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1 INTRODUCTION 

Steel is employed in practically every economic industry, including aerospace, 

automotive, and oil and gas, because of its exceptional composition of mechanical 

characteristics, low cost, and ease of transformation. Steel is also one of the most recyclable 

commodities on the planet, which helps to reduce the environmental impact of the entire 

manufacturing process. In recent decades, the so-called Advanced High Strength Steels 

(AHSS) have received increased attention, especially in the automotive market, because of 

the required high work hardening rates and tensile strength, some these steels are used to 

make stronger and lighter parts, resulting in improved performance, fuel economy, and 

safety. 

Dual Phase (DP) steel, which consists of a ferritic matrix with martensite islands in 

varying proportions depending on the steel grade employed, is one of the most often used 

AHSS in the automobile sector. DP steels have good mechanical qualities for forming 

parts, such as high grade of Ultimate Tensile Strength (UTS) and work hardening 

coefficient, as well as a low yield strength/tensile strength ratio, thanks to the combination 

of ferrite ductility and martensite strength. 

In industrial applications, joining operations are almost always required when using DP 

steel sheets. One of the most common of these methods is laser welding, which, because 

of its inherent properties, it provides high mechanical continuity in the welded connection, 

is easily mechanized, and has a wide range of applications. High temperatures achieved 

during welding, on the other hand, cause material microstructure alterations that might 

shorten component life or possibly lead to catastrophic failure. In this approach, using 

optimum welding processes for each specific circumstance, based on research findings and 

controlled tests, is critical. 

During the early phases of production design and the development of the welding 

process named SYSWELD to do, computational models based on the finite element 

method are particularly valuable tools for predicting welding distortions and residual 

stresses. As a result, before the actual fabrication process begins, process design 

adjustments may be made to correct for welding effects. Compared to the approach of post-
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welding distortion corrections and mechanical property enhancement, this compensation 

solution would save a lot of money and time. 

However, welding modeling is a complicated process that combines mechanical, 

thermal, and metallurgical impacts. 

The current project entails using commercial finite element software named SYSWELD 

to perform a finite mesh element analysis of a butt weld plate. High strength steel (HSS), 

DP1000 is being investigated because of its persuasive uses. Welded components are 

subjected to unwanted deformations and residual stresses which generated due to high 

temperatures generated during welding and the subsequent cooling of the welded metal. 

As a result, process welding simulation is critical for determining deformations and 

residual stresses as well as predicting the behavior of welded structures. Because of the 

intrinsic complexity of geometry, boundary conditions, and nonlinearity of material 

characteristics in welding, few research to model the welding process have been published. 

Computational weld mechanics is now able to address an expanding number of problems 

that are of relevance to a broad range of industries, thanks to rapid advancements in 

computer processor technology and effective numerical approaches. Nuclear reactors, 

automobiles, aircraft constructions, defense, microelectronics, and other uses are common. 

This work investigated the simulation of the response of diode laser welding on the 

mechanical properties and microstructure of DP1000.  
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2 LITERATURE REVIEW 

2.1 Advanced high strength steel (AHSS) 

The microstructure of dual phase (DP) steels composed of ferrite, martensite, and, in 

some cases, bainite. When compared to conventional steels, these steels have unique 

mechanical properties due to their microstructure. DP steels, for example, typically have a 

relatively high elongation for their ultimate tensile strength, as well as a high tensile to 

yield strength ratio. 

Due to its high energy absorption ability, the dual phase (DP) steel band is among the 

advanced high strength steel (AHSS) family that is widely used in vehicle crash zones. 

Laser welding has become popular over the last two decades as the most important joining 

technique used in the automotive industry due to its ability to increase production rate and 

allow great flexibility in joint design without increasing metallurgical heterogeneities 

across weldments [1]. DP steels are commonly classified by their ultimate tensile strength 

(UTS) or both their yield strength (YS) and UTS separated by a slash. A DP1000, for 

example, has a 1000 MPa UTS, whereas a DP700/1000 has a 700 MPa YS and a 1000 MPa 

UTS. The typical stress-strain curves of DP and mild steel can be compared as shown in 

Figure 1 [2]. 
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Figure 1. Stress-strain curves of DP and mild steel [2]. 

The various DP steel grades show a wide range of varied mechanical properties 

affecting the plasticity, formability of the welded joint accordingly affecting reliability and 

service performance.  

By increasing the hardenability of DP steels, carbon promotes the formation of 

martensite at practical cooling rates. When manganese, chromium, molybdenum, 

vanadium, and nickel are added singly or in combination, they also improve hardenability. 

Carbon, a ferrite solute strengthener, as well as silicon and phosphorus, strengthen 

martensite. These additions are carefully balanced to produce not only unique mechanical 

properties, but also overall good resistance spot welding capability. When welding higher 

strength grades (DP 700/1000 and above) to themselves, however, the spot weldability may 

require welding practice adjustments [2]. 

The yield and ultimate tensile strength of DP steels increase as the martensite volume 

fraction increases, as do the strengthening mechanisms of other engineering materials such 

as grain boundary strengthening and cold work as it seen in the Figure 2 [3]. 
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Figure 2. The flow stress and tensile strength of Fe-Mn-C alloys as a function of 

martensite percentage [3]. 

It is mainly focused with automobile applications such as side impact beams, bumpers, 

structural components, and other user parts. concerns the occupants' safety in the car [4]. 

