ was physically simulated using a Gleeble simulator equipped with a special 

isothermal quenching device (ISO-Q™), and a relatively large volume of HAZ with a 

homogeneous microstructure was obtained. In real experimental laser welding process the 

major challenges are an abrupt change in microstructural phenomena and actual assessment of 

the mechanical properties due to very narrow HAZ and partly to high mechanical properties 

gradient. The hardness measurements revealed that the rapid thermal cycle of laser welding 

increased the hardness of base steel and resulted in an abrupt hardness distribution in the 

HAZ, whereas, the relatively slow thermal cycles for the post-weld laser tempering created a 

relatively soft microstructure that transformed at a lower cooling rate. 

− C. Lundin and G. Zhou [101]: showed a comparison of six thermal cycles in ferritic steels by 

different methods namely HAZ calculator, the F(S, d) program, Hannerz, Ryaklin-2D, 

Rykalin-3D and Rosenthal methods. The main aims to present the comparison results is to 

show the similarity and differences among the HAZ thermal simulation calculation 

methodologies to predict the actual HAZ thermal conditions. The thermal simulation is the 

key approach to define the unique microstructure and the properties of the weld HAZ which 

specially relies on the accurate simulation of the thermal cycles corresponding to the different 

peak temperatures and it is also influenced by the combined effect of the various input 

parameters such as heat input, preheat temperature, plate thickness and welding process. 

− M. Lomozik [105]: presents differences in the characteristic of structural steels in thermal 

cycle in welding conditions compared with the cycle of a traditional heat treatment. CCT-

Welding diagrams constitute a source of essential information about the impact of welding 

thermal cycles on the structure and properties of steel being welded and thus highly facilitate 

the development of welding technologies. 

− R. Laitinen, D.A. Porter, L.P. Karjalainen et al. [108]: evaluated the HAZ toughness of an 

offshore and an UHSS by physical simulation and used the most critical subzones of the 

HAZ. HSS (offshore steel, 500 TM1, thickness = 40 mm & 500 TM2, thickness = 35 mm), 

t8/5 = 5 s and 30 s, CGHAZ, ICHAZ and intercritically reheated coarse-grained heat-affected 
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zone (ICCGHAZ) zones were simulated. For HSS (S960QC, thickness = 6 mm). CGHAZ and 

ICCGHAZ zones were simulated using t8/5 = 5, 10, 15 and 20 s and the ICHAZ zone using t8/5 

= 5 s and 10 s. The hardness corresponding to the 1350 °C peak temperature decreases with 

decreasing cooling rate (increasing t8/5) from 310 to 255 HV10 at t8/5= 5 s and 20 s, 

respectively. Furthermore, the softened zone exists outside the peak temperature zone in the 

IC/SCHAZ, having the minimum hardness of 255-270 HV, i.e. about the same as the hardness 

of the CGHAZ at t8/5 =15 s and 20 s. 

− M. Gáspár [109]: studied the effect of welding heat input on simulated HAZ of 15 mm 

S960QL steel. CGHAZ, ICHAZ and ICCGHAZ zones were simulated for t8/5 = 2.5, 5, 10, 15, 

22.5, 30, 100 s. Significant toughness reduction was observed in the investigated subzones in 

the whole cooling time range of the most common arc welding processes t8/5 = 2.5–30 s. In 

CGHAZ generally hardening was observed, except in case of t8/5 = 100 s where softening was 

identified in CGHAZ. 

− M. Mičian, J. Winczek, D. Harmaniak et al. [110]: analysed the physical simulation of HAZ 

in 2 mm thick steel S960MC. Samples were simulated at different peak temperature i.e. 550 

(SCHAZ), 600 (SCHAZ), 650 (SCHAZ), 800 (ICHAZ), 1000 (FGHAZ), 1200 (CGHAZ), 

1350 °C (CGHAZ) and the corresponding microhardness are 320, 285, 287, 251, 292, 260, 

248 HV1 respectively. The BM hardness was 361 HV1. The t8/5 cooling time  are 15.8, 19.1, 

25.8 and 26.5 for 800, 1000, 1200, 1350 °C  respectively. It was observed that microhardness 

decreased with increasing maximum temperature of the thermal cycle, largest decrease was 

observed at a temperature of 800 °C (251 HV1) while at 1000 °C, the microhardness 

increased again and reached a value of approx. 292 HV1. This is due to the favourable fine-

grained structure of the FGHAZ zone. The lowest values of microhardness were obtained in 

at 1350 °C and 800 °C, where only 69% of the base metal hardness was recorded. This 

decrease in hardness corresponds to the changes in strength. Decrease of strength-related 

properties is a typical behaviour for all high-strength steels (i.e., quenched+tempered and 

TMCP steels), when they are heated in the range of  450 °C to Ac1 temperature, due to 

martensite tempering. 

 

2.4.2. Recommendation to the aims 

− Physical simulation provides the facility for the generation of large volume material with 

uniform microstructure and properties which represent the one particular point within the 

HAZ;  

− Hardening and softening behaviour of the HSSs  in the HAZ depends on the grade, the value 

of t8/5 cooling time and the peak temperature; 

− To analyse the microstructural behaviour of HSSs, in the 5-30 s cooling time interval; 

− The HAZ simulation of beam technologies in plates and sheets are also possible by Gleeble. 

 

2.5. Residual stress 

Residual stress (RS) occurs in almost every component obtained by different manufacturing 

processes like welding, forming etc. It is sometimes overlooked and ignored as felt that it has no 

significance effect without any external loading. But this negligence leads to the compromise 

with the quality and further it has profound influence on the material strength, fatigue life and 

dimensional stability. The different mechanism involved in the creation of the RSs such as non-
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uniform plastic deformation, surface modification and material phase or density changes due to 

presence of large thermal gradients [111]. RSs in any components or body are those which 

occurs due to inequilibrium between the body and its environment. It is categorised by cause like 

thermal or elastic inequilibrium, according to method by which it is measured, or by the scale 

over which it self-equilibrate. According to the basis of the length scale over which it self-

equilibrate, it is divided into three types; firstly, Type I which are macro “residual stresses” that 

appears in manufactured components. Secondly, Type II which are micro stresses that extend 

over the distances in the micron ranges e.g., between grains in metals. Finally, Type III are 

residual stresses that occurs at the atomic scale dislocations and crystal interfaces [28][111].  

In welds, solidification and differential shrinkage causes large tensile and compressive 

residual stresses. The weld bead is stress-free while it is molten but residual stresses only creates 

after solidification. The hot weld seam and HAZ cool over a larger temperature range than the 

surrounding material and therefore shrinks more. In order to maintain dimensional continuity 

through compatible longitudinal strains, large longitudinal tensile residual stresses (TRS) are 

created in the weld metal and HAZ balanced by compressive stresses in the surrounding material 

[111]. The typical patterns of residual stress distributions in a butt-welded joint with longitudinal 

residual stress σx and transverse stress σy along the weld line and in the transverse section, 

respectively, shown in Fig. 2.9. The maximum magnitude of longitudinal stress is approximately 

equal to the yield stress. 

 

 

Fig. 2.9.Patterns of residual stress distributions in a butt-welded joint [112]. 

 

There are various techniques are available to quantify residual stresses in the specimens and 

the components. They are categorised into two parts, on is destructive methods and another non-

destructive methods. Non-destructive methods include neutron and X-ray diffraction (XRD), 

where the atomic spacing of the material is used as a strain gauge. Destructive techniques 

include hole drilling, slitting and the contour method. In such methods RSs are inferred from 

distortions or relaxed strains caused by stress redistribution following cutting of the sample. 

However, each methods has its own significance, applications areas and limitation such as 

number of stress components that can be evaluated varies between the technique, limitation of 

the size of the samples, spatial resolution of the measurement of the area for each method etc. 
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[113]. However, the various residual stress measurement methods are so well developed and 

technologically sound that the accuracy gap between them is often not so large. 

In this dissertation, one of the non-destructive method i.e. XRD technique was used for 

residual stress measurement. In this method, the XRD only penetrates a few microns. This 

methods use the ability of electromagnetic radiation to measure the distance between atomic 

planes in crystalline or polycrystalline, materials. This methods effectively measure a crystal 

inter-planar dimension that can be related to the magnitude and direction of the stress state 

existing within the material. These measurements are independent of whether that stress is 

residual or applied. Also, the measured lattice strains are “absolute” quantities, that is, relative to 

a zero-strain datum. This is a significant feature of diffraction methods because it allows residual 

stresses to be measured as well as applied stresses [111]. 

The risk of cracking during welding of HSS is higher compared to MS due to the high RS and 

the more sensitivity to hardening. GMAW is most commonly used method for welding process 

of these HSSs, but the arc welding severely affects the RS because of high linear heat input 

which in turn gives wider weld and HAZ. But the EBW is a high energy density fusion beam 

welding process that can be more advantageous due to smaller linear heat input in the weld, the 

RS reduces substantially, also providing the narrow weld and HAZ without significantly 

affecting strength properties of the weld [114][115]. RS can be more troublesome because it 

generates the stress concentration at joints and the possible chances of deleterious 

microstructures in the HAZ [27]. The calculation and evaluation of the RS is highly difficult task 

in the welded specimen specially in the high energy beam welded samples due to its narrow weld 

and HAZ. During welding localised heating and cooling occurs which set up large stresses in the 

vicinity of welded joints [28][29]. The RS develop in the welded specimen is a complex 

combination of various factors like geometrical features of the weld, welding parameters, 

stiffness of the structure, manufacturing process, environment and volumetric changes due to 

phase transformations in the weld zone etc. [31][32][33][34]. The effects of the RS may lead to 

the structural failure, so the proper analysis of these stresses is detrimental. TRS in the welded 

joints can cause higher mean combined applied stresses which negatively affect the fatigue life 

of the joint. The compressive residual stresses (CRS) considered beneficial as it reduces the 

mean compressive residual stresses (mCRS) which significantly improve the fatigue life of the 

welded joint, reduces the stress corrosion cracking (SCC) and brittle fracture. These beneficial 

effects of the compressive stresses are highly recognizable in the industry [115][116][117][118]. 

Furthermore, the one of the important critical zones in the welded joint area which draw most 

significant attention is the weld toe where typically highest tensile stresses are located caused by 

the higher stress concentration and hardness. The basic assumption is often made that the 

magnitude of the maximum tensile residual stress in a weld in the as welded condition is equal to 

the yield strength of the weld or BM [116]. 

Various researchers in past had studied material characterization and mechanical properties of 

Q+T and TMCP steels with conventional GMAW process while the effect of EBW on the 

residual stress distribution of HSS is rarely available. Thus, it is worth to examine and compare 

for induced residual stresses in these HSSs during the application of beam process welding 

technology [27][119].  
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2.5.1. Case studies of residual stresses 

− L. Suominen, M. Khurshid, J. Parantainen [34] studied residual stresses in welded 

components of different high strength steels (S960QL, S690QL, S700MC, S420MC) and their 

modifications for improving the fatigue strength. Since, in HSS, welded structure looses the 

original strength and the weld toe is more critical area as it increases the notch effect and high 

tensile stresses. For S960QL and S690QL, thickness= 10 mm, XRD method used, Collimator 

size was 2 mm. S960QL, residual stress (at weld toe)= 100 MPa; S690QL, residual stress (at 

weld toe)= 150 MPa. 

− T. Slęzak, L. Śnieżek [120] observed that in the steel with high yield strength, their fatigue 

strength was influenced due to their stress concentration, local changes of stress or 

microstructural changes in HAZ. So, to improve the fatigue behavior of HSS steels they used 

high energy joining technology i.e. LBW, since it gives relatively narrow welds and reduced 

HAZ which minimised the residual stresses and distortions. S960QL material with 6 mm 

thickness was investigated with XRD method. In HAZ, with the increase of welding speed 

residual stresses increases in the direction perpendicular to the weld axis and the maximum 

tensile stress was 350 MPa. 

− T. Schaupp, D. Schroepfer, A. Kromm and T. Kannengiesser [121][122] studied the residual 

stress distribution of Q+T and TMCP high strength steel TIG welded joints. Materials used 

are S960QL and S960MC, thickness = 8 mm. XRD method was used for residual stress 

measurement and the collimator size was 2 mm. With the increase of heat input, transverse 

residual stress for TMCP is higher in the weld than Q+T whereas for the Q+T steel the tensile 

stresses in the HAZ increase with increasing heat input. 

− D. Schroepfer,  A. Kromm, T. Schaupp & T. Kannengiesser [123] analysed the cooling 

conditions and resulting microstructure for varied heat control parameters on multi-layered 

GMAW welded high strength steel joint. The welding stresses may be detrimental for the 

safety and performance of high-strength steel component welds during fabrication and 

service, especially due to the high yield strength/ultimate tensile strength ratio. So, they 

analysed the local stresses in the weld while welding and cooling under component relevant 

shrinkage restraints. Material used S960QL, plate thickness = 8 mm to 20 mm, GMAW 

welding process, matching filler materials. If the desired cooling time (t8/5 = 6 to 8 s) was 

applied then a high heat input and low interpass temperature causes significantly lower tensile 

residual stresses in the critical HAZ compared to low heat input and high interpass 

temperature. 

− J. Hensel, T. Nitschke-Pagel & K. Dilger [124] presented the results from experimental 

investigation on welding residual stress generation with single and multi-layered fillet weld. 

Material used S355N, S690Q, S960Q, plate thickness = 10 mm, robot-mounted GMAW. 

XRD method was used for RS measurement. With setup of longitudinal stiffeners with single-

layer fillet welds, higher strength steels (S690Q and S960Q) showed lower residual stresses 

with magnitudes of approximately 40% of the nominal yield strength. Residual stresses at the 

weld toe were smaller than the maxima determined and varied between -80 MPa 

(compression) and 200 MPa (tension). While with multilayer fillet welds setup, the residual 

stress profile from the investigated S960QL varied from the results of the single-layer welds. 

RS was nearly 0 MPa at the weld toe and decreased slightly with increasing distance to the 

weld toe (−100 MPa). 
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− T. Nitschke-Pagel [125] studied the measurement of RS in welded joints using XRD method. 

S460N material, thickness= 6 mm, collimator= Ø1.0 mm, TIG (E= 1092 J/mm) and GMA- 

welded with filler material X90 (E= 762 J/mm) butt joint. Author presented the influence of 

the local resolution on the quality of the measurement results using collimator size Ø0.5, 

Ø0.8, Ø1.0, Ø1.5, Ø2.2 & Ø3.0 mm. The final results are independent from the collimator 

size except for the Ø0.5 & Ø0.8. With experiences of practical application of XRD revealed 

that collimator size lower than Ø1 mm leads to higher scattering and large extensions of the 

required exposure times. In practical, local resolution of 1 to 2 mm are most commonly used 

especially for standard arc welds, however in very narrow beam welds lower local resolution 

can be used. 

 

2.5.2. Recommendation to the aims 

− Residual stress measurement for high strength structural steels (e.g. S960QL, S960M etc.) and 

automotive steels (e.g. DP1000 etc.) should be examined; 

− RS measurement results by means of X-ray diffraction method can be expected more reliable. 

− With application of modern material joining process like EBW, LBW process has outstanding 

significance in the reduction of residual stresses compared to GMAW and thus the fatigue 

behaviour of the high strength structural steels. 

− With EB welded joint lower angular deformation can be realised compared to the GMA 

welded joint. 

− In literature, Ø2.0 collimator size was frequently used for XRD measurements of arc welded 

joints, however for narrow beam welds lower collimator size should be used (Ø1.2 mm or Ø1 

mm if possible). 

 

2.6. Fatigue behaviour of HSS and their welded joints 

In this chapter, keeping in mind the objectives of the dissertation, I have provided a brief 

insight into the (primarily) the main features of fatigue crack grow (FCG) and the behaviour of 

HSS welded joints under cycle conditions. 

 

2.6.1. Fatigue crack growth (FCG) and characteristics 

In the case of cyclic stress structures, especially welded structures, the frequency of fatigue 

fracture exceeds the static fracture, however, classical measuring approach and inspection 

methods based on the Wöhler curve do not seek to follow the damage, failure process, but allow 

for allowable stresses. These tensions belong to some kind of fracture (survival) probability, so 

they reflect some kind of risk taking. However, they are not suitable for taking into account 

deviations/defects in the structure due to production or operation. For a wide variety of 

structures, this has justified the onset of the fracture mechanics approach [126]. 

In the case of fatigue design, it is assumed that, for a certain service life the structure as a 

whole or some of its components are free from defects and, even if they contain defect(s), no 

cracking will occur at the applied stress level. In contrast, damage-proof design is based on the 

presence of cracks in each structure, and these cracks increase. According to this principle, the 

structure must bear the load until the fault is discovered, more precisely until the fate of the fault 

is decided [127]. The prominence of defect-proof design philosophy is justified by the fact that 
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the concept of design for a certain lifetime has often proved insufficient, as evidenced by the 

unfortunate damage that has occurred in practice, moreover, the production of welded structures 

without gaps in continuity can in practice only be guaranteed in principle [128]. As an economic 

disagreement, it can be argued that a significant unused service life can be lost if a structural 

component is replaced when the maximum design life is reached [129]. 

One of the cornerstones of the lifetime estimation system [130] is the range of fracture 

mechanical measures representing the material. For welded structures, especially those made of 

high-strength materials, the theory of linear elastic fracture mechanics (LEFM) can be used to 

assess the hazard of cracks, where the stress intensity range (ΔK) in the vicinity of the crack peak 

is used to describe the stress state. Accordingly, the required material measures can be derived 

from the fatigue crack propagation kinetic diagram, which can be determined from the results of 

fatigue crack propagation rate studies. 

Several models are known to describe fatigue crack propagation. The general form of the 

most commonly used relationship based on the range of the stress intensity factor is as follows: 

    ( )= 
n

n

da
C f K

dN
      2.2 

 

Plotting the relationship (2.6) - in the case of constant load asymmetry factor (R) and constant 

temperature (T) - in a double logarithmic system, we obtain the characteristic curve, the kinetic 

diagram of fatigue crack propagation as shown in Fig. 2.10, 

 

 

Fig. 2.10. Kinetic diagram of fatigue crack growth (FCG) [126][131][132]. 

 

According to LEFM and stress intensity factor (K) theory, the regions of the diagram can be 

described on different ways. Region I, is a phase of slow propagation of the crack. Its left tangent 

is the threshold of the stress intensity factor range (ΔKth), during which the crack is not yet 
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spreadable. Region II, is range of stable crack growth, and the region III is the rapidly 

accelerating range of crack propagation. The right-hand tangent of the latter is the critical value 

in the range of the stress intensity factor or the cyclic fracture toughness (ΔKfc) [133]. These 

equations are as follows, respectively. 

In the first two regions (I and II) the Klesnil-Lukas equation [134], can be used reliably in 

range. It is the most widely known and used equation.  

                                        ( )=  −m m
m th

da
C K K

dN
                                                            2.3 

  

in the middle part the Paris-Erdogan law [135] is valid, 

             ( )= 
nda

C K
dN

                             2.4 

 

and finally, in the second and third regions the Forman’s function [136] are the most common 

used formula 
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In fatigue crack growth tests, the propagating crack size (a) shall be measured, the number of 

stress cycles (N) shall be counted, and then the fatigue crack propagation rate (da/ dN) shall be 

calculated. Having this, the kinetic diagram of the fatigue crack propagation or usually a part of 

it (da/dN -ΔK) can be given with the help of the stress intensity factor range (ΔK), and then the 

material measurements can be calculated. 

Correlation for calculating the range of the stress intensity factor 

          
  

 =  
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shape, in which the Y (a/W) functions depend on the type of specimen, can be found in manuals, 

standards, and test control software descriptions.  

Beside these formulae further and more complicate possibilities are found in different sources 

[137][138]. From an engineering point of view, the Paris-Erdogan law and its modified versions 

are the most common used equations. 

 

2.6.2. Case studies 

− J. Lukács & Á. Dobosy [139] studied the influence of the mismatch effect on high-strength 

steels and to determine fatigue crack propagation design curves. Material used S690QL, 

S960QL & S960M, thickness 15 & 30 mm. GMAW, matching, overmatching (OM) and 

undermatching filler materials. Shielding gas: 82% Ar + 18% CO2. The average values of the 

Paris-Erdogan exponents (n) of the matching (M), overmatching (OM) and undermatching 
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(UM) conditions of the investigated welded joints were statistically higher than the exponents 

of the concerning base materials. 

− M. Gáspár [14] studied the FCG for the S960QL, thickness= 20 mm, GMAW, filler material-

X96, matching type, pre-heating temperature= 200 °C, interpass temperature= 150 °C, 

shielding gas: 82% Ar + 18% CO2, crack propagation monitored optically, stress ratio, R= 

0.1, sinusoidal loading wave form. The specimens were machined from the welded joint in 

the two directions studied (21W and 23W), the difference did not prove to be significant, 

similar to the base material. The kinetic diagrams show that in the case of specimens incised 

in the weld, the propagation of cracks started at a relatively high rate. When these cracks 

reach a size of a few millimeters, the initial differences are evened out. This can be explained 

by the fact that due to the multi-layered weld joint, the inner layers of the weld undergo 

tempering. Based on the results of the tests, the resistance of the weld and the heat-affected 

zone to fatigue crack propagation lagged behind that of the base material. 

− H.F.H.Mobark [50] studied the FCG for the Weldox 700E & Alform 960M, thickness= 15 

mm, GMAW, R= 0.1, sinusoidal loading wave form, crack propagation monitored optically, 

loading frequency was f = 20 Hz for two-thirds of the growing crack’s length, approximately, 

and it was f = 5 Hz for the last third. The average values of the Paris-Erdogan exponents (n) 

of Weldox 700E and Alform 960M base materials in the T-L directions and of the Weldox 

960Q base material in the T-S directions are significantly not different, which means equal 

fatigue crack growth resistance in these orientations. The average value of the Paris-Erdogan 

exponent (n) of the matching (M) welded joint of Alform 960M is lower than exponent of the 

undermatching (UM) condition. The fatigue crack growth resistance in matching (M) 

condition is lower than undermatching (UM) condition. 

− H.T.Li & X.D.Song [140] studied the fatigue crack propagation rate of high strength steels 

welded joints. Material: HG785D (Q+T), thickness= 20 mm, MAG, shielding gas: 80% Ar + 

20% CO2, matching, no preheating, R= 0.2, f= 8 Hz. The a-N curve and fatigue crack growth 

rate da/dN-ΔK curve were plotted. The linear correlation coefficient of experimental data for 

HAZ was higher than the weld. The fatigue crack propagation rate of the weld and the HAZ 

of the butt welded joint is different at the same stress ratio, fatigue crack propagation rate in 

HAZ is higher than in the weld. 

 

2.6.3. Recommendations to the aims 

− Selection of adequate number of specimen should be strictly planned for investigation; 

− Statistical analysis technique should be used to evaluate and draw accurate inference of the 

tested results; 

− The testing circumstances should be properly presented and observed while considering 

various influencing factors; 

− High energy beam welded joint of HSS without filler material should be investigated by 

fatigue crack growth tests and compared with similar strength grade of HSS with arc welding 

process for different mismatch phenomena; 

− The resistance to fatigue crack propagation of electron beam welded joint should be studied 

carefully, may be in future it has high industrial applicability ranging from structural 

components to automotive applications. 
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3. APPLICATION OF BEAM WELDING TECHNOLOGIES ON HSS 

3.1. Laser beam welding 

With the development of HSS, role of welding technology growing significantly to improve 

the weldability of these materials to perform intended function at the highest level [141]. In the 

industry there is a very rapid increase in the application of LBW process for HSS welding which 

radically different from the conventional welding processes [142]. HSSs and LBW are like two 

side of a coin, without each other they are incomplete and these combinations becoming so 

popular nowadays in all industrial application with using all newer laser processes or technology 

in the field of welding technology.  

 

3.1.1. Diode laser 

The laser was first invented in 1960 and then used extensively in materials processing. Laser 

welding constitutes a large area of laser materials processing market i.e. about 40% [143]. A 

HeNe laser or a laser diode, both low-power lasers that radiate in the visible spectrum, are 

switched into the beam path when equipping a laser machine. However, the laser beams used in 

materials processing radiate in the infrared and ultraviolet ranges, so that they are not visible 

[144]. The spectral ranges of light and different lasers are shown in Fig. 3.1. 

 

 

Fig. 3.1. The spectral ranges of light and different lasers [144] 
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The power density in laser welding process is on the order of up to 108 W/cm2, which is about 

4 times higher magnitude than in conventional arc welding methods [145]. Therefore, the 

influence of LBW on the base metal in the vicinity of the weld (HAZ) is considerably lower and 

the microstructure degradation is minimal [145]. There are different types of laser developed 

over the time and it is widely used in material processing and welding technology like carbon 

dioxide (CO2) laser, neodymium-doped yttrium aluminum garnet (Nd YAG) laser, diode laser, 

disk laser, fiber laser etc. 

HPDL welding is considered as boon and state-of-the-art technology in modern automotive 

industrial application. The advanced feature of HPDL, crucial in the welding process is the 

inherent beam stability, adjustable square or rectangular shape of the laser beam spot with a top 

hat profile in one direction and a Gaussian like in the other leads to uniform heating of the 

surface over a relatively large area [146][147], high energy conversion efficiency of 30-50% and 

relatively high radiation absorption rate on the surface of most metals due to its shorter 

wavelength lies near infrared range from 0.808 to 0.960 μm [26][148][149][150]. The HPDL 

with its application does not only provide an ideal beam geometry and intensity distribution but 

is also an efficient way for heat treatment processes, including PWHT [151]. The most important 

process parameters in the heat treatment of material by diode laser welding are laser power and 

traverse speed [21][152]. By PWHT the fatigue life, the lifetime of the joints, the crack 

resistance and other mechanical properties (e.g. toughness) may get improved significantly. So, 

it is very crucial to evaluate the laser weldability of HSS, including microstructural changes in 

weld and HAZ and to analyse the applicability of laser PWHT [5][153][154][155]. The increased 

beam quality, lifetime and further reduced investment cost as compared to other laser, this laser 

look into a bright future with a vast increase of market share [156][157][158][159]. Diode lasers 

achieve particularly excellent smooth seams with low spatter specially at high welding speeds in 

conduction mode welding of thinner sheets but also in deep penetration/key-hole welding. Due 

to the short wavelengths near the absorption maximum of aluminium, this method is widely used 

in the automotive industry where high-power diode laser systems are used for body-in-white 

applications [160]. 

The significant advantage of the actual HPDLs themselves is their considerably low price 

(200–400,000 euros), and the very high radiation absorption rate which for metals from an iron 

matrix is 20–40%, at a laser beam wavelength of 940 nm. The laser light beam absorption rate 

also depends on the temperature of the treated metal and increases to approximately 90% after 

exceeding the melting point, while after exceeding evaporation temperature, almost all laser 

radiation energy is absorbed. Laser radiation absorption also depends on the beam’s power 

density. At the point of exceeding the beam’s power density threshold, which for carbon, alloy 

and highly alloy steel is approximately 1.5 x 103 W/mm2, the absorption ratio is approximately 

90%, regardless of the laser radiation wavelength [26]. 

LBW has some other distinctive qualities which make it especially suitable to the 

requirements of the automotive industries. These characterestics are as follows 

[161][162][163][164]: 

− High welding speed: a high production rate is a main requirement in the automotive industry. 

LBW may reach higher welding speeds of several meters per minute, allowing a large number 

of welds in a short time. 
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− High quality of the welded parts: because of the highly concentrated energy of the laser beam, 

very limited distortions of the final parts occur. The welded components do not need to be 

reworked after welding and are “ready to use.” 

− Versatility in terms of weld geometry and accessibility: laser welding easily perform from a 

single side (tube, profile etc.), and many different weld shapes (C, S- shape etc.) can be made. 

− Adaptation to mass production: laser welding is highly repeatable and with proper automation 

result will be highly effective and productive. 

− Highly accurate and efficient process. 

− Narrow HAZ and FZ. 

− Low linear energy (heat input). 

− Minimal welding deformations and stresses. 

− Cost reduction. 

− Higher improved productivity. 

 

3.1.2. Post weld heat treatment 

The main benefit of diode laser is to use same machine for welding and post weld heat 

treatment simultaneously. Also, diode laser beam welding process is considered as best method 

for post weld heat treatment as its cover larger surface due to large focus size which may be 

rectangular or square shape. In order to minimise the differences in microstructure and properties 

between weld bead and base metal, a PWHT is sometimes applied to the welds. This post 

treatment provokes a hardness decrease in the bead, associated with coarsening and it can also 

enhance precipitation hardening [165]. PWHT reduces residual stress levels and tempers, i.e. 

softens the hardened regions, particularly in the HAZ. It is performed to temper the weld metal 

and HAZ with the aim of decreasing hardness and improving toughness, and reducing the 

residual stresses associated with welding. 

The typical cooling conditions in the HAZ correspond to the heating rates of several 

thousands and to the cooling rates of several hundreds of °C per second, which correlates with a 

typical characteristic t8/5 cooling time of less than one second. This results in most cases in brittle 

martensitic weld metal and HAZ microstructures of steels, even for those which are typically 

considered to have good weldability properties. Even for steels with a reasonable amount of 

carbon at 0.18 wt%, this would result in hardness profile peaks of above 400 HV. This is the 

reason why preheating or post-weld heat treatment might be necessary to reduce the HAZ 

hardness values for some steel grades [166].  

After PWHT, a weldment should be tougher and also should resist such service hazards as 

SCC and in-service cold cracking more readily than in the as-welded condition. The selection of 

PWHT temperatures is often aided or limited by the appropriate application standard, and is 

usually within the temperature range 550–750 °C. It should be remembered that PWHT at a 

lower temperature will not undo any excessive softening which may have resulted from the use 

of too high temperature. However, if a weldment has been undertempered by PWHT, a further 

heat treatment at a higher temperature is always possible [150].  

Heat treatment with diode lasers does not only allow hardening but also the exact opposite, 

namely, the tempering of steels. Diode laser is the better tool compared to other methods like 

induction, gas flames or infrared rays. On the one hand, material processing is highly flexible 

and precise, even with hardening; on the other hand, the created transition zone between the 
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processed and unprocessed base material is smaller than that created with other technologies. But 

in particular, diode lasers have a very homogeneous intensity distribution even at big spots, 

which makes the softening results specifically even [167]. Laser heat treatment is also used to 

prepare high-strength materials for subsequent forming by reducing the hardness in well-defined 

areas [160]. 

 

3.2. Electron beam welding 

EBW was invented as innovative welding technological process with significant breakthrough 

in the development of electron beam is a unique as a processing heat source by virtue of it 

focusing ability, intensity and high vacuum operation which in turn provides the greater 

penetration depth and narrow FZ is of particular importance [168][169]. These combined 

characteristics of the EBW processes completely distinguishes it from other conventional arc, 

resistance welding processes [170]. It is fusion welding process in which high energy density 

beam (107 W/cm2) [8][171] is impinging on materials surface to be welded and vaporises metals 

(kinetic energy of high velocity of electron used to produce heat energy) [60][172]. Firstly, it 

was intended to use in nuclear and aerospace industries but with the subsequent development in 

the technology (process and equipment) broaden the dimension of application area of EBW 

[171][173]. Nowadays, it is widely used in welding and material processing like in construction 

area, ship building, petrochemistry, medical equipment etc. [174]. The outstanding combination 

of EBW process and HSS Q+T and TMCP with a ground-breaking result pioneering in the field 

of different industrial sectors like automotive and vehicle industry (crane, truck etc.) [175]. 

During the conventional arc welding of  HSSs the outstanding toughness of the base material 

is drastically reduced in the HAZ and occasionally in the weld due to the welding heat input 

[109], therefore EBW can mean an ultimate way for the reduction of the areas of the brittle HAZ 

subzones. 

Some advantages of the electron beam welding process are presented below which has 

significant importance in the application of materials with strategic applications 

[8][170][171][176][177][178]:  

− Its gaining the attention for the application to HSSs since in these steels complete elimination 

of hydrogen is the prime requirement for successful welds. 

− It is one of the safest welding process against the weld contamination (e.g. oxygen, nitrogen 

etc.). 

− EBW process getting more serious attention for many critical joining applications (bridges, 

aircraft parts, medical equipments, oil and gas industry, nuclear industry etc.) in which the 

refining and high intensity inherent to the process that can offer any advantages. 

− Wider range of material thicknesses can be weld without filler materials and shielding gas. 

− High depth-to-width weld ratio can be produced. This chacterestics allows for the single pass 

welding of the thicker section joints. 

− Higher power beam density and lower linear heat input resulting in the reduction of HAZ and 

FZ width while keeping the welded joint strength and toughness intact. 

− Faster welding speed possible due to higher melting rates. 

− Various types of joints (e.g. butt, lap, edges, T-joints) can be easily welded by EBW process. 

− High precision process. 
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3.3. Case studies on beam technology application to the HSS 

LBW: 

− P.H.O.M Alves et al.[21] studied microstructural characterisation and mechanical behaviour 

of the laser welded DP1000 HSS with combination of various laser power and welding speed 

combination. Plate thickness = 1.8 mm, Yb-fiber laser system, argon gas flow rate was 6.6 

l/min. They observed that the retained austenite and tempering of prior martensite are 

responsible for the softening experienced between intercritical and subcritical HAZs. Size and 

volume fraction of retained austenite increase from the FZ towards the HAZ. 

− K. Bandyopadhyay et al. [22][23] studied the optimization of the welding parameters to 

minimize localized softening in the HAZ of DP980 steel. Laser power of 1.8 kW and welding 

speed 1 m/min was used. Transverse tensile testing of DP980 laser welded blank (LWBs) 

showed fracture at the outer HAZ and hence, severe reduction in strength and ductility was 

observed. Microhardness profile showed reduction in hardness at outer HAZ compared to that 

of base metal.  

− E. Biro et al. [24] examined the chemistry and microstructure of DP600 and DP780 steel 

grades affect martensite tempering kinetics during laser welding. They used 4-kW diode laser 

and 8-kW CO2 laser in case of DP600 and 1-kW Yb fiber laser in case of DP780. For all 

experimental welds, the minimum weld hardness was found to be significantly less than the 

base material hardness. The analysis of the softened HAZ revealed that the martensite within 

the base material structure decomposed to cementite and ferrite (tempering). 

− J. Wang et al. [25] studied the effect of energy input on the microstructure and properties of 

laser welded DP1000 butt welded joint with thickness of 1.5 mm. Nd:YAG laser with power 

of 1.3 kW, welding speed from 4 mm/s to 14 mm/s, gas flow rate = 20 l/min, pure argon gas 

was used. Softening existed in the SCHAZ and ICHAZs. The average hardness of the 

softening zone was only 75% of that of the base metal. The hardness of the hardening zone of 

the HAZ was 125% of that of the basemetal. The most serious softening zone was near Ac1; 

the hardness in the softening zone increased as the distance from Ac1 towards base metal 

increased until the hardness of the base metal was reached. Tempering martensite was found 

in the SC zone in the HAZ of the DP1000 steel laser welding. In the ICHAZ, a part of the 

austenite was transformed into ferrite/bainite and M–A instead of martensite during the 

welding process; thus, there was less martensite in this zone than in the base metal. As a 

result, the hardness of this zone decreased considerably, leading to the formation of a 

softening zone. 

− L. Prém et al. [179] studied the effect of resistance spot-welding technology made of DP steel. 

Material used-DP1000, thickness=1 mm. The traditional continuous energy input and the 

symmetric double pulse as the non-continuous energy input was compared during the 

experiments. They observed critical hardening in weld and HAZ during resistance spot 

welding. The micro indentation hardness profiles (measured and simulated) of welded 

DP1000 steel joints showed significantly higher hardness values, approximately 1.5 times 

higher than that in the base metal were observed in FZ zone. The profile was relatively flat 

across the fusion zone with an average FZ hardness of 490HV. In the ICHAZ of joints near 

the fusion boundary also exhibited high hardness. 

− Z.Wan et al. [180] studied the hardness evolution and high temperature mechanical properties 

of laser welded DP980 steel joints with thickness 1.2 mm. Fiber laser with a peak power of 6 
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kW was used for butt joint. No shielding gas, P= 4 kW, s= 16 m/min, beam size=0.6 mm was 

used. Microhardness evolution analysis (HV0.3) across the joint showed different subzones 

hardness and BM. BM= 320, FZ= 379, CGHAZ= 394, FGHAZ= 428, ICHAZ= 321, 

SCHAZ= 289. The above results shows the hardness of the FZ was higher to the BM which 

resulted from high cooling rate during LBW. The hardness in the HAZ varies significantly 

and hardening was observed in the CGHAZ and FGHAZ. FGHAZ attributed to the highest 

hardness and CGHAZ second highest. There was sharp drop in the hardness from FGHAZ to 

the SCHAZ because the HAZ experiencing a temperature between Ac1 and Ac3, causing 

incomplete quenching. 

 

EBW: 

− S.Błacha et al. [1] in his study related to the EB welded joint of S960QL for thickness 11 mm, 

observed that the tensile strength of the welded joint are at same level of the BM with 

parameters (accelerating voltage = 120 kV, beam current = 29, 30, 31, 32 & 33 mA, welding 

speed = 800 mm/min). The cooling rate of HAZ is less than 2 s (time t8/5). The maximum 

macro hardness was found in the HAZ. The microstructure of the HAZ depends on the 

distance from the fusion line and consists of martensite near the fusion line and bainite in the 

vicinity of the base material. The different sub zones could be distinguished clearly due to 

differences in morphology and level of hardness. The welding of HSS S960QL can be 

performed satisfactorily using the EB-welding process without compromising the mechanical 

properties of the weld. 