DP steel has gained its popularity as this steel has a higher tensile strength in conjunction 

with higher elongation compared to the steel grades of similar yield strength. DP steel has 

a soft and ductile ferrite matrix that is strengthened by hard martensitic phase and perhaps 

bainitic phase, with a small amount of residual austenite. Ferrite is responsible for the 

steel's ductility, while martensite is responsible for its strength. High-strength low-alloy 

(HSLA) steels have a lower carbon content than other steels. DP steel shows slightly lower 

yield strength but the continuous flow behavior in dual phase steel results in larger and 

more uniform total elongation, and higher initial work hardening rate along with 

considerably higher ultimate tensile strength. All of these favorable mechanical properties 

have made DP steel appealing to automobile manufacturers [5]. DP 1000 or DP 1200 the 

grade of the dual phase steel refers to the minimum tensile strength guaranteed value in 

MPa. 

Various heat inputs, affects differently on softening and hardening mechanisms that 

occurs in the sub-zone and HAZ of the specimen. A severe softening will take place of that 

the higher strength steel grade as many experimental studies have shown provided in 
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chapter two 2.1.4 of this study, consequently, the strength, plasticity, formability and 

fatigue performance of welded joint decreases as an effect of HAZ softening. 

Farabi [5] showed in his study, how the microstructural changes following laser welding 

affected tensile and fatigue parameters in DP600 steel. Welding increased the hardness of 

the fusion zone while simultaneously forming a soft zone in the outer HAZ. The yield 

strength increased after welding, although the final tensile strength remained nearly same. 

Despite a slightly lower fatigue limit after welding, the fatigue life at higher stress 

amplitudes was nearly the same between the base metal and welded joints. At the outer 

HAZ, tensile fracture and fatigue failure occurred at higher stress amplitudes. Fatigue crack 

initiation was observed from the specimen surface, and crack propagation was 

characterized by the striation formation mechanism. In the fast propagation area, dimples 

and deformation bands were observed. [5]. 

In the initial microstructure, portion of the ferrite was converted into austenite. During 

the cooling process that follows. As a result of this transformation, austenite was converted 

into polygonal ferrite, bainite, and martensite-austenite phases. The proportion of softer 

stages has risen [6]. 

2.1.1 DP1000 Steel 

The need for lightweight automobiles has surged as a result of the worldwide 

environmental and energy problems. Using AHSS with higher strength grades and greater 

formability in large quantities is one of the key techniques to making lightweight 

automobiles. These standards are met by DP1000 steel consists of martensitic and ferrite 

parts. The strength is attributed to the ductility imparted by ferrite and martensite [4]. 

When DP1000 steel deforms, the strain is localized in the lower-strength ferrite phase 

that surrounds the martensite islands, resulting in the distinctive high work-hardening 

properties. The high rate of work-hardening and excellent elongation. increase the ultimate 

tensile strength (TS) of dual-phase (DP) steel, a higher initial work-hardening rate, and a 

lower yielding-to-tensile strength ratio (YS/TS) than (HSLA) steels with similar yield 

strength (YS). As a result, dual-phase steels are widely used in automotive industry to 

improve crash performance [6]. 
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2.1.2 Heat-affected zone (HAZ) 

That the welding area that should be limited to the weld 

metal fused in the welding joint. However, this is not the 

case. The accurate area of a welding joint includes the base 

metal that has been altered by the welding heat input 

(changes in microstructural and mechanical properties). 

This is known as the Heat affected zone, or HAZ. The size 

of the heat-affected zone varies depending on the amount 

of welding heat input. 

The HAZ is a major source of worry in a weldment 

because it might comprise a range of subzones with 

varying microstructures, joint geometries, and 

stresses, and hence have variable properties 

depending on where they are in the HAZ. The HAZ 

qualities are determined by the time-temperature 

cycle during the weld process, as well as the chemical 

composition of the base materials and their thickness. 

When determining a steel's weldability. When 

welding structural steel, heat input should be carefully 

addressed to avoid excessive martensite in the HAZ 

and to reduce softening. 

Weld HAZ is the region of the parent material 

surrounding the weld where the microstructure 

changes due to the thermal cycle during welding. As shown in the diagram Figure 4 [7], a 

HAZ is made up of the following major regions: 

1. Melted area  

2. Bonding area  

3. Heat-affected zone in the base metal (HAZ) 

The peak temperature reached in the HAZ in steels will result in specific metallurgical 

transformations based on the local phase diagram. 

      Figure 3. HAZ region parts [28]. 

Figure 4. HAZ transformations [28]. 
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HAZ grain structure types are based on transformations that occur in HAZ and are as 

follows in the Figure 3 [7]: 

Coarse Grain Heat Affected Zone (CGHAZ). 

1. Fine Grain Heat Affected Zone (FGHAZ). 

2. Inter-critical Heat Affected Zone (ICHAZ). 

3. Sub-critical Heat Affected Zone (SCHAZ). 

The local microstructure is completely austenitized at temperatures just above the A1 

temperature, refining the grain structure. When this region cools, it develops a refined grain 

structure of low temperature phases. It is known as the recrystallized zone [8]. The newly 

formed austenite grains can grow closest to the fusion boundary, where the peak 

temperatures during welding were the highest. This area has an enlarged grain structure 

when they cool and transform to low temperature phases. It is referred to as the grain 

growth zone [8]. It is possible to see a schematic of how the final grain structure of these 

areas correlates to the peak temperature during welding, as well as the phase diagram as 

shown in Figure 5 [8]. 