− S.Błacha et al. [60] showed in his study the results of metallographic examination and 

mechanical properties of electron beam welded joint of quenched and tempered steel grade 

S690QL and compared with MAG welded joint of same material. Plate thickness = 10 mm, 

accelerating voltage = 150 kV, beam current = 3, 5, 10, 12 16, 18 & 20 mA, welding speed = 

500 mm/min. The linear energy of 280 J/mm was selected as the most appropriate for the 

welding. For the comparison purposes the traditional metal active gas (MAG) welding of the 

same steel (S690QL) pieces was also performed. The welding parameters in this case were: 

welding speed 350 mm/min and the linear energy 1020 J/mm. It was shown that, for MAG 

welds, the best mechanical properties were achieved when cooling time was in the range 6-10 

s for at the lowest possible linear energy (500-700 J/mm). The base material as a delivered 

condition (quenched and tempered) had a bainitic-martensitic microstructure at hardness 

about 290 HV0.5. After welding, the HAZ microstructure is composed mainly of martensite 

(in the vicinity of the fusion line) of hardness 420 HV0.5. The weld made by EBW is 6 times 

narrower than the joint produced by MAG; the HAZ width is also narrower. Also, the 

hardness values were lower than 450 HV10 – the permissible hardness level for qualifying 

welding technology according to the ISO 15614-11 specifications. 

− G. Zhang et al [181] studies of EB welded joint of 300M (a commercial low alloy HSS, a 

modified AISI 4340 steel with silicon, vanadium and slightly higher level of carbon and 

molybdenum content than AISI 4340) composed of ferrite, bainite and retained austenite, 

HAZ is composed of ferrite and cementite, whereas this steel found extensive application in 

aerospace industry such as landing gear, high strength bolts and air- frame parts. 

− W. Maurer et al [177] studied the influence of soft zone on the static tensile strength of EBW 

of a TMCP steel. Material= S700 MC, thickness= 6 mm, energy input= 71 to 1200 J/cm. With 

the comparison between low heat input and high heat input, HAZ does not show any decrease 
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in hardness while the hardness rises in the FZ as a result of low heat input and the resulting 

reduced cooling time. While with higher heat input, softening appears in the HAZ and the FZ. 

EBSD analysis confirms that the HAZ with low heat input has smaller grain size than the 

higher energy input. In samples with low heat input (cooling time), fracture took place in the 

BM while with the higher heat input, it occurred in the weld metal due to softening of th HAZ 

and FZ. 

− J. Górka et al. [182] in their study of EBW of TMCP steel S700 MC discussed the analysis of 

various mechanical testing of welded joint. Material= S700 MC, thickness= 10 mm, butt joint, 

Av= 120 kV, Ib= 28.5 mA, s= 800 mm/min, E= 260 J/mm. The tensile strength of the welded 

joint (830 MPa) exceeded that of the BM (700 MPa) (fractured occurred in the BM). Bend 

test of the butt welded joint was characterised by good plastic properties (bend angle= 180°). 

BM structure typically constitutes fine-grained bainitic-ferritic structure. HAZ consists of 

bainitic structure whereas the weld constitutes mainly martensitic structure. The changes in 

the grain size in the HAZ were not significant which ascribed to the considerable heat input to 

the welded joint. In comparison to BM hardness (280 HV0.2), EBW process increased the 

hardness in the weld (331 HV0.2) and in HAZ (334 HV0.2). So, in weld and HAZ, hardness 

did not exceed the 350 HV, the limit value for the unalloyed steel containing microalloyed 

elements. The impact test revealed a decrease in toughness in the HAZ in comparison to the 

BM. 

 

3.4. Recommendation to the aims 

− LBW and EBW eliminates the use of special joint preparation, filler materials and reduces the 

thermal distortions; 

− In LBW, hardening of DP steels are observed in supercritical HAZ i.e. CGHAZ and FGHAZ, 

while SCHAZ experiencing the softening, peak temperature below the Ac1 line, martensite 

phase in the BM tempered, causing the decrease in hardness below the BM; 

− Mismatch phenomenon should be investigated in terms of the autogeneous LBW and 

compared with LBW matched welds; 

− LBW narrow welds dimension and properties of the neighbouring materials (BM), restricted 

the thinning of the hardened and softened areas, which ultimately reduces the detrimental 

effects in HAZ; 

− PWHT leads to the mictrostructural change that justify the improvement in ductility and 

reduces the risk of brittle fracture and tensile residual stresses in the welded joint. 

Furthermore, PWHT can reduce the hardness peaks in HAZ subzones (CGHAZ, FGHAZ & 

ICHAZ) and thus the cold cracking sensitivity; 

− EBW technology provides the deep penetration without filler in thicker plate thickness; 

− Its outstanding features of minimal and localised heat input results in the narrow weld and 

HAZ resulting in lower residual stress and smaller distortion; 

− EB technology eliminates the need of filler materials, especially in the higher strength 

categories; 

− Beam technology provides the mechanical properties of the welded joint strength near base 

metal strength, although deeper investigation (instrumented impact testing, fatigue crack 

growth tests) and comparison of the properties with GMAW are rarely available in the 

literature. 
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4. SUMMARY, SPECIFIC AIMS OF THE RESEARCH WORK 

The work presented in this dissertation focuses on the comprehensive and systematic study of 

the application of innovative welding processes (LBW and EBW) on the different grades of HSS 

and to analyse the microstructural changes and mechanical properties of the welded joints. 

There is a growing tendency in the literature to the application of HSS and beam welding 

technologies. However, the different grades within the group of DP steels are presented in this 

dissertation have limited information for its behaviours (HAZ characterization, residual stresses, 

welding with matching filler metal) during LBW (especially diode laser beam welding) and 

PWHT. Based on the literature review it was observed that the HAZ of DP steel laser beam 

welded joint can significantly harden close to the fusion line, and tends to soften in 

ICHAZ/SCHAZ. Diode lasers are rarely used for the welding of high strength steels however its 

application growing nowadays, and it provide unique solution for the PWHT and welding by the 

same device. Before real experimental work it is recommended to investigate the HAZ 

characteristics of DP steels, although physical simulation-based HAZ characterization of these 

grades is rarely available in the literature. During LBW the analysis and the determination of 

thermal profiles and the t8/5 cooling time are necessary to be explored by using various methods 

since beam technologies result significantly faster cooling of the weld and HAZ.  

Regarding structural steels, very scarce literature is available dealing with the effect of EBW 

process on mechanical properties, residual stresses and fatigue resistance of the S960QL but 

almost no for S960M grade steel. However, in terms of the HAZ properties of high strength 

structural steels there is a widely available literature, including physical simulation experiments 

(partially at the Institute of Material Science and Technology) in a wide cooling time range. In 

this dissertation, the welding of HSS S960QL and S960M has been performed satisfactorily 

using the EB-welding process without compromising the mechanical properties of the weld. 

Based on real welding experiments and physical simulation analysis in the literature there is a 

significant reduction of toughness in the gas metal arc welded joints of high strength structural 

steels (S960M, and especially S960QL) in the whole t8/5 cooling range [109]. In many cases the 

requirement for the impact energy (e.g. 27 J in -40 °C in case of S960QL) is fulfilled in the weld 

and the HAZ, although brittle behaviour is observed on the fracture surface [109][183]. 

However, the EBW can provide deep penetration weld with narrow HAZ, therefore the area of 

brittle subzones can be minimized. With the application of EBW, the joints can be prepared 

without the limitedly available filler materials, so it is a question whether an autogenous EB 

weld can be competitive with a matching alloyed weld of the conventional GMAW. 

The specific aims of the research work are as follows: 

− Determination and comparison of thermal cycle and t8/5 cooling time during diode laser 

beam welding of dual phase steels using analytical method and thermocouple 

measurement. 
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− Analysis of hardening and softening behaviour in the relevant t8/5 cooling time interval of 

the different HAZ subzones (CGHAZ, FGHAZ, ICHAZ, SCHAZ) of DP steels (4 

different grades DP800, DP1000 DP1200 & DP1400) by thermophysical simulation 

using Gleeble 3500 simulator.  

− Analysis of microstructural changes and mechanical properties of autogenous diode laser 

beam welded joints and the effect of post weld heat treatment on the different grades 

(DP800, DP1000, DP1200 & DP1400) of DP steels. 

− To study the combined effect of diode laser beam welding process with matching filler 

material and PWHT on the microstructural characteristics, mechanical properties and 

residual stresses of DP1000 high strength steel welded joint. 

− Comparative study of the microstructural and mechanical properties (especially 

toughness) of the electron beam and gas metal arc welded S960QL steels joint. 

− Evaluation of microstructural and mechanical properties (especially toughness) of the 

electron beam welded S960M steels joint. 

− Investigation of the residual stresses of EBW high strength steel welded joints (S960QL 

and S960M) with modern experimental non-destructive X-ray diffraction technique. 

− Determination and analysis of the FCG characteristics of autogenous electron beam 

welded joints from S960QL and S960M, and comparison of the results with effect of the 

conventional GMAW technology. 
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5. PHYSICAL SIMULATION EXPERIMENTS ON DP STEELS 

5.1. Experimental circumstances 

5.1.1. Characteristics of the base materials 

The chemical composition of different grades of dual phase (DP) steels, a product of SSAB 

used for physical simulation and LBW and the mechanical properties based on the materials 

certificates [CD, AA1] are provided in Table 5.1 and Table 5.2, respectively.  

Table 5.1.The chemical composition of the base materials (weight%) 

Material designation C Si Mn P S Cr Ni Mo 

*DP 800  0.136 0.20 1.55 0.013 0.0030 0.03 0.04 0.00 

*DP 1000 0.132 0.19 1.50 0.010 0.0030 0.03 0.03 0.00 

*DP 1200 0.105 0.20 1.59 0.011 0.0030 0.03 0.03 0.00 

**DP 1400 0.220 0.46 2.46 0.016 0.0030 0.03 0.12 0.00 

Material designation V Ti Cu Al Nb B N CE 

*DP 800  0.010 0.000 0.01 0.046 0.016 0.0003 0.003 0.41 

*DP 1000 0.010 0.000 0.01 0.041 0.014 0.0002 0.004 0.39 

*DP 1200 0.010 0.030 0.01 0.042 0.000 0.0022 0.005 0.38 

**DP 1400 0.023 0.030 0.21 0.037 0.000 0.0000 0.000 0.69 

*According to the material certificate [CD. AA1] provided by the supplier 

**According to the tested results in the Chemical Institute of the University 

Table 5.2. The mechanical properties of the examined base materials 

Material designation Rp0.2 (MPa) Rm (MPa) A (%) (HV10) 

*DP 800  585 871 15.5 (A8) 270 

*DP 1000 821 1074 9.5 (A8) 329 

*DP 1200 1108 1289 4.5 (A8) 386 

**DP 1400 1391 1496 4.5 (A8) 470 

*According to the material certificate [CD, AA1] provided by the supplier 

**According to the tested results in the University laboratory 

       

5.1.2. Physical simulation 

 In the present sub-chapter of the dissertation, a series of physical simulation experiments 

together with the related material tests were performed to explore in the details the HAZ 

properties of welded joints from DP steels, which information is limitedly available in the 

literature (mostly structural steels are investigated by Gleeble) The characteristics of the 

inhomogeneous HAZ was investigated in order to identify the critical subzones in terms of 
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hardness and microstructure and to see the tendencies based on the examined t8/5 = 5-30 s cooling 

time interval (shorter cooling is not possible with acceptable reliability with sheet metal 

specimen configuration and air cooling). However, based on this range it can be estimated what 

happens during shorter cooling time of LBW in the different subzones. 

When selecting the peak temperature of the HAZ to be tested, the aspect is guided by the 

production of the zone in the HAZ, based on which welding technology can be developed so that 

the entire HAZ meets its requirements at the local level. Based on literature examples 

[14][108][153][184] and preliminary experiments, I chose a value of 1350 °C for the physical 

simulation of the coarse-grained zone. Since, the nil-strength temperature, which is 1408 ºC for a 

low-alloyed carbon steel under test [12]. This is the temperature at which the material can no 

longer withstand any mechanical load, and consequently at this temperature the specimen would 

rupture in the test chamber due to the stress due to thermal expansion. 

 

  

Fig. 5.1.Experimental setup of Gleeble 3500 

(a) Gleeble 3500 physical simulator and (b) Specimen setup in the vacuum chamber 

 

Based on the literatures [14][86][110][183] and the several preliminary experiments above 

Ac3 temperature for FGHAZ, 950 °C was selected for physical simulation in this dissertation. 

When selecting the peak temperature, it should also be taken into account that physical 

simulation tests are extremely sensitive to the condition of the jaws and the geometric accuracy 

of the specimens. There is always a risk that the simulated HAZ will not be homogeneous over 

the entire cross-section of the specimen. For the reasons listed, I chose a peak temperature of 775 

ºC (safely above Ac1) for the physical simulation of the intercritical zone, which is supported not 

only by the data in the table but also by other physical simulation experiments on carbon steels 

[14][108][153] [184]. 

For SCHAZ, based on the literatures [86][110][183] and after several preliminary 

experiments with different temperatures [86] in this subzone, I chosen 650 °C for physical 

simulation because it is safer under A1 temperature and it is also applicable as tempering 

temperature for high strength structural steel. 

The DP steels (4 different grades: cold-rolled DP800, DP1000, DP1200 & DP1400) were 

physically simulated using Gleeble 3500 simulator (Fig. 5.1) to determine softening and 

hardening in heat affected zone. Sheet base specimens (1 × 10 × 70 mm) were prepared and 

subjected to thermal cycles. Samples are simulated with different peak temperatures (CGHAZ-

1350 °C, FGHAZ-950 °C, ICHAZ-775 °C and SCHAZ-650 °C), characteristic for the different 



PHYSICAL SIMULATION EXPERIMENTS ON DP STEELS 

42 

 

subzones, and Rykalin 2D model were selected due to the 1 mm sheet thickness. Based on the  

literatures [86][110][183] and several preliminary experiments [86] to get similar simulated 

thermal cycles as programmed with 5 s and 30 s cooling time, heating rate for physical 

simulation is considered as 500 °C/s and holding time at peak = 0.1 s for all experiments. The 

energy input for t8/5 = 5 s and t8/5 = 30 s cooling time were obtained as 88 J/mm and 216 J/mm 

respectively from the software incorporated with physical simulator. The programmed HAZ 

thermal cycles for the two technological variants 5 s and 30 s are shown in Fig. 5.2a-b 

respectively.  

 

    

Fig. 5.2. Thermal cycles (a) t8/5 = 5 s and (b) t8/5 = 30 s 

 

A K (NiCr-Ni) type thermocouple was welded onto the middle of specimen with the use 

of the specialised micro-welding equipment for temperature record control during the 

physical simulation as shown in Fig. 5.3a-b respectively.  

 

     

Fig. 5.3. (a) Thermocouple welding machine and (b) sample with the welded thermocouples 

 

The hardness and microstructure of the specimens were then tested and analysed using 

Vicker’s macrohardness test and optical microscope respectively. 

 

5.1.3. Macrohardness and Optical microscopic test 

After simulation, the specimens are cut along the symmetry axis where the thermocouples 

have been attached. The macrohardness of the specimens were tested and analysed using 

Vicker’s hardness tester i.e., Reicherter UH 250 Universal hardness testers with a 10 kgf (or test 

force of 98.07 N) load and with a 10 s dwell time.  
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The samples for optical microscopy observations were sectioned through the weld in 

transverse direction. The sectioned samples were polished with SiC waterproof papers in series 

of 120, 400, 800 & 2000 ANSI grit and finally with a disc using diamond paste of 1 μm. The 

specimens were then etched with Nital (2% HNO3) for 10 s. The specimen for metallography 

study comprised of BM, HAZ and FZ. The microstructural examination was carried out using an 

OM (Axio Observer D1m (Zeiss) inverted microscope). 

 

5.2. Results of physical simulation 

5.2.1. Optical microscopic tests  

The aim is to have some preliminary knowledge about the behaviour of these steels during 

fusion welding and to estimate what can happen during LBW (especially with the simulation of 

shorter cooling time). From microstructural figures Appendix [CD, AA4] we can see that in 

CGHAZ for shorter cooling time ferrite grains (white) are finer but with longer cooling time they 

are more coarser and in larger number and these softer grains surrounding the martensitic grains 

(black).  

Microstructure of each CGHAZ with t8/5 = 5 s is mainly martensite and partially lower bainite. 

However, in coarse-grained heat affected zone of DP1000, DP1200 and DP1400 with the longer 

cooling time especially in DP1200 with t8/5 = 30 s the microstructure looks like upper bainite. In 

DP1000 and DP1400 with t8/5 = 30 s, mixture of lower and upper bainite and a small fraction of 

martensite can be observed. The reason for the different transformation microstructures can be 

found from chemical composition and the CCT-diagram. Martensite formation needs generally 

fast cooling, while lower and upper bainite are results of slower cooling. Alloying and especially 

carbon content increases the hardenability and promotes the martensite formation. The lowest C-

content of the studied steels in DP1200 may explain the least hardened microstructure (upper 

bainite) of these steels with t8/5 = 30 s. Self-tempering [14] may have some role in the softening 

of the CGHAZ with t8/5 = 30 s compared to 5 s, however it is primarily caused by the formation 

of upper bainite. Furthermore, the growth of prior austenite grains decreases the hardness, and 

they may have grown more with higher heat input.  

In intercritical heat affected zone martensite begins to transform into austenite. In addition, 

zone of austenite and ferrite co-existed at this temperature. During cooling process, austenite 

may transform into ferrite, bainite or martensite in the function of cooling rate. The residual 

austenite which untransformed may be present and form martensite-austenite constituents. 

Therefore, martensite content in this zone is generally lower compared to the original 

microstructure, which results in significant softening. 

 

5.2.2. Hardness tests 

The average hardness values for simulated HAZ of DP800, DP1000, DP1200 & DP1400 in 

the function of the distance from the fusion line are presented in Fig. 5.4a-b. The average 

hardness values of the base material of DP steels used in this work were measured by using 

HV10 hardness test are 270, 329, 386 and 470 for DP800, DP1000, DP1200 & DP1400 

respectively. The following graphs represent the hardness profiles of the simulated HAZ for all 

types of dual phase steels used (DP800, DP1000, DP1200 & DP1400), where we can see how 

the hardness changes in the function of the distance from welding centreline (y). For the 
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evaluation of hardness data there is no direct standards for DP steels with hardness limits that 

could be used for the evaluation. Although CR ISO 15608 classification and the related 

permitted maximum hardness values of EN ISO 15614 cannot be directly connected to these 

steels, the hardness limits for low-alloyed carbon steels may provide some information. The 

hardness limit, indicating cold cracking sensivity, is between 380 and 450 HV10 based on the 

steel category. For shorter (5 s) cooling time the hardness of CGHAZ of all investigated grades is 

around this value.  