 

Figure 5. A typical steel weld's temperature distribution and its relationship to the Fe-

C phase diagram [8]. 

 

J. Wang [6] study’s has conducted to thermally simulate the microstructures in different 

sub-zones of the HAZ with a Gleeble-3500 thermal simulator using welding thermal cycle 

curves obtained from a combination of experimental and numerical simulations using 

ANSYS software to elucidate the softening mechanism of laser-welded DP1000 steel. This 
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research looked on the parameters of microstructures and hardness distributions in the sub-

zones of the HAZ in welded joints. The softening mechanisms of the HAZ of laser-welded 

DP1000 steel joints were studied using a transmission electron microscope (TEM), a 

hardness meter, a scanning electron microscope (SEM), a transmission electron 

microscope (TEM), an optical microscope (OM), and a hardness meter [6]. 

2.1.3 Weldability of high strength steel (HSS) 

Is the ability of a metal to be welded into a certain adequately designed structure under 

the fabrication circumstances imposed and to operate satisfactorily in service "AWS". The 

main reason for the existence of advanced HSS with very appealing mechanical properties 

was to gain widespread acceptance and spark the interest of various industries. The actual 

application, however, can only be realized if it can be welded using arc welding or beam 

welding methods. Wider application of these steels would necessitate adjustments, most 

notably in welding technology. 

As a result, the weldability study is crucial, as it is a key technological aspect of 

structural steels that is influenced by processing, carbon concentration, and alloying 

element composition. 

HSS has inhomogeneous grain structures as a result of the alloys added to the steel and 

the refining procedure used in its manufacture, which makes welding problematic. As a 

result, as compared to the BM, the HAZ of the welded connection has an exceedingly 

inhomogeneous microstructure and differing mechanical properties. Brittle portions 

generated locally in the HAZ as a result of the heat cycle can be sites of fracture 

development, which is a challenge, especially when combined with a sufficient diffusible 

hydrogen concentration. Furthermore, the combination of extra internal stresses caused by 

welding and the low ductility of HSSs increases the likelihood of crack formation. In the 

case of HSSs, the effect of the welding heat input frequently resulted in a drop in toughness 

qualities. 

The use of the LBW technique in industries for the HSS welding process, which is 

significantly different from traditional welding processes, is rapidly increasing. Welding 

technology has become increasingly important in improving the weldability of certain 

materials, allowing them to perform at their best. The superior strength of the welded 
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connection with minimal flaws, the narrow HAZ due to lower linear heat input, the less 

distortion, and the good penetration are among the benefits of general LBW [4]. 

Due to high capital and operational cost, trial and error method prevailing in other 

welding processes may not be suitable for laser welding [9]. Hence proper analytical 

methods and tools must be used to understand and apply optimum welding conditions for 

the selected material composition, thickness and type of joint. 

Laser welding is extensively used because it can produce a weld seam with a large 

depth-to-width ratio, limit the breadth of HAZ of welded joints, induce minimum post 

welding deformation in the workpieces, and avoid compromising the qualities of the 

welded joints [6]. laser welding is widely applied in the automobile manufacturing 

industry. The softening of the HAZ of a welded joint is the most significant problem. 

Welding process thermal cycles cause changes in the composition and microstructures 

of DP steels, resulting in the formation of a fusion zone and a HAZ in the welded joint. 

The fusion zone is dominated by martensite due to the high heating and cooling rates.The 

formation of the fusion zone leads to significant hardness increase. However, a soft zone 

far from the fusion line at the HAZ was observed [1]. Because the emergence of this soft 

zone may have a negative impact on mechanical characteristics, significant research has 

been done into this phenomena [1]. 

2.1.4 HAZ softening 

Mansur [10] showed HAZ softening due to martensite tempering induced by laser 

welding, which can weaken the joint, was not observed on the 1.6 mm thick dual phase 

(DP) grade 600 sheet steel. Performing laser welding according to established parameters 

(laser output 1200 W, heat input 24 J/mm, welding speed 50 mm/s) does not cause 

significant problems that could affect future material processing. 

Research looked into the use of fiber laser welding in DP 600 1.6 mm thick steel sheets, 

as well as the effects of welding on the material's properties. At FZ the weld microstructure 

was 100 percent martensitic, with increasing ferrite proportions at HAZ as one moved away 

from the fusion line. Hardness is roughly 60% higher at FZ than at BM, with supercritical 

HAZ having the highest hardness due to its highly refined microstructure, and no HAZ 

softening was seen [11]. 
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The softening of laser-welded dual phase (DP) steels has been examined by a few 

researchers. Several tests of welded dual-phase steels with strength grades ranging from 

450 to 980 MPa found that HAZ softening occurs in all these steels, with the degree of 

softening and the area of the soft zone increasing as the steel's strength grade rises [12]. 

Other studies found that the level of HAZ softening in a dual-phase steel is associated to 

the chemical components of the steel, and that resistance to softening grows as alloy 

content increases [13]. With increasing martensite carbon content in the steel, the heat 

required for HAZ softening in dual-phase steel decreases. The presence of carbide-forming 

components in a dual-phase steel, such as Cr and Mo, can boost the resistance to softening 

and more with increasing heat input, the degree of softening in the welding HAZ increases. 

The softening phenomena is thought to be more severe the higher the strength grade of 

high-strength steel is. The strength, plasticity, formability, and fatigue performance of the 

welded joint are all reduced when the HAZ softens, which has an impact on its service life. 

2.2 Laser beam welding (LBW)  

The term laser is that the abbreviation for ‘Light Amplification by Stimulated Emission 

of Radiation’. The first laser - a ruby laser - wasn't implemented until 1960 within the 

Hughes Research Laboratories. Until then numerous tests on materials had to be disbursed 

so on realize a more precise knowledge about the atomic structure. The subsequent years 

had been characterized by a quick development of the laser technology. Already since the 

start of the Seventies and, increasingly since the Eighties when the primary high-

performance lasers were available, CO2 and solid-state lasers are used for production metal 

working. 

In 1984 was the primary applications of laser beam welding in industrial serial 

production. Laser beam welding (LBW) defined as fusion joining process that uses the 

energy from a laser beam to melt and subsequently crystallize a metal, leading to a bond 

between parts [9].  

The major characteristics of laser welding are parallel-sided fusion zone, narrow weld 

width, high penetration and minimum heat affected zone. Moreover, it’s the best suited 

process for joining style of metals because of its concentrated heat input, low material 

exposure at elevated temperatures and high welding speed. The main application areas of 

the laser within the field of production metal working are joining and cutting jobs [14]. 
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LBW can operate in either autogenous or non-autogenous modes [15] over a wide range 

of heat inputs [16]. It is commonly used to weld laser welded blanks (LWB) and roof ditch 

welds, but it is also being used for more assembly welding applications [17]. LBW, like 

GMAW, has a linear weld geometry. Because LBW is very flexible in terms of heat input, 

it can be autogenous and is particularly well suited for investigating temperature dependent 

transformations during welding. 

A distinction is created between spontaneous and induced transition. While the 

spontaneous emission is non-directional and incoherent (e.g., in fluorescent tubes) is a 

beam generated by induced emission when a particle with a better energy is hit by a 

photon. The resulting photon has the identical properties (frequency, direction, phase) 

because the exciting photon “coherence”. To take care of the ratio of the required induced 

emission / spontaneous emission as high as possible, the upper energy state must be 

constantly overcrowded, compared with the lower one, the so-called “laser-inversion”. As 

a consequence, a stationary light wave is created between the resonator's mirrors (one of 

which is semi-reflecting), causing light to be emitted from areas of the stimulated laser-

active material. 

Figure 6 [14] shows the characteristic properties of the laser beam. By reason of the 

induced or stimulated emission the radiation is coherent and monochromatic. 

 

Figure 6. Characteristic properties of the laser beam [14]. 
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Inside the resonator, as shown in Figure 7  [14], the laser-active medium (gas molecules, 

ions) is excited to a higher energy level “pumping” by energy input (electrical gas 

discharge, flash lamps). 

 

Figure 7. The resonator & the laser-active medium [14]. 

During retreat to a lower energy level, the energy is released in the form of a light 

quantum (photon). The wavelength depends on the energy difference between both excited 

states and is thus a characteristic for the respective laser-active medium. 

Because laser welds can be made in both keyhole and conduction modes, they can be 

made with a wide range of heat inputs. Because much of the heat will flow away from the 

joint, welds made in conduction mode as shown in Figure 8 (A)  [18] will require a high 

heat input to be transferred to the work piece per linear length of weld. When viewed in 

the direction of laser beam travel, this results in a very wide, semi-circular weld and heat 

affected zone (HAZ). 

Welds made in keyhole mode Figure 8 (B)  [18] on the other hand, require very little 

heat input per linear length of weld because energy is absorbed through the thickness of 

the workpiece. Keyhole mode welding produces a very narrow and deep weld as well as 

HAZ. 
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Figure 8. Weld pools created by laser welding in conduction left side and keyhole 

right side [18]. 

2.2.1 Types of laser beam welding (LBW)  

The development on each different type of laser beam source throughout the subsequent 

years has led to utilize more of the laser’s power as shown in Figure 9 [14].  

 

Figure 9. Development on laser beam type throughout the years [14]. 

A B 
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Laser beam sources described in Figure 9 [14] as: 

1. Diode Laser 

2. CO2 

3. Nd:YAG 

Many useful benefits of the diode lasers beam have to be dominating the welding of DP 

steel, of which the focused area can be enlarged to the whole weld and HAZ. CO2 is used 

extensively in the field of production metalworking, particularly in Nd:YAG welding lasers 

are used because of their high power output. 

K. R. Balasubramanian [19] Identifying the influencing process parameters on weld 

bead geometry, Laser beam welding of AISI 304 austenitic stainless steel using FEM 

software SYSWELD by varying beam power, welding speed, beam angle, and gas flow 

rate. It observed that beam power, welding speed and beam angle are the major influencing 

parameters [19]. 

The semiconductor or diode lasers are characterized by their mechanical robustness, 

high efficiency and compact design. Metal welding is possible with high-performance 

diode lasers, but no deep penetration effect is achieved. As a result, they are particularly 

well suited for welding thin sheets in material processing. 

Because of their excellent dependability and flexibility, diode lasers are frequently 

utilized in the automotive sector, particularly in surface treatment; however, their usage in 

welding has yet to catch on [4]. 