 

 

Fig. 5.4. Hardness of simulated HAZ (a) t8/5 = 5 s and (b) t8/5 = 30 s  

 

For the CGHAZ at t8/5= 5 s, the hardness of DP800 is 374 HV10, significantly higher than 

base metal (39% more), which has the hardness of 270 HV10. In case of DP1000, the CGHAZ 

having the hardness value of 402 HV10 which is 22% higher than BM. The hardness of DP1200 

is 360 HV10, which is 7% less than base metal, which is having the hardness of 386 HV10. For 

DP1400, the CGHAZ hardness is 411 HV10 which 14% less than the BM (470 HV10). At long 

cooling time (t8/5= 30 s), the CGHAZ hardness of DP800 steel is 241 HV10 which is 11% lower 

than BM. In case of DP1000, the hardness is 262 HV10 which is 20% less than BM. The 

CGHAZ hardness of simulated DP1200 is 242 HV10 i.e., 37% less than base metal (386 HV10) 

which shows significant reduction in hardness value.  For DP1400, the CGHAZ hardness is 241 

HV10 which is 49% less than the base metal (470 HV10).  

For FGHAZ (Tmax = 950 °C) at t8/5 = 5 s, the HAZ hardness of DP800 is 213 HV10 which is 

21% lower than BM (270 HV10). For DP1000 the hardness is 224 HV10 which is 32% lower 

than the BM (329 HV10). In case of DP1200, the FGHAZ hardness is 357 HV10 which is 8% 

lower than BM (386 HV10). For DP1400, the hardness is 279 HV10 which 41% lower than BM 

value (470 HV10).  At longer t8/5 = 30 s, the hardness of DP800 is 195 HV10 which is 28% 

lower than BM (270 HV10). For DP1000, hardness is 201 HV10 which is 39% lower than the 

BM (329 HV10). In case of DP1200, the FGHAZ hardness is 217 HV10 which is 44% lower 

than BM (386 HV10). For DP1400, the hardness is 204 HV10 which 57% lower than BM value 

(470 HV10). 

For ICHAZ (Tmax =775 °C) at t8/5 = 5 s, the hardness of DP800 is 195 HV10 which is 28% 

lower than BM (270 HV10). For DP1000, hardness is 203 HV10 which is 38% lower than the 

BM (329 HV10). In case of DP1200, the ICHAZ hardness is 242 HV10 which is 37% lower than 

BM (386 HV10). For DP1400, the hardness is 239 HV10 which 49% lower than BM value (470 

HV10). At longer cooling time, t8/5 = 30 s, the hardness of DP800 is 193 HV10 which is 28% 
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lower than BM (270 HV10). For DP1000, the hardness is 193 HV10 which is 41% lower than 

the BM (329 HV10). In case of DP1200, the ICHAZ hardness is 233 HV10 which is 40% lower 

than BM (386 HV10). For DP1400, the hardness is 211 HV10 which 55% lower than BM value 

(470 HV10). 

For SCHAZ (Tmax =650 °C) at t8/5 = 5 s, the hardness of DP800 is 221 HV10 which is 18% 

lower than BM (270 HV10). For DP1000, the hardness is 246 HV10 which is 25% lower than 

the BM (329 HV10). In case of DP1200, the SCHAZ hardness is 278 HV10 which is 28% lower 

than BM (386 HV10). For DP1400, the hardness is 302 HV10 which 36% lower than BM value 

(470 HV10). At longer t8/5= 30 s cooling tme, the hardness of DP800 is 212 HV10 which is 22% 

lower than BM (270 HV10). For DP1000, the hardness is 239 HV10 which is 27% lower than 

the BM (329 HV10). In case of DP1200, the SCHAZ hardness is 272 HV10 which is 30% lower 

than BM (386 HV10). For DP1400, the hardness is 281 HV10 which 40% lower than BM value 

(470 HV10). 

So, we can observe from above results, in CGHAZ, t8/5= 5 s, hardening was seen in DP800 

and DP1000 while it was significantly higher in DP800 i.e., 39% of BM. In case of FGHAZ and 

SCHAZ reduction in hardness observed and the maximum reduction seen in SCHAZ. However, 

in CGHAZ, t8/5= 30 s, there is significant reduction in hardness with increasing strength grades 

of DP steel. So, we can conclude that with higher cooling time, there is increase in softening 

with the increase of tensile strength of the examined base materials. 

Based on the performed HAZ simulations it can be concluded: 

- By increasing the t8/5 cooling time from 5 s to 30 s the hardness is decreasing in all 

investigated DP steels and HAZ subzones. 

- At short, t8/5 = 5 s cooling time, up to DP1000, the CGHAZ of the investigated DP steels 

tends to hardening, whilst above its grade, in DP1200 and DP1400, CGHAZ is softening 

compared to BM. In case of long (t8/5 = 30 s) cooling time CGHAZ softens in all grades, 

and the level (ratio) of softening is increasing with the higher grades. 

- In case of the investigated DP steels not only ICHAZ and SCHAZ, but FGHAZ also 

tends to soften in the t8/5 = 5-30 s cooling time range, although within the investigated 

cooling time (t8/5 = 5 s) interval ICHAZ is the most critical part of the HAZ in terms of 

softening.  

- In order to minimize the softening in HAZ the application of low heat input LBW is 

highly recommended as the shortest possible t8/5 cooling time resulting sufficient 

penetration, however the risk of cold cracking may increase in CGHAZ. In this case the 

supposed critical hardening of CGHAZ might be handled by localized laser PWHT. 
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6. LASER BEAM WELDING EXPERIMENTS ON DP STEELS 

6.1. Welding circumstances 

6.1.1. Characteristics of filler material 

Based on the material certificate, the chemical composition and the mechanical properties of the 

filler metal used in diode LBW are presented in Table 6.1 and Table 6.2. 

Table 6.1.The chemical composition of the filler metals (weight%) 

Material designation C Si Mn P S Cr Ni Mo 

***Union X96 (Ø1) 0.1 0.81 1.94 0.015 0.011 0.52 2.28 0.53 

Material designation V Ti Cu Al Nb B N CE 

***Union X96 (Ø1) <0.01 0.06 0.06 < 0.01 N/A N/A N/A 0.79 

Table 6.2.The mechanical properties of the filler metal 

Material designation Rp0.2 (MPa) Rm (MPa) A (%) (HV10) 
CVE, J (at -40 

°C) 

***Union X96 (Ø1) ≥ 930 ≥ 980 
≥ 14.0 

(A5) 
N/A 

-50 °C: ≥ 47; 20 

°C: ≥ 80 

***UNION X96 (G895M21Mn4Ni2.5CrMo according to EN ISO 16834-A standard)  are Böhler products, 

 Standard minimum values in EN 16834-A 

 

6.1.2. Laser beam welding without filler material 

The main motivation for analysing different grade of DP steels using DLBW process is its 

growing demands in the vehicle industry, to investigate the applicability of diode lasers in this 

field for welding and PWHT and to understand the hardening and softening behaviour in the 

welded joint. Based on the literature [25][180] hardening is observed in the CGHAZ and 

FGHAZ, and some researcher [21][24][22] reported HAZ softening in ICHAZ and SCHAZ with 

increasing the heat input and the steel grade. Besides the investigated lower strength categories 

of DP steels (DP800, DP1000) in the literature, in present dissertation higher grades (DP1200 & 

DP1400) are also studied which are rarely available in the literature. The same, 1 mm thick 

materials as in the previous section for physical simulation were used with the dimensions of 300 

× 150 mm for butt welded joints according to EN 15614-11:2002 and were cut by means of a 

waterjet cutting machine (CORTINA DS 2600 CNC waterjet). Before welding, the edges of the 

specimens were cleaned with emery paper and acetone to remove surface oxide. The laser 

welding was done using a diode laser at the industrial partner. The applied welding parameters, 

determined by preliminary experiments, used in the present study are shown in Table 6.3. 
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Table 6.3. Laser beam welding (LBW) and post weld heat treatment parameters (PWHT) 

Steel grades Process 
d 

(mm) 
P (W) 

s 

(mm/s) 

G 

(l/min) 

Shielding 

gas purity 

DP800/DP1000/ 

DP1200/DP1400 

LBW 2×2 1000 8 7 Ar 4.6 

PWHT 15×6 275 4 7 Ar 4.6 

 

A Laserline LDL 160-3000 diode laser head was mounted on a Reis SRV 40 robotic arm (Fig. 

6.1a). The working stretch of the robotic arm is 3800 × 3800 mm. The experimental setup of 

laser welding is shown in Fig. 6.1b. The diode laser was characterised by a rectangular laser 

beam spot size 2×2 mm and emitted in continuous wave at 940 nm-980 nm, with maximum 

output power of 3 kW. The linear heat input was calculated using equation 6.1 [185] with 

parameters provided in Table 6.3 as 0.125 kJ/mm. 

     l
laser

P
Q

s
=       6.1 

where, Qlaser is the linear heat input (kJ/mm), Pl is laser output power (kW) and s is the welding 

speed (mm/s). 

 

 

Fig. 6.1. (a) Laser head mounted on robot (b) LBW experimental set up  

 

The specimens to be welded were placed on the working table and mounted to a clamping 

device to be protect against distortions as shown in Fig. 6.1a. The autogenous laser welded butt 

joint is presented in Fig. 6.2a.  
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Fig. 6.2. DP1200 (a) Butt welded joint (b) LBW & PWHT joints 

 

Then, the welded joints were subjected to post-weld heat treatments (Fig. 6.2a-b) to study the 

changes in their microstructure and mechanical properties. A Laserline LDF 5000-40 diode laser 

(Fig. 6.3a-b) was characterised by a rectangular 15 mm laser beam spot size emitted in 

continuous wave at 940 nm-1060 nm, with maximum output power of 5 kW was used for post 

weld heat treatment. Laser heat treatment was carried out at a speed of 4 mm/s in longitudinal 

direction and output power of 275 W as shown in Fig. 6.3b. 

 

 

Fig. 6.3. (a) Control display and (b) post welded heat treatment (PWHT) experimental setup 

 

Laser-welding experiments were carried out with the optimal parameters (Table 6.3) to obtain 

the full-penetrated welds with the good surface quality and the cross-section geometry. 

Microstructure of the welded joints were observed using an optical microscope (OM) and a 

scanning electron microscope (SEM). The Vickers microhardness test (ISO 9015-2: 2016) was 

performed on the etched cross sections with a load of 200 g for a 15 s dwell time. The tensile 

properties (ISO 4136: 2012) perpendicular to the weld directions were evaluated at room 

temperature on two samples. A three-point bending test (EN 5173: 2010) was carried out at room 

temperature on four samples. 

 



LASER BEAM WELDING EXPERIMENTS ON DP STEELS 

49 

 

6.1.3. Laser beam welding of DP1000 with filler material 

The base material used to analyse the LBW with filler material and the effect of PWHT on the 

welded joint was uncoated cold rolled DP1000 with the dimensions of 300 × 150 mm for butt 

welded joints according to EN 15614-11:2002 This grade has 1000 MPa guaranteed tensile 

strength, that can be welded by matching filler material, Union X96 (G895M21Mn4Ni2.5CrMo) 

with diameter of 1 mm. The motivation of using filler metal was to avoid softening and cross 

section reduction in the weld. With the application of the filler material the strength of the 

welded joint may reach the base material level, even after the PWHT. The chemical composition 

and mechanical properties of the solid filler material are depicted in Table 6.1 and Table 6.2, 

respectively. A series of preliminary welding tests were performed to obtain optimal laser 

welding parameters for DP1000 high strength steel. The optimum welding parameters used in 

the present study are shown in Table 6.4. The linear heat input was calculated using equation 6.1 

[185] with parameters provided in Table 6.4 as 0.125 kJ/mm which is similar to the LBW 

without filler material as presented above in sub-chapter 6.1.2. The parameters were further 

optimised after the autogenous welding tests in order to get the ideal weld geometry. 

Table 6.4.Laser beam welding (LBW) and post weld heat treatment parameters (PWHT) 

Steel 

grade 
Process 

d 

(mm) 
P (W) 

s 

(mm/s) 

f 

(mm/s) 

G 

(l/min) 

Shielding 

gas purity 

DP1000 
LBW 2×2 2500 20 13 12 Ar 4.6 

PWHT 15×6 275 4 - 7 Ar 4.6 

 

The samples are held rigidly in the fixture by clamp to ensure proper contact between the 

faying surfaces during laser welding. In addition, each sheet was tack welded by laser at four 

equidistant places along its length to hold it in place and prevent the contact surfaces from 

moving away. The single pass laser welding with filler material was carried out using a diode 

laser as illustrated in Fig. 6.1. The macro-image of the diode laser welded joint with face side 

and back side are shown in Fig. 6.2b. The post-weld heat treatment was done by diode laser with 

a rectangular spot of uniform energy distribution after the welded joint cooled down to room 

temperature, with an output power of 275 W. PWHT was performed on only one side of the 

welded joint to study the changes in microstructure and mechanical properties, setup as shown in 

Fig. 6.3. The PWHT temperature used was 650 °C which is ideal for tempering of the martensite 

and the temperature for PWHT was measured with a pyrometer and also by thermocouples. 

Microstructure of the welded joints were observed using an optical microscope (OM) and a 

scanning electron microscope (SEM) analysis. The Vickers microhardness test (ISO 9015-2: 

2016) was performed on the etched cross sections with a load of 200 g for a 15 s dwell time. The 

tensile properties (ISO 4136: 2012) perpendicular to the weld directions and three-point bending 

test (EN 5173: 2010) were evaluated at room temperature. The residual stress measurement was 

performed by using X-ray diffraction method (XRD). 
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6.1.4. Optical microscopy (OM) & Scanning electron microscopy (SEM) 

The microstructural examination was carried out using an optical inverted microscope. 

Fracture surfaces of tensile specimen and the microstructural analysis of different base materials, 

welded samples were done by scanning electron microscopy by using A ZEISS EVO MA10 

scanning electron microscope. Samples were coated with a thin gold layer in order to increase 

picture quality due to the resin surrounding the specimen.  

 

6.1.5. Microhardness test 

The microhardness distributions of joints for LBW and PWHT DP steels samples were 

obtained using a Mitutoyo MVK-H1 microhardness tester with HV0.2 load and with a 15 s dwell 

time, and the test was performed on a simple macro test specimen manufactured from the 

transversal cross section of the welded joint. 

 

6.1.6. Bending tests 

The bending test was carried out on LBW and PWHT joints by ZD20 hydraulic testing 

equipment to identify the tendency to crack during deformation due to the possible presence of 

weld imperfections in the area of the face and root side of the joint. A three-point bend test (EN 

5173: 2010) was carried out on the face side and root side of the joints to evaluate the bending 

property of joints. The test specimen is a rectangular plate of 300 mm length, width of 20 mm 

and thickness of 1 mm. The indenter diameter was 10 mm, fixed support roller diameter was 50 

mm and the support span (distance between the rollers) was 70 mm. 

 

6.1.7. Tensile tests 

The LBW and PWHT transversile tensile test specimens were milled from the welded sheets, 

and all tests were executed according to ISO 4136:2012 standard with MTS 810.23-250 kN 

electric hydraulic universal testing equipment. Before tensile tests, the specimens were milled 

and etched to view FZ & HAZ from the welded sheets for seeing the fracture along the welded 

specimens. 

 

6.1.8. Cooling time determination, LBW 

Analytical method 

 

The major parameter for the determination of the material behaviour of steel is the cooling 

rate, it dominates overheating rate and holding time. For the evolution of the material properties 

of steel the t8/5 time is the dominating parameter. Transformation of austenite usually takes place 

in the temperature interval of 800 °C to 500 °C. The cooling time of a given point in weld or 

HAZ for different heat inputs of laser welding by means of the 2D equation commonly used in a 

case of arc welding, but adopted for the laser beam welding (Equation 6.2) conditions 

[186][187]. 
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Where, Q= heat input (kJ/mm); T0= working temperature (°C); η= thermal efficiency; t= 

material thickness (mm); F2= joint type factor (for butt joint, value is 0.9) 

The component “Q” of the above equation is originally defined as an arc energy in kJ/mm 

(theoretical heat input), but it was replaced by the energy of laser beam defined as a quotient of 

the laser power (P) and welding speed (s): Q = P/s (kJ/mm). In turn the thermal efficiency “η” is 

given for different arc processes and indicates the amount of heat really transferred into the 

material. Adopting the η factor for laser welding conditions, it was assumed that the thermal 

efficiency is directly correlated to the value of laser beam absorption by the material. Thus, in 

the case of conduction laser welding mode the laser beam energy is absorbed on the top surface 

of a joint and a weld pool (so-called Fresnel absorption). Value of the Fresnel absorption for a 

laser radiation on the surface of carbon steel is 0.4 [188], so this value was taken as the thermal 

efficiency “η”. The value of absorption coefficient depends upon the surface roughness and 

surface coating, it can be increased by increasing the surface roughness and providing surface 

coating [189]. The working temperature was assumed as 20 °C and the material thickness, t = 1 

mm. The value of analytical t8/5 cooling time during laser beam welding of butt joints with the 

heat input 0.125 kJ/mm was 2.56 s. 

 

Experimental method (Thermocouple measurement) 

 

The thermal profile in the diode laser beam welding experiments on 1 mm thickness DP800 

steel plate was measured. These data can also be used for other grades of DP steels too, since 

there is not so much difference in their chemical composition, and therefore in the 

thermophysical properties which affecting temperature field. The 4 sets of K-type thermocouples 

were welded on the plate along the butt joint and instrumented with Spider8 (4 carrier frequency 

channels) electronic measuring system for electric measurement of temperature profiles, shown 

in Fig. 6.4a. The two pairs of thermocouples were placed in the weld zone and remaining two at 

2 mm and 3 mm from the edge (Fig. 6.4b) of the joining plates (corresponded to the centreline of 

the weldment). The experimental set up of the thermocouples for laser beam welding is shown in 

Fig. 6.4a. The data (temperature-time curve) Fig. 6.4c from the thermocouples output were 

recorded at a 25 Hz frequency using CATMAN 3 computer software with an HBM Spider8 

device connected to a computer. 

The measured temperature cycle for a thermocouple at a distance of 1 mm, peak temperature 

1350 °C and the t8/5 cooling time was 2.8 s. The other two thermocouples were welded at a 

distance of 2 mm and 3 mm from the weld, measuring a peak temperature of 950 °C and 562 °C, 

respectively, and the t8/5 cooling time for the thermocouple placed at 2 mm was 2.9 s. From both 

methods (analytical and experimental), it can be concluded that t8/5 cooling approximately same 

which is conforming the result. 
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Fig. 6.4. (a) Experimental setup of the thermocouples (b) thermocouple arrangement (c) 

temperature-time curve, thermocouples output 

 

6.2. Results of autogenous laser beam welding 

6.2.1. Microscopic and hardness tests 

In the optical micrographs (Fig. 6.6a) of the base materials ferrite parts can be seen in white, 

and in the SEM images they are more deeply etched than the martensite grains. The BM SEM 

micrographs of DP800, DP1000, DP1200 & DP1400 are shown in Fig. 6.5. In case of the 

investigated grades CGHAZ showed mostly lath-like martensitic microstructure forms which is 

in correlation with measured hardness peaks. The microstructure of the laser-welded and post-

weld heat treated joints of DP800 steels were observed by OM and SEM are shown in Fig. 6.6 & 

Fig. 6.7 respectively. 
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Fig. 6.5.SEM base material (a) DP800; (b) DP1000; (c) DP1200 and (d) DP1400, M= 1000× 

(2% Nital) 

 

 

Fig. 6.6. OM and SEM micrographs of different subzones of the LB-welded joint, DP800 steel. 

(a) BM; (b) ICHAZ; (c) FGHAZ; (d) CGHAZ; (e) FZ; M= 1000× (2% Nital) 
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Fig. 6.7. OM and SEM micrographs of different subzones of the PWHT joint, DP800 steel. (a) 

BM; (b) ICHAZ; (c) FGHAZ; (d) CGHAZ; (e) FZ; M= 1000× (2% Nital) 

 

Also, the microstructure of the laser-welded and post-weld heat treated joints of DP1000, 

DP1200 & DP1400 steels are presented in the Appendix [CD, AA6 & AA7] 

It is remarkable that the value of hardness peaks in HAZ is independent from the grade, which 

can be explained by the similar chemical composition but different rolling and heat treating 

routes.In some parts of FGHAZ smaller grain size is measured compared to the base metal. The 

hardness of FGHAZ was generally higher than the BM due to short t8/5 = 2…3 s cooling time in 

contrary to the physical simulation experiments where basically softening was identified at 5 s. 

In ICHAZ the ferrite to martensite ratio of the base material is increased due to the welding heat 

input as a function of the peak temperature. The more amount of ferrite is, the less strength and 

hardness. This could be the reason for softening of ICHAZ in DP1000, DP1200 and DP1400. 

When PWHT is applied, tempered martensitic parts can be identified in CGHAZ and in the 

martensitic grains of ICHAZ. In case of DP1200 and DP1400, the reduction in the strength of the 

FZ was observed to be nearly the same during LBW and after the PWHT. Due to the PWHT a 

slight increase of softening was observed near the BM boundary in ICHAZ. PWHT resulted in 

tempered martensite in HAZ and the overall reduction of hardness peaks in CGHAZ and 

FGHAZ, nearly equal to BM, which is a significant positive output in terms of cold cracking 

sensitivity, presumably resulting furthermore in the improvement of energy absorption. 

From Fig. 6.8a, for DP800, the FZ has nearly the same hardness as the base material (BM) 

and most of the HAZ has a higher hardness (around 400 HV0.2), which shows a gradual 

decrease from the FGHAZ to base metal. PWHT helps in the reduction of hardness peaks, 

bringing values closer to the base metal, which can be beneficial in terms of cold cracking 

sensitivity. 
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In case of DP1000 (Fig. 6.8b) for LBW joint, the FZ and HAZ has higher hardness compared 

to BM but in SCHAZ softening is observed. However, the PWHT helps in the reduction of 

hardness peaks in HAZ and FZ. 

For DP1200, we can observe from the graph (Fig. 6.8c) that the weld hardness is lower than 

that of the base metal and also softening occurs in the outer part of the HAZ. Regarding the 

hardness peaks, similar values were measured compared to DP800, which can be explained by 

the same heat input and nearly identical chemical compositions but other rolling/heat treating 

circumstances during steel production. PWHT reduces the hardness peaks in the HAZ without 

changing significantly the total strength of the welded joint. In case of DP1400 (Fig. 6.8d), the 

weld zone has a lower hardness for both LBW and PWHT as compared with the BM, but both 

are approximately the same, even though we can see softening in FZ and lowering of the strength 

of the weld joint. The ratio of softening could be reduced by the further optimization of PWHT 

parameters. The CGHAZ and FGHAZ have very high hardness along the length, although it gets 

lower in ICHAZ, and softening can be observed. The high hardness values can be explained by 

the presence of high martensite content due to the fast cooling, which is tempered during PWHT. 

 

 

Fig. 6.8. Microhardness distribution graphs: LBW and PWHT (a) DP800 (b) DP1000 (c) 

DP1200 (d) DP1400 

 

6.2.2. Tensile and bending tests 

The tensile specimens of both LBW and PWHT joints were fractured along the weld 

centreline of the joint for DP800, DP1200, DP1400. While in case DP1000, LBW joints 

fractured in HAZ and PWHT joint in the weld as shown in Appendix [CD, AA8]. 

With the given welding parameters, the fracture initiated mostly in the weld zone, which 

indicates the softening of this part. The softening of weld zone can be presumably compensated 
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by the application of a matching filler material which are available up to the 1000 MPa tensile 

strength category (DP1000). Based on the data presented in Appendix [A1], we can conclude 

that the application of the higher strength base material generally did not result the higher 

strength of the welded joint with this heat input. PWHT had no significant effect in terms of the 

tensile strength results since the measured values were just slightly lower (sometimes even 

higher) compared to the simple LBW tests. Fractography results in DP1400 Appendix [CD, 

AA9] showed that in laser beam welded samples, failure occurred in welded part, which was 

typical shear and ductile. Failure took place completely at the 45° plane, which correspond to the 

plane of maximum shear stress in a specimen under load and is sometimes called ‘‘shear lips’’ 

However, in the PWHT tensile sample fracture also occurred in FZ, failure was completely shear 

and ductile. The appearance of extensive micro voids coalescence (MVC) results in the dimple 

rupture of the fractured surface. 

In nearly all cases, results of the bending test for the face side or root side were perfect, 

without cracks, which indicates good plastic properties of the welded joint. The two exception 

was root side bending of LBW joint DP800 steel (5F2) & DP1400 (2F2), where the metal is 

weakened by fusion defect and finally bending fracture occurred. In sample number 3FP1 

(PWHT, DP1200) a larger bending angle (α) was achieved because of better plasticity in the 

zone. The results of the bending test and macrophotos are presented in Appendix [CD, AA10] & 

[CD, AA11] respectively. 

 

6.3. Results of LBW with filler material 

6.3.1. Microscopic and hardness tests 

The microstructure is heterogeneous due to the temperature and the chemical gradients that 

generate during the welding process. Regarding CGHAZ we can conclude that the generally a  

martensitic microstructure forms which is in correlation with measured hardness peaks. When 

PWHT is applied, tempering of martensite can be observed in the CGHAZ and in the martensitic 

grains of ICHAZ which reduces the hardness pattern in HAZ. The microhardness distribution 

pattern of LBW and PWHT DP1000 welded joint with Union X96 filler material is presented in 

Fig. 6.9 
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Fig. 6.9. The micro hardness distribution of  DP1000 LBW joint with & without filler material 

 

During the LBW of DP1000, the FZ has higher hardness than the BM and the CGHAZ has 

higher hardness (around 400 HV0.2) than FZ, further there was gradual decrease in the hardness 

value from CGHAZ to SCHAZ. The hardness change with the heat treatment time was 

significant, and temperature was more of an influential factor on the hardness. PWHT helps in 

the reduction of hardness peaks in all zone i.e. FZ and HAZ, but the hardness in the FZ was 

slightly higher in comparison to the HAZ area.  

 

6.3.2. Tensile and bending tests 

The tensile test results of all tested specimens for DP1000 of both LBW and PWHT joints and 

macrophoto of fractured (SCHAZ) specimen of the joint, are shown in Appendix [A1] and 

Appendix [CD, AA13]. 

With the given welding parameters, the fracture initiated in the HAZ, which indicates the 

softening of SCHAZ part. Based on the data presented for two tested specimens in the table 

Appendix [A1], we can conclude that the application of the filler material for laser beam welding 

of DP1000 results the higher tensile strength (1324 MPa & 1592 MPa) of the welded joint with 

the given heat input. PWHT had significant effect and reduces the tensile strength results 

however the measured values for tested specimens (1125 MPa & 1183 MPa) are higher 

compared to the BM guaranteed tensile strength. This reduction in strength, could probably be 

explained by the tempering of martensite. It can be considered that the microstructural softening 

during PWHT by tempering effects such as release of internal stress or reduction of dislocation 

density is comparatively large in the tempered at 650 °C condition. All the fractured LBW and 

PWHT joints took place approximately 1 to 1.5 mm away from the weld toe in HAZ. The 

significant difference in the tensile strength of the joint with the filler material is due to the 

deposition of more filler material at the joint in order to compensate the shrinkage of the 

material. 
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In nearly all cases, results of the bending test for the face side or root side were perfect, 

without cracks, which indicates good plastic properties of the welded joint with filler material. In 

PWHT samples larger bending angle was achieved because of better plasticity in the zone. The 

results of the bending tests and bended specimen macro photo are shown in the Appendix [CD, 

AA14] & [CD, AA15] resspectively. By the combination of filler material and PWHT nearly an 

equal matching (equal hardness, equal strength) LBW joint of DP1000 has been prepared. 

 

6.3.3. Residual stress measurements 

Results of the residual stress measurements in longitudinal and transverse direction were 

presented in the Fig. 6.10a & Fig. 6.10b respectively for both LBW and PWHT. The longitudinal 

residual stress in LBW joint near the weld toes was highest i.e. 669 MPa and it further reduces to 

520 MPa 1.5 mm away from weld toe in HAZ. However, after PWHT the stress at the weld toe 

was 40 MPa and 1.5 mm away from the weld toe in HAZ, the stress reduced gradually to -12 

MPa (compressive). PWHT can be also considered as a stress relieving process (besides high 

temperature tempering) whereby residual stresses are reduced in the welds, including the weld 

metal and HAZ.  

In LBW joint, the transverse stress at the weld toe was 24 MPa (tensile) while 1.5 mm away 

from weld toe in HAZ it was -13 MPa (compressive). In case of PWHT, stress observed at toe 

was 7 MPa and further in HAZ 1.5 mm away from weld toe was -76 MPa (compressive). So, we 

can observed from the above results, PWHT significantly reduces the stress in the HAZ which is 

quite beneficial for the welded joint.  

 

 

Fig. 6.10. Residual stress graphs on DP1000: (a) longitudinal stress, (b) Transverse stress 
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7. ELECTRON BEAM WELDING EXPERIMENTS ON HSSS 

7.1. Welding circumstances 

7.1.1. Characteristics of base materials and filler material 

The chemical composition of WELDOX 960E (S960QL in EN 10025-6) and ALFORM 

960M, a product of SSAB and VOESTALPINE respectively (for EBW) base materials, filler 

metal used in EBW, and the mechanical properties based on the materials certificates, Appendix 

[CD, AA16] are provided in Table 7.1 and Table 7.2, respectively. The CE formulas are used to 

judge the influence of the alloying elements on the weldability. It can be seen that the 

thermomechanically controlled process (TMCP) steels i.e. S960M (CE= 0.40) has smaller CE 

than the quenched and tempered (Q+T) steel i.e. S960QL (CE= 0.55) grades for the same yield 

strength. 

Table 7.1.The chemical composition of the base materials and the filler metal (weight%) 

Material designation C Si Mn P S Cr Ni Mo 

Weldox 960E 0.170 0.23 1.23 0.011 0.0010 0.20 0.04 0.59 

Alform 960M 0.084 0.33 1.65 0.011 0.0005 0.61 0.03 0.29 

***Union X96  (Ø1.2 

mm) 
0.1 0.81 1.94 0.015 0.011 0.52 2.28 0.53 

Material designation V Ti Cu Al Nb B N CE 

***Union X96 (Ø1.2 

mm) 
<0.01 0.06 0.06 < 0.01 N/A N/A N/A 0.79 

 

Table 7.2.The mechanical properties of the examined base materials and the filler metal 

Material designation Rp0.2 (MPa) Rm (MPa) A (%) (HV10) 
CVE, J (at -40 

°C) 

Weldox 960E 1014 1053 14 (A5) 350 75 

Alform 960M 1051 1058 16.9 (A5) 355 177 

***Union X96 (Ø1.2 

mm) 
≥ 930 ≥ 980 

≥ 14.0 

(A5) 
N/A 

-50 °C: ≥ 47; 20 

°C: ≥ 80 

***UNION X96 (G895M21Mn4Ni2.5CrMo according to EN ISO 16834-A standard)  are Böhler products, 

 Standard minimum values in EN 16834-A 

 

7.1.2. Electron beam welding experimental details 

The base metals (BM), S960QL and S960M was used for welding experiments and the steel 

plate of thickness 15 mm were cut into pieces of 300 mm × 150 mm each for a butt welded joint 
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(according to EN 15614-11:2002 by means of a plasma cutting machine. The area of the HAZ of 

plasma cutting was removed by machining before the welding. Backing plate from the same 

grades were used for EBW in single pass with not-through penetration mode to get better result, 

support the molten materials in the weld pool, to ensure the welding of full thickness of the 

material and to exclude the possibility of root cavities and spiking [171], formed an assembled 

unit with the original butt welded joint. The backing plate material was same as of BM and cut 

into the dimension of 300 mm × 50 mm. Before welding, the edges of the samples were cleaned 

and milled, base of the specimen from the joining edge on both sample and the surface of 

backing plate were properly cleaned and carefully machined to secure precise assembling for 

EBW with maximum allowable air gap of 0.15 mm along all the joint length as shown in Fig. 

7.1a. The precise machining and proper assembling are most important part to obtain a good 

quality of welded joint. The sample were tack welded at few positions by manual TIG welding 

using the copper-coated solid wire UNION X96 filler material to obtain full depth penetration, 

prevent any misalignment and to reduce localised thermal stresses and strains at the joint before 

final EBW. The clamping device was prepared according to the specimen size as shown in Fig. 

7.1b for the required EB welded joint. The specimens to be welded were kept with welding 

fixture to hold the plate rigidly and minimize the distortion as shown in Fig. 7.1b. 

 

 

Fig. 7.1. (a) Clamping device and (b) clamp configuration in EB welding of S960QL & S960M 

specimen 

 

The several preliminary tests were conducted to determine the ideal EBW parameters in full 

depth penetration condition. The optimal parameters used in the present study are mentioned in 

Table 7.3. The welding was performed at a speed of 10 mm/s (60 cm/min), accelerating voltage 

(Va) of 150 kV and a beam current (Ib) of 49 mA. The working distance (WD) in the welding 

process was selected as 500 mm and chamber ceiling to surface of the workpiece distance was 

284 mm. 

Table 7.3. EBW optimal parameters 

Steel grade 
Va 

(kV) 

Ib 

(mA) 

s 

(mm/s)  

db 

(mm) 

Focus lens for welding 

(mA) 

S960QL/S960M 150 49 10 0.4 2067 

 

The welding was done in a single pass without a filler metal addition and no preheating. The 

EBW was performed using EBOCAM EK74C – EG150-30BJ EBW machine, Appendix [CD, 

A17] in completely vacuum condition, 2 × 10-4 mbar (1.97 × 10-7 atm) and the same level was 
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maintained in the electron gun and work chamber. The EB welded samples were then allowed to 

cool in chamber for few minutes to avoid any oxidation and kept outside for further cooling. The 

linear heat input was calculated using equation 7.1 [190][191] with parameters provided in Table 

7.3 and efficiency (η= 0.9) [177] as 661.5 J/mm.  

           a bV I
Q

s
=                                       7.1 

After welding, microstructural and mechanical properties of the EBW joints were 

investigated. The samples for optical microscope (OM) and scanning electron microscope (SEM) 

observations were sectioned through the weld in transverse direction. The specimen for 

metallography study comprised of BM, HAZ and FZ. The microstructural examination was 

carried out using an OM (Axio Observer D1m (Zeiss) inverted microscope) and SEM (Zeiss Evo 

MA10) analysis. The Vicker’s macro hardness (ISO 22826: 2005) of the BM, HAZ and FZ are 

tested by Reicherter UH 250 Universal hardness testers with a 10 kgf (or test force of 98.07 N) 

load and with a 10 s dwell time. Instrumented Charpy V-notch impact tests (according to EN 

ISO 14556) were done by Heckert instrumented impact testing equipment and fractured surface 

was observed by SEM. Tensile test was executed with a ZD 100 (1000 kN) hydraulic materials 

testing equipment at room temperature and the specimens used for mechanical tests were 

designed according to ISO 4136:2012 standard. 

 

7.1.3. Optical microscopy (OM) & Scanning electron microscopy (SEM) 

The specimen for metallography study comprised of BM, HAZ and FZ. Fracture surfaces of 

Charpy specimens and the microstructural analysis of different base materials, welded samples 

were done by scanning electron microscope. From the microstructural perspectives, EB welded 

joint (fusion zone) and HAZ are very important areas for analysis because both these areas 

undergo very fast cooling rate and major metallurgical transformation takes place. 

 

7.1.4. Macrohardness test 

The macrohardness distribution (HV10) were obtained across the EBW and GMAW welded 

joints of S960QL and S960M steels samples for BM, HAZ and FZ. 

 

7.1.5. Tensile tests 

The transverse (perpendicular to welding direction) tensile tests were performed on EB- 

welded specimens (S960QL & S960M, 15 mm thickness) at room temperature with a ZD 100 

(1000 kN) hydraulic tensile testing due to the necessary higher maximal force in accordance with 

ISO 4136:2012 standard and the ultimate tensile strength of all welded specimens have been 

determined. 

 

7.1.6. Instrumented Charpy V-notch impact tests (ICITs) 

The instrumented Charpy V-notch pendulum impact tests was performed in accordance with 

EN ISO 14556 standards to evaluate the impact toughness of BM, HAZ, FZ using Heckert 

instrumented equipment. Specimens incised in the FZ are marked VWT and specimens incised 

in the HAZ are marked VHT. 
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Five Charpy V-notch specimens with dimensions of 10 × 10 × 55 mm at -40 °C for BM, HAZ 

and FZ were tested. The fracture surfaces of the tested samples (whose average value is nearest 

among 5 tested samples) obtained for BM, HAZ & FZ and examined via a SEM equipped with 

three-dimensional (3D) fractographic imaging analysis are shown in Appendix [A2]. Also, the 

expansion (e) of the fractured specimens were measured and analysed. 

 

7.1.7. Residual stress measurement 

The base materials (BM) used in this work were the same S960QL & S960M HSSs of the 

EBW experiments with plate thickness of 15 mm.  

The experimental details and optimal parameters of EBW used to produce the joints are 

described in sub section 7.1.2. During the welding process, the specimens were held rigidly with 

welding jigs in four corner regions shown in Fig. 7.2. 

 

(a) (b)

(c) (d)

1

2

  

Fig. 7.2. EB welding setup (a) assembly-front (b) assembly-front left (c) after welding (d) after 

welding, angular deformation 

 

The as-welded surface RS distribution in the 15 mm thick EB welded sample was measured 

with the X-ray diffraction (XRD) method, presented in Fig. 7.3a. The XRD method with present 

technology of centreless diffractometers that there are no limitations to the size of the sample and 

also stress in complicated geometries can be measured at very high angle approximation (usually 

in the 2θ range of 120°- 170°). In this work, we used very high reflection, 2θ i.e. 155.9° [192]. 
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Fig. 7.3. (a) Residual stress test arrangement and (b) schematic of residual stress measurement 

location 

 

This method is based on the interplanar distances variation of the crystal lattice [117][193]. 

Fig. 7.3b shows the measurement arrangement and the schematic of the pattern of residual stress 

taken. 