The advanced feature of the High-power diode laser (HPDL) compared to conventional 

LBW, which is critical in welding and primarily in the PWHT process, is the widely 

adjustable square or rectangular shape of the laser beam spot, high energy conversion 

efficiency of 30-50 percent, and relatively high radiation absorption rate on the surface of 

most metals due to the shorter wavelength, which lies near the infrared range from 0.808 

to 0.960 m.Laser power and traverse speed are the most significant process parameters in 

diode laser welding for heat treatment of materials [4]. 

Because of its inherent beam stability, the rectangular shape of diode laser technology 

features a top hat profile in one direction and a Gaussian-like profile in the other. uniform 

surface heating over a rather wide area [4]. 
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In the case of the CO2 laser, shown in Figure 10. where the resonator is stuffed with a 

N2- CO2 -He gas mixture, pumping is administered over the vibrational excitation of 

nitrogen molecules which again, with thrusts of the second type, transfer their vibrational 

energy to the greenhouse emission. During the transition to the lower energy state, CO2 

molecules emit a radiation with a wavelength of 10.6 µm. The helium atoms, finally, lead 

the CO2 molecules back to their energy [14]. 

 

Figure 10. CO2 energy diagram [14]. 

The CO2 laser beam is guided from the resonator over a beam reflection mirror 

system to 1 or several processing stations. The low divergence allows long transmission 

paths. The beam is formed in accordance with the working task at the processing station, 

with the assistance of the focusing optics. The relative motion between the beam and the 

workpiece can also be realized in a variety of ways: 

1. workpiece movement fixed optics 

2. optics that move (fly) 

3. moving the workpiece and the optics (two handling facilities). 

In the case of the CO2 laser, beam focusing is normally carried out with mirror optics. 

Lenses may heat up, due to absorption, especially with high powers or contaminations.   
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Because heat can only be dissipated over the holders, there is a risk of deformation (change 

in focal length) or destruction due to thermal overloading. 

Dependence of the type of gas transport, laser systems are classified into longitudinal-

flow and transverse-flow Figure 11 & Figure 12, respectively. Laser systems. 

 

Figure 11. Longitudinal-flow [14]. 

The multiple folding ability of the transverse-flow beam allows compact laser as shown 

in Figure 12 [14]. 

 

Figure 12. Transverse-flow [14]. 

The normally cylindrical rod in the case of a solid state laser serves only to pick up the 

laser-active ions (in the case of the Nd:YAG laser with yttrium-aluminum-garnet crystals 

dosed with Nd3+ ions), the schematic of solid state LBW as shown in Figure 13 Excitation 
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is typically performed with flash or arc lamps, which are arranged as a double ellipsoid for 

optimal excitation energy utilization; the rod is positioned in their common focal point. 

The achieved efficiency is less than 4%. In the meantime, diode-pumped solid-state lasers 

have entered the market. The possibility to guide the solid-state laser beam over flexible 

fiber optics makes these systems destined for the robot application, whereas the CO2 laser 

application is restricted, as its necessary complex mirror systems may cause radiation 

losses [14]. 

 

Figure 13. Solid state laser [8]. 

The disadvantage of this type of beam projection is the impaired beam quality on 

account of multiple reflection. 

2.3 Laser beam welding of dual phase steel 

Six welded samples were subjected to uniaxial tensile testing by Mansur [10], with the 

results compared to steel manufacturer reference data for the "as provided" condition. 

Without a predetermined yield point, the results displayed normal engineering stress x 

strain curves. Welded samples had yield and tensile strengths that were comparable to base 

metal values, meeting the DP600 classification requirements. The fusion zone (FZ) 

included martensite plus bainite, with rising ferrite fractions at the Heat affected zone as 

one progressed away from the fusion line until base metal (BM), which had a DP600 

characteristic microstructure of martensite islands surrounded by a ferritic matrix. 
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Hardness is roughly 60% higher at FZ than at BM, peaking at supercritical HAZ due to its 

highly refined microstructure and decreasing as ferrite quantity increases from FZ to BM 

until it reaches original hardness levels. There was no evidence of HAZ softening caused 

by martensite tempering, which could weaken the joint. The absence of softening is 

confirmed by the similarity of welded samples to base metal reference, as well as the fact 

that all tensile test specimens burst far from HAZ. The hardened weld bead present in the 

middle of the specimen does not deform like the rest of the sample, resulting in an average 

reduction of 4 percentage points in uniform elongation of welded samples when compared 

to original material [10]. 

The use of laser welding on DP steels results in material fusion in the welded joint's 

center region. The Fusion Zone is defined as a zone where the peak temperature during 

welding surpasses the material's fusion point. Because this region is subjected to frequent 

heating and cooling, its microstructure is virtually totally martensitic, with hardness values 

of 1.5–2 times that of base metal [5][20][21]. 

In addition to martensite, other authors discovered ferrite and bainite in this area 

[22][23][24]. In general, FZ hardness has a straight linear relationship with the steel's 

carbon equivalent [24]. 

Due to welding heat input, solid-state phase transitions occur near FZ, on both sides of 

the joint, where no fusion is visible, forming the so-called HAZ. Because it is entirely 

austenitized during welding, the region closest to FZ within HAZ is referred to as 

"supercritical." After welding, austenite totally changes to martensite due to the rapid 

cooling that follows. The next region, located further away from the weld, is referred to as 

"intercritical" because its lower temperatures (between the A1 and A3 lines of the Fe–C 

phase diagram) cause partial austenitization of the material, resulting in a heterogeneous 

microstructure of non-dissolved portions (ferrite and martensite) and some martensite 

formed by welding. 