The main purpose is to provide detailed investigation and comparison of the magnitude of RS 

field induced in two different HSS grades. The RS determinations were carried out on the 

surface of the welded samples, on top of the bead, in the HAZ, and in the BM. These 

measurements were carried out according to the well-known modified sin2 Ψ technique (elliptical 

method) where small depth of penetration signify that the sampled region assumed to be in plane 

stress [28][194]. Standard Cr-Kα source with 30 kV tube voltage and 8 mA tube current was 

used to measure the ferrite interference line of {211} plane series. Collimator size was 1 mm in 

diameter. 7/7 tiltings were applied between : -45°and +45° at each measuring point. Three-line 

measurements were done on an EBW butt welded plate, 2 lines (top & bottom) are 27 mm from 

edge and third one in the middle of work piece. Stresses were calculated in longitudinal and in 

transverse direction at 14 measurement points and distance between them are 1.5 mm. During 

stress calculation, the Young modulus (E)= 211 GPa and the Poisson’s ratio (ν) with 0.3 were 

considered. The first point (zero) was taken at the weld toe and further the rest of the 

measurement done as shown in Fig. 7.3b. 

 

7.1.8. Cooling time determination, EBW 

Analytical method 

 

The cooling time determination is very important because the microstructural changes in the 

welded joint and heat affected zone (HAZ) depends on it and further it influences the steels 

mechanical properties. The cooling time t8/5 (3D) is described by the following equation for the 

three-dimensional heat flow for thick plate [195]: 

  8/5(3 )

0 0

1 1 1

2 500 800
Dt Q

T T

    
= −    

− −    
     7.2 

Q= 661.5 J/mm, η= 0.9 (EBW) [196], λ= 0.0378 J/ (mm.s.K) [14], T0= 21 °C 
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where, 

t8/5 (3D) = 3D cooling time from 800 °C to 500 °C (s) 

λ= thermal conductivity (W/ (mmK)) 

Q= linear heat input (J/mm) 

To= plate initial temperature (°C) 

 

The calculated cooling time from the above mentioned data using equation 7.2 is 2.23 s. The 

lower (t8/5 < 5 s) cooling time (energy input) than arc welding is usual and characteristic of the 

electron beam welding process. The t8/5 depends on energy input which includes the welding 

speed, welding voltage, welding current and thermal efficiency. Higher the energy input more 

will be the t8/5 cooling time. Higher the preheating temperature and interpass temperature greater 

will be the t8/5 time.  

 

Numerical simulation 

 

The numerical simulation was used to determine the t8/5 cooling curve using FE software 

SYSWELD. EBW numerical model was created using the software. It basically involves three 

important steps in welding simulation, these are modelling, analysis and post processing. The 

sample geometry, materials and heat sources fitting belong to the first steps i.e., modelling in 

weld simulation sequence. The dimensions of the plate used for simulation is 300 x 150 x 15 mm 

and the number of plates is two for butt welded joint. The important parameters considered for 

numerical simulation for S960QL material were presented in Table 7.3. The material properties 

of the steel S355J2 are integrated in the software and used for the calculations because it is 

similar to the low alloyed as S960QL, therefore there is not a big difference in the thermo-

physical properties. The efficiency is a very important parameter, and it is considered η=0.9 for 

EBW analysis. For modelling electron beam, a conical shaped source with 3D Gaussian 

distributed thermal energy density source model [197] is applied to get thermal field analysis, 

shown in Fig. 7.4a. 

 

 

Fig. 7.4.(a) Heat source model [197] (b) Temperature field (c) Exported HAZ thermal cycle 

 

The numerically simulated temperature field is presented in the cross section at the heat 

source in Fig. 7.4b. After numerical simulation, one node in the HAZ was selected (Fig. 7.4c) for 

finding t8/5 cooling time and exported the curve as shown in Fig. 7.4c, the observed cooling time 

was 1.9 s. 
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7.2. Comparative analysis results of  EB and GMA welded Q+T steel 

7.2.1. Comparison of EBW and GMAW by macro examination 

 

Fig. 7.5a & Fig. 7.5b shows a comparison of experimentally observed (stereo microscope) 

cross sections of an EB and a GMA welded S960QL butt welded joints. The fusion zone is 

indicated by yellow marked line (liquidus temperature, Tliq.) in Fig. 7.5. The black marked line 

in the Fig. 7.5., indicates A1 line temperature, which represent the visible HAZ region of the 

welded joints [198]. The experimental results showed the measured fusion zone area and HAZ 

area are 28 mm2 and 34 mm2 respectively, and the corresponding values for GMA welded joint 

are 257 mm2 and 95 mm2 respectively. The process variables comparison of GMAW and EBW 

are presented in Table 7.4. 

Table 7.4.Comparison of GMAW and EBW process variables (t=15 mm). 

Steel Process variable GMAW EBW 

S960QL 

 

 

Weld pass 9 1 

Filler material Yes No 

Speed (mm/s) 3-10 10 

Linear heat input (J/mm) 600 (root pass) 

700 (2nd-9th pass) 
661 

Interpass temperature, °C 150 0 

Welding main time (s) 40*9=360* 

(9 passes) 
30 

 

Fig. 7.5. Calculated cross sections area of FZ and HAZ in case of S960QL: (a) EBW (b) GMAW, 

M=6.5× [62] 
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7.2.2. Microscopic test 

In Fig. 7.6(a), the HAZ subzones are marked in the macro photo and (b) shows the S960QL 

base material microstructure. Energy dispersive X-ray spectroscopy (EDS) was performed in the 

FZ to study the distributions of chemical elements are presented in Appendix [CD, AA20]. 

 

 

Fig. 7.6. Schematic photograph (a) welded cross section showing the areas where SEM 

micrographs taken; (b) S960QL base material (2% Nital), M= 1500× 

 

 

Fig. 7.7. SEM micrographs of different subzones of the EB welded joint, S960QL steel. (a) FZ; 

(b) CGHAZ; (c) FGHAZ; (d) ICHAZ, (2% Nital), M= 1500×  

 

The microstructure of as-received S960QL base material is consists of tempered martensite in 

Fig. 7.6(b). The SEM micrograph, Fig. 7.7(a) of FZ shows that it consists of fine dendritic 

martensitic microstructure which orientation is nearly perpendicular to the weld centre line. This 
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happened during fusion zone solidification when grains tend to grow in the direction of the 

maximum heat extraction. The nucleation of prior austenite grains at the fusion boundary caused 

because it is energetically more favourable [181][115]. The different sub zones of the HAZ viz. 

CGHAZ, FGHAZ, and ICHAZ are clearly identified depends upon the distance from weld face. 

The CGHAZ area, Fig. 7.7(b) near the fusion boundary line composed of fully martensite. 

FGHAZ, Fig. 7.7(c) area also primarily constitutes martensite in accordance with the hardness 

measurement. The area near the vicinity of base material i.e. ICHAZ, Fig. 7.7(d) composed of a 

mixture of tempered martensite and M-A parts. So, the HAZ microstructure is predominantly 

consists of martensite. 

 

7.2.3. Hardness test 

The macro hardness tests were performed in accordance with ISO 22826:2005(E) standard 

practices of EB welded joints using a Reicherter UH250 universal macro hardness tester with a 

10 kg load and a 10 s dwell time. Evaluation was performed according to the EN ISO 15614-11 

standard which permits HVmax =  450 HV10 for the non-heat-treated welded joints (including 

HAZ) of quenched and tempered high strength steels belonging to the 3rd group of CR ISO 

15608. The macro hardness value was measured over weld cross section in three lines (top, 

middle & bottom) of a simple transversal macro test specimen after the surface preparation using 

the grinding and polishing. The macro indentations were taken in three horizontal direction of 

different regions (BM, HAZ & FZ) of a specimen for S960QL are shown in Fig. 7.8a and the 

GMAW hardness graph for face and root side is shown in Fig. 7.8b. 

 

 

Fig. 7.8.The macro hardness distribution. (a) EBW (b) GMAW [62] 

 

The measured macro hardness of as-received base metal S960QL was approximately 350±7 

HV10. The average hardness value of EB welded and GMAW joint for HAZ and FZ are 

presented in Appendix [CD, AA21]. In EBW, the macro hardness measurement obtained in all 

three lines of the welded joint are following the similar trend. In FZ, average hardness pattern 

showed increase in values from top to bottom line while the highest average hardness observed 

in bottom line. The average hardness of all three lines at the centreline of the FZ was 414±6 

HV10. The highest hardness of the HAZ near the fusion line was observed in all three lines 

which correspond to the FGHAZ and the hardness values decreased further as we moved along 

the BM. An increased hardness in CGHAZ and FGHAZ was observed since the base metal 
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transformed fully to martensite after austenitization. The highest hardness in HAZ was 441 

HV10 measured in middle line and second highest in top line which was 437 HV10, which can 

be clearly observed from Fig. 7.8. Blacha et al. [1] in his studies found maximum hardness value 

in HAZ was 447 HV10 and the average hardness value of FZ was 433 HV10 while considering 

top line hardness measurement on the same material. A modest variation in the hardness value 

among the top, middle and bottom of the EB welded specimen was observed, which was mainly 

related to the different thermal gradient in the thickness. However, little softening can be seen in 

the ICHAZ area close to A1 due to the tempering of martensite and small amount of brittle zones. 

In GMAW welded joint, FZ has also higher average hardness as compared to HAZ in both 

face side and root side although in this case the higher hardness was achieved by the use of filler 

metal. It can be seen from Fig. 7.8(b), the average hardness decreased drastically in root side 

both in HAZ and FZ, even under to the level of BM due to the tempering effect of multipass 

welding, which phenomenon did not occur implicitly during EBW due to the single-pass weld. 

 

7.2.4. Tensile test 

The tensile strength of the BM according to EN 10204 3.1, material certificate provided by 

the steel producer was 1053 MPa. According to EN 15614-11 the tensile strength of the test 

specimen should not be less than the corresponding specified minimum value for the base metal, 

which is 980 MPa in this case (according to EN 10025-6). However, the measured tensile 

strength of EBW samples were having the strength of 1038 MPa and 1049 MPa which was 

approximately around the BM strength. 

The tensile test results of EB & GMA welded joints are given in Table 7.5. 

Table 7.5.Tensile properties of EBW and GMAW S960QL welded joints. 

Steel 
Sample 

No. 

EBW GMAW [62] 

Force 

(kN) 

Tensile  

strength 

(MPa) 

Fracture 

location 

Avg. tensile 

strength 

(MPa) 

Linear 

Energy 

(J/mm) 

S960QL 
1 397 1038 BM 1030 700 

2 384 1049 BM 977 1000  

  

Also, it was observed that all failures in the tested samples were occurred in the BM not in the 

welded part as shown in Appendix [CD, AA22]. Also, Blacha et al. [1] in his research work, 

EBW of HSS S960QL observed that tensile strength of the EBW welded joints were at the same 

level of the BM and rupture took place out of the weld. Gáspár and Balogh [62] studies showed 

that average tensile strength of S960QL GMAW joint for the same thickness were 1030 MPa for 

cooling time (t8/5) 5-6 s and linear energy 700 J/mm which is quite close to experimental linear 

energy used in this paper for EBW i.e. 661.5 J/mm and when GMAW linear energy was 

increased to 1000 J/mm, then the cooling time was 10 s and corresponding average tensile 

strength of the welded joints was 977 MPa. So, it can be concluded from above comparison that 

the average tensile strength of GMAW and EBW are nearly similar with cooling time of 5-6 s 

while in the case of higher cooling time i.e. 10 s there is  high risk that the tensile strength will be 

below the required minimum limit i.e. 980 MPa. So, by EBW the same strength welded joint was 

prepared as in GMAW without the application of filler material. 

 



ELECTRON BEAM WELDING EXPERIMENTS ON HSSS 

69 

 

7.2.5. Instrumented Charpy V-notch impact test & fractography 

The Charpy V-notch impact test was done to quantify the toughness of the welded joints at 

the guaranteed operating temperature of the base material [199]. For S960QL steel, in 

accordance with EN 10025-6 the required minimum impact energy is 27 J at -40 °C. According 

to the material certificate, the investigated steel plate has 75 J CVN, although 162±46 J was 

measured during the performed impact test of the base material. The five impact test specimens 

with dimensions of 10 × 10 × 55 mm at -40 °C for BM, HAZ and FZ were tested. The fracture 

surfaces of the tested samples (whose average value is nearest among 5 tested samples) obtained 

for BM, HAZ & FZ and examined via a SEM equipped with three-dimensional (3D) 

fractographic imaging analysis are shown in Appendix [A2]. In Appendix [A3], the CVN values 

of the real EB welded joints from the investigated S960QL material are presented with average 

(Avg.) CVN, standard deviation (Std. dev.) of CVN, where, Wi is crack initiation, Wp is the 

crack propagation. The average impact toughness value of HAZ and FZ are 45±11 J and 44±20 J 

respectively. This clearly shows that there is decrease in HAZ and FZ toughness values 

compared to BM and the average toughness values between HAZ and FZ are similar. However, 

impact toughness of some tested samples in FZ found to be 20 J which is below the minimum 

permissible limit provided by the standard and in HAZ, CVN value of one tested sample 

observed as 27 J which is in consonance with the standard requirement. In particular, the 

toughness depends upon many factors such as amount of martensite transformation, carbide 

precipitation and grain size. By comparing the impact test results of EBW and GMAW joints it 

can be concluded that the measured impact energy values are nearly in the same range, since 44 J 

average value was measured in the weld zone and 43 J average value in HAZ at the low heat 

input (5-10 s) GMAW process. By the increase of welding heat input (t8/5= 20-30 s) the impact 

energy values are decreasing both in the weld (38 J) and the HAZ (26 J) of GMAW joints [62]. 

In another study where ICITs were performed on a GMA welded joint of the same grade 53 J 

average impact energy was measured in FZ [14]. The Charpy V-notch impact test results on 

GMAW joint and simulated HAZ are presented in Appendix [A3] [14][62]. It can be remarked 

that nearly the same toughness level can be achieved in the weld zone with EBW as with 

GMAW without the application of filler metal. 

The instrumented Charpy V-notch impact testing was used because it provides more detailed 

information about the fracture process and the ductile/brittle behaviour of the material while the 

conventional Charpy V-notch impact test can provide only the whole energy absorbed during the 

fracture. The experimental set up of instrumented Charpy V-notch pendulum impact tests was 

shown in [CD, AA23]. With the application of strain gauge measurement technique, the load-

time graph was obtained, and the characteristic points of the fracture process are identified (the 

start of the plastic strain, maximal force, start of the unstable crack propagation, end of the 

unstable crack propagation). In the registered graph the unstable crack propagation stage was 

correlated with the amount of brittle fracture on the fracture surface. From the load-time graph, 

the force-displacement graph was calculated. Considering that the crack initiation occurs at the 

maximal force, the registered graph was divided into two parts according to the maximal force. 

Until the maximum force the area under the curve was considered as the absorbed energy for 

crack Wi, while the rest for Wp. The toughness of the examined material reduces with the 

increase of absorbed energy ratio for the crack initiation. The edges show the cleavage cracking 

in all sub zones; however, the fractured surface appears completely smooth due to its 

polycrystalline structure. The different fracture features can be clearly seen from the Appendix 
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[A2]. A brittle fracture with low amount of ductile parts was detected in the registered force-

displacement diagrams (VWT & VHT), since the absorbed energy mostly consisted of the crack 

initiation energy. Since the previous studies verified that the critical, local toughness reduction in 

the HAZ of the investigated S960QL cannot be avoided by the simple modification of the 

welding parameters (by the modification of t8/5 cooling time range) therefore one of the possible 

solutions is to minimize the extension of HAZ. By EBW, the area of HAZ, including the brittle 

subzones (CGHAZ, ICHAZ) can be reduced by three times. 

The relationship between CVN and expansion shows that in the weld (FZ) and HAZ whether 

the CVN values fulfilled the 27 J requirement, mostly brittle fracture was occurred. This is due 

to the fact that during the impact testing of high strength steels generally higher maximum force 

values are measured compared to mild steels, which results relatively high CVN, however the 

value of CVN mostly include the Wi and not Wp, which is almost zero. So, the CVN is higher 

because of the high Wi, and not unfortunately because of the high Wp. So, if CVN is around or 

above the requirement, but expansion is almost zero, it means that the material is brittle. It 

concludes that HAZ of EB welded joint is brittle like HAZ of GMAW joint. However, the major 

advantage of EBW is that the area of brittle zone is much less especially in HAZ as compared to 

GMAW process. The toughness will reduce but not in a large cross section as in conventional 

GMAW. 

 

7.3. Experimental results of EB welded TMCP steel 

7.3.1. Microscopic test 

SEM micrographs of experimental steel for BM and different sub zones of HAZ are presented 

in Fig. 7.9(a-e).  

 

 

Fig. 7.9. Microstructure: (a) BM, (b) FZ, (c) CGHAZ, (d) FGHAZ and (e) ICHAZ. (2% Nital), 

M= 1500× 
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S960M steel BM typically consists of upper bainite (BU) and auto tempered martensite (TM) 

microstructure as shown in Fig. 7.9a. Microstructure are very fine and homogenous. The FZ 

consists of mainly martensitic (M) microstructure, is clearly observed in Fig. 7.9(b). In CGHAZ 

(Fig. 7.9c), due to lower linear heat input the microstructure has relatively fine grained with 

upper bainitic and martensitic structure. Also, the grain size of CGHAZ of S960M observed as 

finer compared to S960QL microstructure in the same subzone. Schaupp et al. also demonstrated 

in his study that the grain size in the CGHAZ of S960M is smaller and fine-grained than S960QL 

[200]. The FGHAZ (Fig. 7.9d) has martensitic and granular bainitic (GB) structure. In ICHAZ 

(Fig. 7.9e), the microstructure comprised of scattered small islands of ferrite (F) and tempered 

martensite microstructure. 

 

7.3.2. Hardness test 

The hardness profiles across the middle of welded joint are shown in Fig. 7.10. The measured 

BM, FZ and HAZ average hardness were 357±5 HV10, 366±8 HV10 and 370±9 HV10, 

respectively. FZ and especially HAZ hardness values are slightly higher as compared to the BM. 

In CGHAZ small local hardness drop can be observed due to the large prior austenite grain size 

but the FGHAZ has highest hardness of 380 HV10 mainly due to the fine-grained martensitic-

bainitic microstructure.  

  

 

     Fig. 7.10. Macrohardness, S960QL & S960M 

 

7.3.3. Tensile test 

The tensile strength of the welded joints reached to  995,5 MPa (6% lower than the tensile 

strength of base material) which is in lower level as of the base material (1058 MPa according to 

the material certificate).  

Table 7.6. Tensile properties of EBW S960M welded joints. 

Steel No. 
Force 

(kN) 

Tensile strength 

(MPa) 

Fracture 

location 

S960M 
1 366 997 Base material 

2 361 994 Base material 
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 In all the tested samples of welded joints, the fractures occurred in base metal not in weld 

part as shown in Appendix [CD, AA22]. The tensile test results of S960M EB welded joints are 

given in Table 7.6. 