In summary, fine martensite and undissolved ferrite are observed in HAZ intercritical 

and supercritical zones, and their volumetric percentage increases with increasing distance 

from FZ. Depending on the welding settings and characterization approach, small amounts 

of bainite can be observed [5]. 
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Because there is no austenitization in the HAZ zone closest to BM, it is referred to as 

"subcritical." However, tempering of the base metal's pre-existing martensite can occur, 

resulting in hardness levels lower than those attained on base metal, depends on the welding 

settings and the DP steel type being used [5] [21][24]. 

Alves [17] demonstrated the employing of laser welding of a DP1000 steel indicated 

low amounts of conserved austenite in addition to the presence of martensite, ferrite, and 

bainite in the welded junction. The volume percentage of this element grew from the FZ to 

the HAZ, reaching a maximum of 2.9 percent between intercritical and subcritical HAZ. 

The presence of residual austenite, as well as martensite tempering, contributed to the 

softening effect [22]. 

For practical purposes, the ratio of laser power to welding speed is referred to as heat 

input. This approach takes into account a moving heat source across the plate surface, with 

no losses due to convection or thermal radiation at the external surfaces [25]. Heat input 

increases with rising laser power and decreasing welding speed [26]. Heat input has an 

impact not only the softening phenomenon, but also every element of the welding process. 

As a result, process parameters must be carefully controlled in order to get a satisfactory 

weld. 

Owing to high welding speed or insufficient power, a low heat input can result in a lack 

of penetration in the welded junction, as well as pores at the FZ due to keyhole collapse 

and solidification processes at the weld pool, which limit the flow of molten metal [22]. 

On the other hand, a high heat input produces larger weld beads [27], which promotes HAZ 

softening and results in a less refined microstructure. Both of these effects are unfavorable 

to the welded joint's mechanical characteristics [20]. 

Alves [17] demonstrated the link for welding speed, laser power, and FZ and HAZ 

dimensions. Lower speeds allow for better weld penetration, but they also enhance heat 

loss in the weld's transverse direction, resulting in larger welds. Increasing the power has 

the same effect as increasing weld width and penetration when the welding speed is kept 

constant [22]. 

Because of the increased fraction of hard microconstituents, such as bainite and 

martensite, the hardness of the weld tends to be higher than that of the base metal. As a 

result, if the welding method does not cause softening in the HAZ, the welded joint will 
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have a mechanical resistance that is similar to or even greater than the base metal. Uniaxial 

tensile tests, which invariably cause welded samples to break distant from the weld, 

yielding results similar to unwelded specimens in terms of yield and tensile strength, can 

be used to verify this increase in strength. Because the weld bead has a high hardness and 

is thus less ductile, uniform elongation values tend to be lower. However, because the weld 

width is usually tiny in comparison to the component's total size, this reduction isn't big 

enough to affect its formability [20][28]. 

Mechanical characteristics, on the other hand, can be affected if the laser welding 

conditions cause the softening phenomenon at subcritical HAZ. A weaker zone forms at 

the welded connection in this case. Uniaxial tensile tests show that the specimens begin to 

break preferentially in the softened zone, with very low elongation and tensile strength 

values below those observed in samples without welding, and sometimes even below the 

material's minimum tensile strength specifications. 

W. Xu [29] investigated DP980 steel samples and used a laser source with a high energy 

density (beam diameter of 0.6 mm and power of 6 kW) to achieve welds with significantly 

reduced HAZ and FZ (200–300 m and 400–500 m, respectively). Although the 

phenomenon of softening at HAZ was observed, and all samples failed repeatedly in this 

region, the mechanical strength of the joint remained nearly constant, because the yield and 

tensile strength values of welded and non-welded samples were extremely similar.This can 

be attributable to the softened region's small width. The elongation of welded samples, but 

in the other hand, because additional plastic deformation is concentrated at the lower 

hardness zone once the yield point is reached, resulting in necking and early failure with 

reduced overall elongation, was at least 60% less than that of base metal. 

Farabi [5] performed tensile tests on samples welded with a diode laser. In addition to 

the fact that all welded samples burst at the HAZ softened region, a discontinuous yield 

strength was detected, which is not typical of DP steel plates. This change in yield behavior 

is due to the diffusion of interstitial atoms such as carbon and nitrogen, which is aided by 

the high heat input, to high-energy positions at the core of edge dislocations, resulting in a 

pinning effect that prevents dislocation movement and thus initiates plastic deformation. 

When the dislocations overcome this potential barrier, they begin to slip at a lower stress, 

resulting in a yield discontinuity. The study also discovered uniform elongation values that 
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were at least 50% lower than non-welded samples, which was attributable to localized 

deformation in the HAZ softening zone. Elongation reduction may have also been aided 

by the presence of mainly martensitic weld beads with a FZ of roughly 4 mm. 

The laser welding process is distinguished by its highly collimated and concentrated 

beam energy., which produces deep penetration (keyhole) welding. Two thermal states, 

quasi-stationary and transient, are associated with the welding process. The transient 

thermal response occurs during the source initiation and termination stages of welding. The 

quasi-stationary thermal state represents a steady thermal response of the weldment with 

respect to the moving heat source.  

The FE simulation is used to predict: 

1. the weld bead geometry 

2. depth of penetration 

3. bead width 

4. the distribution of temperature in and around the molten zone 

During the laser welding process, three different heat transfer phenomena take place, 

which are:  

Conduction, convection and radiation phenomena. These phenomena are usually 

accompanied by the build-up of the capillary of ionized metal vapor (keyhole) that can be 

observed when the intensity of the laser beam is higher than 106 W/cm2 . The main 

processing parameters considered for the FE simulation are: the laser power, welding speed 

and beam angle [19]. 

To simulate the FE thermal process of laser beam welding, FE package SYSWELD was 

employed. The results of the simulations can be used. 

2.4 Residual stresses  

A DP 600 CR material was laser welded to investigate the fatigue property of the weld 

joint at high welding speed [29]. When the welding speed reached 0.1 mm/s, the fatigue 

property of the welded part was significantly affected (high speed). The fatigue limit in this 

condition was reduced by 28% when compared to the parent material. The maximum stress 

threshold that allowed for cyclic softening of martensite was determined not only by yield 

strength, but also by the magnitude of residual stress, which was greater for high-speed 

welding. The use of a high-speed laser accelerated the propagation of cracks. Crack 
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propagation was observed to be faster for high-speed laser welded samples 0.1m/s at higher 

stress amplitudes due to the presence of detrimental {001} cleavage planes, which may 

have restricted the cyclic softening phenomenon for any stress amplitude. 

Localized heating occurs during welding, resulting in large temperature gradients. The 

material expands as a result of heating, but this expansion is limited by the surrounding 

material and clamping conditions. Thermal stresses are created in the material as a result 

of this. 

Plastic strains emerge in the weld region at elevated temperatures because the yield 

point is decreased. 

Undesirable residual stresses and deformations are formed as a result of high 

temperatures and subsequent cooling. 

Residual stresses in the weld region are typically tensile and close to the material's yield 

stress, resulting in brittle fracture, fatigue, and stress corrosion cracking. Welding residual 

stresses and deformations are inherently contradictory. Small deformations (distortions) 

but high residual stresses come from a high degree of clamping condition in welding, 

whereas low residual stresses but significant deformations result from a low degree of 

clamping condition. As a result, the welding reliability of a design is mostly determined by 

residual stress analysis, whereas manufacturing feasibility is generally determined by 

deformation analysis. 

Padma et.at [30] had studied the effect of three different clamping conditions on residual 

stresses and distortions also computed accurately the numerical simulation of residual 

stresses and distortions taking into account the interactions between heat transfer, 

metallurgical transformations and mechanical fields under different clamping conditions 

and clamp releasing times. Electron beam welding is considered for simulation. they 

concluded that more the clamping the higher the residual stresses and lesser the distortions 

while lesser the clamping lesser the residual stresses and higher the distortions [30]. 

M. Zubairuddin [31] has performed the thermo-mechanical analysis of modified 9Cr-

1Mo steel plates during GTA welding using FEM [31], and it was validated with 

experimental measurements. And they have developed a finite element model which 

accurately predicted the thermo-mechanical results. However, final temperature 

distribution results using finite element model shows 4.5% error compared to 
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experimentally measured data. on the other hand, the experimentally measured residual 

stress values are in good agreement with numerically predicted values. nevertheless, In 

their work and by considering material transformation properties in finite element analysis, 

there is significant drop predicted in residual stress at weld line [31]. 

During welding, localized heating takes place with high thermal gradients as a 

consequence. As a result of heating, the material expands but the expansion is prevented 

by the surrounding material and the clamping conditions. This leads to the generation of 

thermal stresses in the material. In the area of elevated temperatures, since the yield point 

is lowered, plastic strains are developed in weld region. Because of high temperatures and 

subsequent cooling, undesirable residual stresses and deformations are produced. The 

residual stresses in the weld region are normally tensile in nature and close to the yield 

stress of the material which leads to brittle fracture, fatigue, and stress corrosion cracking 

[30]. 

2.5 FEM analysis 

Temperature evolution, phase proportions, residual stresses, and distortion levels were 

all calculated using Finite Element Analysis numerical simulations (FEA). Mansur [10] 

was able to achieve excellent agreement with actual weld macrographic pictures and 

microhardness profiles. Despite high estimated residual stress levels, simulated distortions 

were quite moderate (maximum of 22 µm), which is consistent with the lack of observable 

distortion in all welded specimens [10]. 

The physical essence of some complex phenomena involved in welding process 

explicitly can also be used as the basis for optimizing the welding parameters. The meshing 

must be done to perform FE simulation of welding several joint shapes. 

Use of fusion welding processes also exhibit disadvantages such as generation of 

residual stresses and distortion in the structures and fabricated components. Residual 

stresses arise due to the nonuniform temperature distribution in the welded component 

resulting from the application of highly concentrated and instantaneous heat source used 

during welding.  

Presence of large magnitude of residual stresses in welds can assist various forms of 

cracking and affect the dimensional stability of the fabricated components. Therefore, large 

magnitude of residual stress in welds can significantly impair the performance and 
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reliability of welded structures. The nonuniform temperature distribution produced during 

welding give rise to incompatible strains which in turn results in generation of self-

equilibrating residual stresses and its distribution that remain in the structure after cooling 

down to ambient temperature. On the other hand, distortion in weld plate arises due to non-

uniform expansion and contraction of the weld joint during heating and cooling that occurs 

in the weld thermal cycles [31]. 