 

7.3.4. Results of Instrumented Charpy V-notch test & fractography 

The required criterion for minimum absorbed energy for S960M at -40 °C is CVN = 40 J. The 

average absorbed energy of BM, FZ and HAZ reached to 142±22 J, 78±21 J & 125±64 J, 

respectively The force-displacement graphs of ICITs and fractograph of tested samples 

(fractured specimen whose absorbed energy closest to the average absorbed energy of 5 sample) 

obtained for BM, FZ & HAZ are presented in Appendix [A2]. The observed CVN for BM was 

141 J and energy absorbed during Wi and Wp are 42.3 J (30%) & 98.7 J (70%) respectively of 

the total absorbed energy. The CVN for FZ was observed as 91 J out of this Wi= 68.3 J (75%) 

while Wp= 22.7 J (25%). However, in case of HAZ, the CVN was 91 J, Wi= 78.3 J (86%) and 

Wp= 12.7 J (14%). In Appendix [A3], the CVN values, avg., std. dev., Wi & Wp  of the all the 

tested samples for EB welded joints from the investigated S960QL material are presented. 

Fractography examination of the BM shows fully ductile fracture with typical dimple 

morphology at several locations. Fracture morphologies of FZ, was typical transcrystalline in 

nature and individual grains cannot distinguished on the fractured surface, cleavage facets well 

observed characterize by river pattern. Fracture surface of HAZ was mixed mode mainly brittle 

and small portion of ductile characteristic, coarse and fine transcrystalline fracture zone along 

with small-sized dimples on the surface as shown in Appendix [A2]. It was mostly unstable 

crack propagation can be seen in the graph.  

 

 

Fig. 7.11. (a) Lateral expansion on CVN test specimen (All dimensions in mm) [201]; (b) 

Expansion graph S960QL & S960M. 

 

The lateral expansion of the fractured surfaces was measured and evaluated; it is a measure of 

test sample’s ductility. When the ductile materials fracture, the materials get deformed. The 

amount of specimen deformation is measured (in mm) as the difference between deformed width 

(bm) and original measured width (b) and is expressed as lateral expansion (bm-b) or it is defined 

as the increase in fractured sample width as measured opposite side of the notch, on the striking 

side. So, as the ductility of material decreases, lateral expansion decreases and vice versa [201]. 

The schematic diagram and expansion graph of lateral expansion measurement on impact 

specimen is shown in Fig. 7.11a and Fig. 7.11b respectively. 
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In Fig. 7.11b, lateral expansion shows the amount of deformation of the material, in case of 

BM expansion is higher and all values lies above straight line which clearly indicates the 

toughness of material is higher. Two HAZ specimens exhibit an expansion higher than BM. 

However, HAZ and FZ has brittle-ductile characteristic, expansion is comparatively lower. From 

the Fig. 7.11b and the registered force-displacement diagrams, S960M steel and its EB welded 

joint shows higher toughness as compared to the S960QL category. 

 

7.4. Residual stress measurements 

The measured RS distribution i.e. longitudinal and tensile (parallel and perpendicular to the 

weld direction at each point of measurement respectively) in as welded samples at three different 

location top, middle and bottom marked by green, blue and red colour respectively as shown in 

Fig. 7.3b. The data points at 0 mm correspond to the centre of the EB weld whilst the RS data 

points at positive and negative distances are measured from the toe of the EB weld.  
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Fig. 7.12.Residual stress graphs: (a) Longitudinal stress, S960QL (b) Transverse stress, S960QL 

(c) Longitudinal stress, S960M (d) Transverse stress, S960M 

 

In Fig. 7.12(a), the longitudinal RS distribution of S960QL showed the stress profile and the 

magnitude are almost symmetric about centre. The bottom line having the maximum tensile peak 

of 609 MPa near the toe of the EB weld. In HAZ, longitudinal tensile stresses decreased rapidly 

to 218 MPa at -1.5 mm from weld toe and it continues along the BM up to -6 mm and further 

nearly constant in BM i.e. average -55 MPa. Stress level differences outside of HAZ in BM are 

due to different surface treatment of the plates before welding. However, in the top and bottom 

line, the longitudinal tensile stress distribution lies till ±1.5 mm & ±3 mm away from weld toe 

but in case of the middle of the plate, it was extended along the whole width in BM. 
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The compressive stress observed in BM at 3 mm and 4.5 mm away from weld toe in both top 

and bottom line but in middle line it was nearly constant to zero axis. However, it was -221 MPa 

at -13.5 mm from weld toe. In middle line, tensile stress continued along whole width. 

 The longitudinal RS distribution of S960M (Fig. 7.12c) in top line showed the maximum 

tensile peak of about 574 MPa near the weld toe while in HAZ at a distance -1.5 mm from weld 

toe it decreased to 162 MPa. Tensile longitudinal stress present till 1.5 mm from the weld toe in 

HAZ, maximum of it lies near the weld toe in both top and bottom line while it decreased further 

to 70.5 MPa at -3 mm away from weld toe in middle line. In the beginning and end of the 

welding, longitudinal tensile stress distribution occurs till ±1.5 mm away from weld toe but in 

case of the middle of the plate, it was observed till ±3 mm from it. 

The compressive stress in BM observed at ±3 mm away from weld toe in both beginning and 

end of the weld but in middle of the plate, it lies ±4.5 mm away from it. However, the 

compressive stress in bottom line was maximum compared to others two line but the lowest in 

middle line. The maximum  longitudinal tensile stress near the weld toe of the EB welded 

S960QL joint was slightly higher than the S960M and also higher near the BM-HAZ interface, 

so overall tensile stress in HAZ of S960QL was more compared to the S960M steel. The amount 

of restrictive shrinkage was not so high therefore tensile RS does not reach the yield strength of 

BMs. Besides higher toughness and the lower cold cracking sensitivity of S960M due to the 

lower HAZ and weld hardness, the additional positive advantage is the lower RS. The transverse 

RS on the surface of an EB welded plate of S960QL and S960M are shown in Fig. 7.12(b) and 

Fig. 7.12(d) respectively.  

In summary, the stresses vary significantly within the confined area due to the concentrated 

heat source. The transverse stress is compressive in S960QL near the weld toe i.e. -220 MPa and 

in S960M it was -293 MPa near the weld toe. It was found that the S960M exhibits more 

compressive stress than S960QL near the weld toe and for HAZ it follows nearly the same 

pattern for both steels. The maximum tensile stress experienced in EB welded joints are in 

longitudinal direction since this direction subjected to highest contraction as a result of the 

welding thermal cycle. The magnitude of tensile stress near toe of S960QL joint was maximum 

(60% of the yield strength of the BM) compared to S960M joint (55% of the yield strength of the 

BM). The effect of the lower linear heat input of the EB welding process can be well observed in 

the transverse RS of welded samples of HSS S960QL and S960M compared to GMAW [121] & 

TIG welding [123]. Mobark [50] study showed the average angular deformation at the four 

corner of GMAW welded joint of S960M with medium heat input was 2.5 mm which is 

comparatively higher than EBW joint. Due to the smaller linear heat input, the shrinkage process 

especially the phase transformation leads to the reduction of the tensile RS and also the 

compressive RS resulting in the characteristic W-shape of RS distribution as shown in the Fig. 

7.12(b) and Fig. 7.12(d) respectively.  
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8. FATIGUE CRACK GROWTH (FCG) TEST 

8.1. Experimental circumstances 

The FCG tests were executed on three-point bending (TPB) specimens, nominal W values 

were W= 26 mm and W= 13 mm for the base materials and the welded joints (t= 15 mm), in the 

21W and 23W directions, respectively. The position of the notches correlated with the rolling 

direction (T-S and T-L). Straight notches were applied with 0.2W nominal length, 2 mm wide, 

90° tip angle and 0.25 mm tip radius. The positions of the cut specimens from the welded joints 

are shown in Fig. 8.1[14][139][175]. 

 

 

Fig. 8.1. TPB specimen locations in welded joint with notch directions (RD = rolling direction) 

[14][139][175]. 

 

The notch locations, were different, therefore the positions of the notches and the crack paths 

represent the most important and the typical crack directions in a real welded joints. The notch 

locations at weld metal (WM), fusion line (FL) and heat-affected zone (HAZ) were presented in 

schematic diagram Fig. 8.2. 
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Fig. 8.2. Notch locations and crack paths in the welded joints. 

 

The FCG examinations were performed with tensile stress, R = 0.1 stress ratio, sinusoidal 

loading wave form, at room temperature using MTS type electro-hydraulic testing equipment 

(see Fig. 8.3). The loading frequency was f = 20 Hz for two-thirds of the growing crack’s length, 

approximately, and it was f = 5 Hz for the last third. The propagating crack was registered with 

optical method, using video camera and hundredfold magnification (N = 100x). 

Post-weld treating (thermal and/or mechanical) was not applied after welding of electron 

beam welded joints (investigations in as-welded condition). 

 

 

Fig. 8.3. MTS type electro-hydraulic testing system equipped for FCG investigations. 

 

The dissertation summarizes the results of FCG investigations on S960QL Q+T, and on 

S960M thermomechanically rolled high strength steel autogenous EB welded joints (WJ). 

Furthermore, it also describes the crack length vs. number of cycles curves, kinetic diagram of 

fatigue crack propagation and presents various calculated results and statistical analysis for both 

materials and its comparison with GMAW welded joints. 
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8.2. Fatigue crack growth test 

The crack length vs. number of cycles curves can be seen in different orientations for  

− S960QL and S960M, autogenous EB welded, T-S/23W orientation in Fig. 8.4;  

− S960QL and S960M, autogenous EB welded, T-L/21W orientation in Fig. 8.5;  

 

 

Fig. 8.4.Crack length vs. number of cycles curves in T-S/23W orientation ( S960QL/S960M, 

autogenous EB welded joint). 

 

 

Fig. 8.5. Crack length vs. number of cycles curves in T-L/21W orientation (S960QL/ S960M, 

autogenous EB welded joint). 
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Secant method [202] was used to evaluate the fatigue crack growth data. The calculated stress 

intensity factor range vs. fatigue crack growth rate values, the kinetic diagrams of FCG, are 

shown in Fig. 8.6 and Fig. 8.7. 

 

 

Fig. 8.6. Kinetic diagrams of FCG tests on S960QL / S960M welded joints (altogether 12 

specimens). 

 

 

Fig. 8.7. Kinetic diagrams of FCG tests on  S960QL/ S960M welded joints (altogether 12 

specimens). 
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The constants (C and n) of the Paris-Erdogan relationship [135] were calculated using the 

least squares regression method. The data do not belong to the stage II of the kinetic diagram of 

fatigue crack propagation have been eliminated during the least square regression analysis, for 

each specimen, systematically. 

The calculated n, C values and the dimensions of the tested specimens for S960QL and 

S960M were summarized in Table 8.1 and Table 8.2.  

Table 8.1. FCG test results: S960QL 

Specimen 

ID 
W B a0 Crack 

path 

n C 
Correlation 

coefficient 

 mm mm mm (mm/cycle, MPam1/2) (–) 

Specimen location: T-S/23W 

1S_11 12.96 6.55 3.51 WM 3.481 7.411E-11 0.9716 

1S_12 12.97 6.56 3.54 WM 2.468 1.502E-08 0.9508 

1S_13 12.95 6.56 3.58 FL 3.061 1.014E-09 0.9675 

1S_14 12.98 6.55 3.52 FL 1.977 1.534E-07 0.9198 

1S_15 12.96 6.54 3.54 HAZ 3.071 1.236E-09 0.9599 

1S_16 12.96 6.53 3.61 HAZ 1.330 2.870E-06 0.8347 

Specimen location: T-L/21W 

1B_11 25.90 12.87 5.12 WM 3.649 3.976E-11 0.9574 

1B_12 25.93 12.87 5.22 WM 3.866 1.292E-11 0.9468 

1B_13 25.92 12.87 5.25 FL 5.791 6.381E-15 0.9665 

1B_14 25.85 12.87 5.20 FL 2.631 2.184E-08 0.7083 

1B_15 25.92 12.87 5.12 HAZ 3.993 2.553E-11 0.9293 

1B_16 25.84 12.87 5.21 HAZ 2.062 1.897E-07 0.9245 

 

Table 8.2. FCG test results: S960M 

Specimen 

ID 
W B a0 Crack 

path 

n C 
Correlation 

coefficient 

 mm mm mm (mm/cycle, MPam1/2) (–) 

Specimen location: T-S/23W 

2S_21 12.98 6.56 3.90 WM 3.149 6.165E-10 0.9363 

2S_22 12.98 6.56 3.94 WM 3.131 7.767E-10 0.9294 

2S_23 12.95 6.56 3.93 FL 3.814 4.408E-11 0.9557 

2S_24 12.94 6.56 3.93 FL 3.704 4.833E-11 0.9479 

2S_25 12.97 6.56 3.96 HAZ 4.021 1.424E-11 0.9653 

2S_26 12.97 6.54 3.98 HAZ 2.290 2.314E-08 0.9497 

Specimen location: T-L/21W 

2B_21 25.93 13.05 5.01 WM 4.981 1.593E-13 0.9446 

2B_22 25.94 13.05 5.19 WM 5.192 6.125E-14 0.9575 

2B_23 25.94 13.04 4.92 FL 6.722 1.340E-16 0.7651 

2B_24 25.89 13.04 4.89 FL 5.341 3.755E-14 0.9431 

2B_25 25.94 13.03 5.09 HAZ 5.367 2.044E-11 0.8991 

2B_26 25.94 13.05 4.87 HAZ 5.548 3.465E-14 0.9560 
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8.3. Comparing the FCG resistance of EB welded and GMA welded joints 

The statistical samples of Paris-Erdogan exponent values (n) and their characteristics for 

S960QL & S960M HSSs EB welded joints and its comparative data with GMA welded joint are 

presented in Table 8.3. However, the details comparison for Paris-Erdogan exponent values (n) 

for the notches incised in the FZ are presented and analysed. The comparison of Paris-Erdogan 

exponent values (n) for S960QL EB welded joint with S960QL GMA welded for the same 

thickness are presented in Table 8.4. and the comparison of S960M EB welded joint with S960M 

GMA welded are shown in Table 8.5. The photos of breaking of each specimen for S960QL & 

S960M are presented in Appendix [A4]. The macrophotos of FCG fractured specimens are 

presented in Appendix [CD, AA25] 

Table 8.3. Statistical samples of Paris-Erdogan exponent values (n) 

Base 

material 
Tech.used Orientation 

Number 

of 

samples 

Average SD 
SD 

coefficient 
Source 

S960QL EBW 

T-L/21W 6 3.66 1.288 0.351 

OWN T-S/23W 6 2.56 0.802 0.313 

T-L/21W and 

T-S/23W 
12 3.11 1.124 0.361 

S960QL GMAW 

T-L/21W 8 4.45 0.594 0.134 

[14] T-S/23W 7 4.19 1.106 0.264 

T-L/21W and 

T-S/23W 
15 4.32 0.847 0.196 

S960M EBW 

T-L/21W 6 5.52 0.616 0.111 

OWN T-S/23W 6 3.35 0.632 0.188 

T-L/21W and 

T-S/23W 
12 4.43 1.227 0.276 

S960M GMAW 

T-L/21W 5 3.06 0.639 0.208 

[50] T-S/23W 6 3.23 1.017 0.315 

T-L/21W and 

T-S/23W 
11 3.15 0.830 0.262 
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 Table 8.4. The mean values of Paris-Erdogan exponent (n) for the welds of S960QL.  

Base 

material 

Orientation, 

Mismatch 

type 

Specimen 

ID 

Crack 

path 
n navg. 

Technology 

used 
Source 

S960QL T-S/23W 
1S_11 WM 3.481 

2.97 EBW OWN 
1S_12 WM 2.468 

S960QL T-L/21W 
1B_11 WM 3.649 

3.75 EBW OWN 
1B_12 WM 3.866 

S960QL T-S/23W, M 

9-GMm-FC-

23W1 
WM 4.133 

4.28 

 

 

GMAW 

  

[14] 
9-GMm-FC-

23W3 
WM 4.454 

9-GMm-FC-

23W7 
WM 4.262 

S960QL T-L/21W, M 

9-GMm-FC-

21W1 
WM 4.760 

4.21 GMAW [14] 

9-GMm-FC-

21W3 
WM 3.848 

9-GMm-FC-

21W4 
WM 3.466 

9-GMm-FC-

21W6 
WM 4.772 

 

Table 8.5. The mean values of Paris-Erdogan exponent (n) for the welds of S960M.  

Base 

material 

Orientation, 

Mismatch 

type 

Specimen 

ID 

Crack 

path 
n navg. 

Technology 

used 
Source 

S960M T-S/23W 
2S_21 WM 3.149 

3.14 EBW OWN 
2S_22 WM 3.131 

S960M T-L/21W 
2B_21 WM 4.981 

5.08 EBW OWN 
2B_22 WM 5.192 

S960M T-S/23W, M 
D9013-5s WM 3.075 

3.17 GMAW [50] 
D9013-6s WM 3.281 

S960M T-L/21W, M 
D9013-1 WM 3.933 

3.51 GMAW [50] 
D9013-2 WM 3.104 
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8.4. Conclusions of FCG tests 

Based on the FCG experimental investigations and their results, comparing them with 

previous research of various GMA welded joints of S960QL & S960M HSS, the following 

conclusions can be drawn: 

− With the application of high energy beam welding processes required welded joints can be 

produced, where the appropriate quality consists the eligible resistance to fatigue crack 

propagation.  

− The results of the executed investigations justified the necessity of statistical approaches, 

especially referring to the directions of the base materials (T-L, L-T, T-S and L-S) and the 

welded joints (21W and 23W), and the determination of the number of the tested specimens. 

− The average values of Paris-Erdogan exponents (n) of the investigated S960QL autogenous 

EB welded joints were statistically lower in T-L/21W, T-S/23W & (T-L/21W and T-S/23W) 

direction than the exponents of the S960M EB welded joint. 

− The average values of Paris-Erdogan exponents (n) of the investigated S960QL autogenous 

EB welded joints were lower in T-L/21W, T-S/23W & (T-L/21W and T-S/23W) direction 

than the exponents of the corresponding grade of GMA welded HSS with same thickness. 

− The average values of Paris-Erdogan exponents (n) of the investigated S960M autogenous EB 

welded joints were higher in T-L/21W, T-S/23W & (T-L/21W and T-S/23W) direction than 

the exponents of the corresponding grade of GMA welded HSS with same thickness. 

− The tendency of the FCG resistance of EBW & GMAW are not the same at the investigated 

Q+T and TMCP steels. Therefore, the statistical based qualification of the differences requires 

further tests. 

− The electron beam welded joints of the investigated S960QL steel are significantly more 

sensitive to the location (FZ, FL, HAZ) of the fatigue cracks than the welded joints of the 

examined S960M steel. 

− The fatigue crack growth resistance of the investigated S960M steel in the examined 

directions (21 and 23) is significantly different, there is no such difference for the investigated 

Q+T steel. 
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9. THESES – NEW SCIENTIFIC RESULTS 

T1. Based on the detailed HAZ characterization of dual-phase steels (DP800, DP1000, DP1200 

& DP1400) by GLEEBLE 3500 thermomechanical simulator for the 5-30 s cooling time 

interval the HAZ is susceptible to hardening and softening in the function of subzones and 

t8/5 cooling time (6): 

a) At short, t8/5 = 5 s cooling time, up to DP1000, the CGHAZ of the investigated DP steels 

tends to hardening, whilst above its grade, in DP1200 and DP1400, CGHAZ is softening 

compared to BM. In case of long (t8/5 = 30 s) cooling time CGHAZ softens in all grades, 

and the level (ratio) of softening is increasing with the higher grades. 

b) Among the investigated subzones not only ICHAZ and SCHAZ, but FGHAZ also tends 

to soften in the t8/5 = 5-30 s cooling time range, although at the shorter (t8/5 = 5 s) cooling 

time ICHAZ is the most critical part of the HAZ in terms of softening.  

 

T2. Based on the performed diode laser beam welding and post weld heat treating experiments 

on the investigated DP steels (DP800, DP1000, DP1200, DP1400), I verified the beneficial 

effect of the technology on the joint properties (3) (4) (8): 

a) Due to the flexible adjustment of spot diameter in autogenous diode laser beam welding 

and post-weld heat treatment the hardness peaks in CGHAZ and FGHAZ of the 

investigated DP steels can be reduced to the level of base materials, resulting lower cold 

cracking sensitivity, without losing significantly the load bearing capacity of the welded 

joints. 

b) Nearly equal-matching welded joint can be prepared with significantly lower longitudinal 

and transversal residual stresses from 1 mm thick DP1000 steel sheets by diode laser 

welding with G895M21Mn4Ni2.5CrMo (according to EN ISO 16834-A standard) filler 

metal and post-weld heat treatment.  

 

T3. Based on the performed high vacuum electron beam welding experiments on the 

investigated 15 mm thick S960QL and S960M steels (1) (25): 

a) Approximately same strength and toughness welded joint could be prepared from 

S960QL with electron beam welding as with gas metal arc welding without the 

application of alloyed filler material. Electron beam welding is an effective way to 

compensate the HAZ brittleness, characteristic in the whole 2.5-30 s t8/5 range of 

S960QL, by the significantly narrower heat affected zone. 

b) A nearly equal matching weld with low cold cracking sensitivity can be achieved by the 

autogenous EBW with S960M. 
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T4. Based on the performed residual stress measurements with XRD on the electron beam 

welded joints (2): 

a) The maximum longitudinal tensile stress near the weld toe of the EB welded S960QL 

joint is higher than the S960M.  

b) The transverse residual stresses in the S960QL and S960M welded samples shown the 

characteristic W-shape of residual stress distribution.  

 

T5. The electron beam welded joints of the investigated S960QL steel are significantly more 

sensitive to the location (FZ, FL, HAZ) of the fatigue cracks than the welded joints of the 

examined S960M EB welded joint. I proved this statement by fatigue crack growth tests 

performed and analyzed with cracks propagating in different zones of the welded joint. (26) 

 

T6. The fatigue crack growth resistance of the investigated S960M EB welded joints in the 

examined directions (21 and 23) is significantly different, there is no such difference for the 

investigated S960QL grade. I proved this statement by fatigue crack growth tests performed 

and analyzed in different directions. (26) 
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10. SUMMARY 

The high power density beam processes have given major impetus in the application of HSSs 

over other traditional welding processes. In this dissertation, application of LBW process for thin 

sheet (1 mm) of different grades of DP steel (DP800, DP1000, DP1200, DP1400) and EBW 

process for thick plate (15 mm) HSSs (S960Q & S960M) are presented.  

The major findings of this work are listed below: 

Physical simulation results of various grades of DP steels presented in the dissertation, 

showed that the HAZ of DP steels can harden and also soften depending on the peak temperature 

in the subzones and the value of t8/5 cooling time. So, DP steels can have a more complex 

behaviour in fusion welding (especially in LBW) compared to RSW, when basically the 

significant hardening generates problems. By increasing the cooling time the hardness is 

decreasing in all investigated DP steels and HAZ subzones. At short, t8/5 = 5 s cooling time, up to 

DP1000, the CGHAZ of the investigated DP steels tends to hardening, whilst above its grade, in 

DP1200 and DP1400, CGHAZ is softening compared to BM. In case of long (t8/5 = 30 s) cooling 

time CGHAZ softens in all grades, and the level (ratio) of softening is increasing with the higher 

grades. Not only ICHAZ and SCHAZ, but FGHAZ also tends to soften in this cooling time 

range, although within the investigated cooling time interval ICHAZ is the most critical part of 

the HAZ in terms of softening. In order to minimize the softening in HAZ the application of low 

heat input LBW is highly recommended as the shortest possible cooling time resulting sufficient 

penetration, however the risk of cold cracking my increase in CGHAZ. In this case the supposed 

critical hardening of CGHAZ can be handled by localized laser PWHT, as it was verified during 

the diode laser experiments. 

There are significant benefits associated with choosing a diode laser based welding process 

over other laser beam welding processes for the welding of various grades of DP steels. These 

include the fact that the welding and post weld heat treatment for the reducation of brittle 

hardness peaks in HAZ can be performed with the same equipment. Autogeneous LBW 

experiments showed that diode lasers can be effectively used to the welding of DP steels. Due to 

the relatively short, 2…3 s cooling time, the softening of FGHAZ can be avoided by this 

technology and the width of softened subzones can be minimized. Although significant hardness 

peaks can be identified in HAZ close to the fusion line, which can be reduced by PWHT with an 

increased spot size and reduced power of diode laser. Another beneficial effect is the elimination 

of residual stresses which were measured by XRD on as-welded and PWHT joints. In the 

investigated grades, the peak hardness in HAZ was nearly the same in all grades, which can be 

explained by the similar chemical composition of the base materials. It should be also remarked 

that PWHT had no significant effect in terms of the tensile strength results since the measured 

values were just slightly lower (sometimes even higher) compared to the simple LBW tests, 

therefore the static load bearing ability of the joints did not reduce significantly.  
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Related to the LBW experiments on DP steels with a matching filler material (X96, Ø1) the 

higher tensile strength of the welded joint should be highlighted, although the hardness 

distribution was similar to the autogeneous welded joints. Therefore, the basic motivation of the 

application of filler metal is not (only) the increase of weld hardness, but to avoid the cross 

section reduction characteristic in autogeneous weld. The location of the fracture in this case was 

observed mostly in the outer part of the HAZ instead of the weld.  

During the cooling time measurements and calculations related to the LBW experiments it 

was verified that the analytical method results close value  (t8/5= 2.56 s) to the thermocouple 

measurement (t8/5= 2.8 s) by considering k=0.4 to the Fresnel absorption value proposed by the 

literature, however this value should be modified to 0.42 for these experimental circumstances in 

order to get exactly the same value with the temperature measurement. However, for EBW 

process the calculated cooling time by analytical method was 2.23 s and the cooling time 

determined by the numerically simulated method was 1.9 s. 

There are significant benefits associated with choosing a electron beam welding process over 

GMAW for the welding of S960QL HSSs of thickness 15 mm. These include the fact that the 

extent of brittle HAZ is significantly reduced (3 times), and the average extension of the FZ is 10 

times lower through using a EBW process. For EBW, the cooling time obtained by the analytical 

method was 2.23 s, which is significantly shorter than during GMAW. 

The electron beam welding process offer significant productivity, since the the high number 

of weld passes (7-9 passes depending on the heat input) can be avoided at the same thickness due 

to the high penetration and welding speed. The use of filler material is also eliminated altogether 

in the case of single-pass autogenous EBW process. A clear advantage, that the same strength 

and toughness level welded joint could be prepared with EBW as with GMAW without the 

application of alloyed filler material. Although, the hardness of the weld and HAZ was found to 

be near to the permitted 450 HV10 value, it does not cause higher cold cracking sensitivity due 

to the lack of hydrogen thanks to the high vacuum. Based on the performed FCG investigations 

the S960QL EB welded joints have shown lower FCG resistance as compared to S960QL GMA 

welded joint. In case of S960M, with application of EBW process, the tensile strength of EBW 

welded joint also reached the level of BM. EBW resulted higher average hardness in HAZ than 

FZ, the highest hardness observed in FGHAZ while a local reduction in hardness observed in 

CGHAZ, however it also reaches the level of BM. The S960M EB welded joints shown higher 

FCG resistance than S960QL EB welded joint. FCG resistance varies in relation to the notch 

direction in comparison to the GMA welded joint. However, in case of notch incised in weld 

metal, it can be concluded, that the tendency of the FCG resistance of EBW & GMAW are not 

the same at the investigated Q+T and TMCP steels. Therefore, the statistical based qualification 

of the differences requires further tests. 

Based on the residual stress investigations it was found that the S960M exhibits more 

compressive stress than S960QL near the weld toe and for HAZ it follows nearly the same 

pattern for both steels. The maximum tensile stress experienced in EB welded joints are in 

longitudinal direction since this direction subjected to highest contraction as a result of the 

welding thermal cycle. The magnitude of tensile stress near toe of S960QL joint was maximum 

(60% of the yield strength of the BM) compared to S960M joint (55% of the yield strength of the 

BM). In the case with autogenous EBW, due to the smaller linear heat input, the shrinkage 

process especially the phase transformation leads to the reduction of the tensile RS and also the 

compressive RS resulting in the characteristic “W-shape” of RS distribution.  
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11. APPLICATION POSSIBILITIES OF THE RESULTS 

There is an increasing demand, especially in the vehicle industry for the application of high 

strength steels. HSSs are achieved by a varying micro alloying elements and special 

manufacturing technology that results in a special, complex microstructure. As a result, the main 

challenges for development engineers and researchers to understand the weldability of these 

HSSs with application of various welding technological processes, including conventional and 

high energy beam welding processes to take up technological advancement and benefits of it. 

The extensive experimental work and the gained achievement of present dissertation from 

material, technology and design perspectives, can contribute to the wider spread of high strength 

steels in the industry.  

Related to DP steels the gained experiences during the physical simulation of HAZ and real 

welding experiments provide opportunity to study the weldability of newly developed high-

strength steels. The results presented in the dissertation provide important information not only 

for welding professionals but also for material engineers involved in steel development. 

The application of diode LBW process for various grades of DP steels and the effect of 

PWHT provide the detailed information about the mechanical properties and the microstructural 

changes, which may provide a basis for the development of new types of steels. The comparison 

of t8/5 cooling time by analytical and experimental methods can contribute to the more accurate 

predictions of the properties of the weld. The application of diode lasers in fusion welding can be 

considered as a relatively new area, however the welding and PWHT can be performed by the 

same equipment due to the widely adjustable spot diameter. This property could be effectively 

utilized in the examined DP steels, however this methodology can be also beneficial for other 

types of high strength steels having even higher hardenability. PWHT had clearly a beneficial 

effect in terms of the cold cracking sensitivity and residual stresses, therefore its application 

should be in focus related to high strength steel welds. 

The application of power beam processes for the HSSs (S960QL & S960M) has clearly an 

industrial significance. Practical guides and tips for welding these steels with conventional arc 

welding process are already available in many cases, however, sufficient information is not yet 

available on the effects of lower welding heat input (EBW process), dynamic and fatigue 

behavior of welded joints made of these steels. Therefore, the basic aim of the present 

dissertation is to summarize knowledge that will also provide useful information to industry 

professionals. These results will help the engineers/technologists and users of HSS for the 

application of research data and can be implemented in the production of cranes and vehicles 

(trucks, trailers etc.). In this dissertation, applicability of the electron beam welding for two types 

of HSSs were presented which will have significant contribution in reducing the HAZ, weld 

zone, full-penetration in thicker plate without filler materials, good strength, reduced brittle 

zones, higher speed, better quality, higher production time, reduced material wastage etc. as 

compared to the conventional arc welding processes. Electron beam welding is considered to be 
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the most promising welding method for the structural fabrication, thick material welding etc. as 

the micro-structural properties of the produced weld are outstanding and the faster processing 

times are favourable to conventional arc welding techniques. By EBW process, the tensile 

strength of the EB welded joints can reach the level of BM without the application of filler metal 

and similar toughness can be achieved as by GMAW. Although in the near future primarily the 

application of LBW is predictable in this sector, the EBW experimental results can be partially 

transmissible to the application of LBW on the same grades with keyhole technique due to the 

similar weld and HAZ structure. It is worth noting that during performed instrumented impact 

tests, the specimens, which far exceeded the 27 J & 40 J impact work required at -40 ºC for 

S960QL & S960M respectively, also behaved basically a brittle fracture with low amount of 

ductile parts, in accordance with literature. The absorbed energy during the fracture mostly 

included the energy for crack initiation which is generally high, even during brittle behaviour, 

due to the high tensile strength of the investigated HSSs. Consequently, it is worth critically 

considering to increase the present 27 J requirement in these high strength steels.  

The FCG analysis results of the two different grades of HSSs welded joint using EBW 

process and its comparison with previously performed work by the different researchers on 

GMAW welded joint for the same grade of HSSs provided the deep insight into critical 

investigation and characteristic influence on the FCG resistance. The obtained results provide 

useful information to the researcher and as well as engineers designing the welded structures and 

can be applied for future applications and research. 
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[A1]  

DP steels without filler material; LBW & PWHT; Tensile test results 

 

LBW and PWHT, Tensile tests 

Specimen 

No 
Process 

Laser 

Power 
Speed Force 

Tensile 

strength 

Fracture 

location 

  W mm/s N MPa    

DP800 

5F1 LBW 1000 8 10133 780 weld 

5F2 LBW 1000 8 10386 793 weld 

5FP1 PWHT 275 4 8774 768 weld 

5FP2 PWHT 275 4 9011 788 weld 

DP1000 

1F1 LBW 1000 8 9963 820 HAZ 

1F2 LBW 1000 8 9730 825 HAZ 

1FP1 PWHT 275 4 8817 705 weld 

1FP2 PWHT 275 4 8677 714 weld 

DP1200 

3F1 LBW 1000 8 8525 772 weld 

3F2 LBW 1000 8 8885 812 weld 

3FP1 PWHT 275 4 8622 796 weld 

3FP2 PWHT 275 4 8472 785 weld 

DP1400 

2F1 LBW 1000 8 8784 725 weld 

2F2 LBW 1000 8 8839 729 weld 

2FP1 PWHT 275 4 8399 675 weld 

2FP2 PWHT 275 4 8234 679 weld 

 

DP1000; LBW; PWHT with filler material; Tensile test result 

 

LBW and PWHT with filler material, Tensile tests 

Specimen 

No 
Process 

Laser 

power 

Welding 

speed 

Wire 

feed 

rate 

Force 
Tensile 

strength 

Fracture 

location 

 - W mm/s mm/s N MPa   - 

DP1000 

5L3 LBW 2500 20 13 9338 1324 HAZ 

5L4 LBW 2500 20 13 9604 1592 HAZ 

 

5P1 PWHT 2500 20 13 8477 1125 HAZ 

5P2 PWHT 2500 20 13 8438 1183 HAZ 
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[A2] 

Fractographs; Macrophoto & SEM 

Base Material: S960QL; (a) BM (zone I, zone II & zone III), (b) FZ & (c) HAZ  

Equipment: Zeiss Evo MA10 Scanning Electron Microscope 

 

 
 

Base Material: S960M; (a) BM, (b) FZ & (c) HAZ (zone I, zone II & zone III) 
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[A3] 

EBW; Instrumented Charpy V-notch Table; S960QL: BM, HAZ, FZ 

  

Zone 

 

Measured Charpy V-notch impact test values of EB welded S960QL joints 

S. No. 
Fmax, 

kN 

CVN, 

J 

CVN 

avg(J) 

CVNSD 

(J) 
Wi; J, (%) Wp; J, (%) e (mm) 

BM 

1 29 206 

162 46 

41 (20) 165 (80) 2.01 

2 29 135 36 (27) 99 (73) 1.33 

3 28 85 17 (20) 68 (80) 0.83 

4 32 184 39 (21) 145 (79) 0.84 

5 30 199 38 (19) 161 (81) 1.29 

HAZ 

1 34 43 

45 11 

35 (82) 8 (18) 0.11 

2 31 39 34 (88) 5 (12) 0.31 

3 29 27 25 (94) 2 (6) 0.3 

4 33 57 50 (88) 7 (12) 0.39 

5 33 57 48 (85) 9 (15) 0.45 

FZ 

1 34 64 

44 20 

61 (96) 3 (4) 0.55 

2 31 20 17 (87) 3 (13) 0.07 

3 34 55 41 (74) 14 (26) 0.32 

4 32 62 37 (59) 25 (41) 0.43 

5 28 20 17 (83) 3 (17) 0.18 

 

GMAW; Charpy V-notch impact test results Table; S960QL: HAZ, FZ 

 

Zone 
Charpy V-notch impact test results on GMAW joints and simulated HAZ 

t8/5, s Fmax, kN CVN, J Wi; J, (%) Wp; J, (%) Source 

CGHAZ 
5 31 31 28 (90) 3 (10) [14] 

30 32 45 39 (87) 6 (13) [14] 

ICHAZ 
5 28 29 24 (84) 5 (16) [14] 

30 28 23 18 (79) 5 (21) [14] 

HAZ 5-10 - 44 - - [62] 

HAZ 20-30 - 26 - - [62] 

FZ 5-10 - 43 - - [62] 

FZ 5-10 30 53 38 (72) 15 (28) [14] 

FZ 20-30 - 38 - - [62] 
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EBW; Instrumented Charpy V-notch Table; S960M: BM, HAZ, FZ 

 

Zone 

 

Measured Charpy V-notch impact test values of EB welded S960M joints 

S. No. 
Fmax, 

kN 

CVN, 

J 

CVNavg 

(J)  

CVNSD 

(J)  
Wi; J, (%) Wp; J, (%) e (mm) 

BM 

1 27 139 

142 22 

36 (26) 103 (74) 1.28 

2 30 183 46 (25) 137 (75) 1.63 

3 28 132 37 (28) 95 (72) 1.20 

4 28 141 42 (30) 99 (70) 1.47 

5 29 117 35 (30) 82 (70) 1.15 

HAZ 

1 34 199 

125 64 

90 (45) 109 (55) 1.65 

2 31 76 46 (60) 30 (40) 0.67 

3 33 207 64 (31) 143 (69) 1.79 

4 34 91 78 (86) 13 (14) 0.76 

5 31 54 44 (82) 10 (18) 0.60 

FZ 

1 31 92 

78 21 

46 (50) 46 (50) 0.74 

2 34 98 69 (70) 29 (30) 0.66 

3 34 91 68 (75) 23 (25) 0.79 

4 31 63 54 (85) 9 (15) 0.47 

5 34 44 36 (82) 8 (18) 0.30 
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[A4]  

Fatigue crack growth test: Fractured samples 

Base material: S960QL (Top left and Top right) & S960M (Bottom left and right) 

Type: Autogenous EB welded joint  

 

 
 

 

      

 