K.R. Balasubramanian et.at [19] demonstrated finite element method (FEM) usage for 

laser welding butt, lap, and T-joint weld bead profile prediction. For several weld 

configurations produced by the laser welding method, a three-dimensional finite element 

model was utilized to examine the temperature distribution weld bead shape. The influence 

of latent heat of fusion, as well as convective and radiative boundary conditions, are 

included in the model of temperature-dependent thermophysical characteristics of AISI 

304 stainless steel. A 3D conical Gaussian heat source is assumed as the heat input to the 

FEM model. The numerical findings were obtained using the finite element software 

SYSWELD. The experimental and computed weld bead profiles for butt, lap, and T-joints 

were compared and found to be in accord. FEM is used to find the optimal parameter set 

for butt, lap, and T-joint. Between the computed bead profile and experimental 

measurement, there is a maximum error of 5.3 percent [9]. 

Computational software such as ANSYS, ABAQUS, and SYSWELD are prominent in 

weld simulation. SYSWELD is specifically developed for heat treatment and welding 

processes, whereas ANSYS and ABAQUS require complicated subroutine programming. 

It's a functional FEA program that covers heat source geometry definition, moving heat 

source function, heat treatment, and material phase transition during heating and cooling. 

It is more computationally economical to do the thermal and mechanical evaluations 

independently to simplify the welding simulation. Physically, changes in the mechanical 

state are supposed to have no effect on the thermal state [30]. A change in the thermal state, 

on the other hand, induces a change in the mechanical state. After computing the 

temperature history during welding and subsequent cooling, the temperature field is used 

to the mechanical model to perform the residual stress analysis [30]. Declare that the heat 

created by plastic deformation is significantly less than the heat generated by the welding 

arc [30]. 
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3 LBW EXPERIMENTAL ANALYSIS 

3.1 Base material (BM) 

In this thesis, numerical simulation results of LBW process for DP1000 steel has been 

compared to the Raghawendra [32][33] experimental results, 1 mm thick cold rolled 

continues annealed steel tempered dual phase steel (DP1000). In a continuous annealing 

line, this steel is subjected to a special heat treatment, resulting in a two-phase structure. 

One phase is ferrite, which has unique forming properties, and the other phase is martensite, 

which accounts for strength. The chemical and mechanical properties of the base material 

(DP1000) are shown in Table 1 and 2, respectively. The material certificate provided by 

the supplier (SSAB) is presented in Appendix 1. 

It has outstanding mechanical properties such as no yield point elongation, high work 

hardening, and high ultimate tensile strength [34][35][36]. These distinctive properties of 

DP steels are highly sought after in the automotive industry in order to reduce weight and 

improve passenger safety. 

The equation 1 can be used to calculate the carbon equivalent content  

 

𝐶𝐸𝑉 =  𝐶 +  
𝑀𝑛 

6
+  

(𝑁𝑖 + 𝐶𝑢)

15
 +  

(𝐶𝑟 + 𝑀𝑜 + 𝑉)

15
  (1) 

 

Table 1. The chemical properties of the DP1000 

Chemical 

Composition 

C Si Mn P S Cr Ni Mo 

DP 1000 0.132 0.19 1.50 0.010 0.003 0.03 0.03 0.00 

Chemical 

Composition 

V Ti Cu Al Nb B N CEV 

DP 1000 0.01 0.00 0.01 0.041 0.014 0.0002 0.004 0.39 
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Table 2. The mechanical proprieties of the DP1000  

High Strength 

Steel 

𝑹𝒑𝟎. 𝟐 (MPa) 𝐑𝐦(MPa) 𝐀𝟖𝟎 (%) (HV10) 

DP 1000 821 1074 9.5  329 

 

A product of CR continues annealed steel tempered products are those that have been 

cold annealed, fully hardened sheets that have been annealed, hardened structures that have 

been removed, and then surface smoothness provided by tempering. 

3.2 Laser beam welding analysis & simulation without 

filler material of DP 1000  

A Reis SRV 40 robotic arm was used to mount a Laserline LDL 160-3000 diode laser 

head in the experiment made by Raghawendra P. S. [32][33], The robotic arm's working 

stretch is 3800x3800 mm. The diode laser had a rectangular laser beam spot size of 2x2 

mm, emitted in continuous wave at 940 nm-980 nm, and had a maximum output power of 

3 kW. With the parameters in Table 3, as 0.125 kJ/mm, for LBW process Figure 14 

[32][33]. The linear heat input was calculated using equation 2 

𝑄𝑙𝑎𝑠𝑒𝑟 =
𝑃𝑙

𝑠
                                          (2) 

Where Qlaser represents the linear heat input (kJ/mm), Pl represents the laser output 

power (kW), and s represents the welding speed (mm/s).  

The optimal parameters for laser beam welding tests were performed on a 1.0-mm-thin 

sample of DP 1000 steel, 1000 W with a welding speed of 8 mm/s (Table 3). 

Table 3. Comparison of geometric dimensions of the heat source of LBW and input 

energy and heat source beam velocity 

 

Process 

 

Laser beam spot 

(𝒎𝒎) 

Penetration 

depth (𝒎𝒎) 

Power 

(𝑾) 

Velocity 

(𝒎𝒎/𝒔) 

LBW 2x2 1 1000 8 

 

The results were compared to experimental data of diode laser beam welding DLBW 

process as that has the same specimen properties as the specimen presented in this work. 
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Figure 14. (a) On the robot is a laser head, (b) experimental setup for LBW [32][33] . 

3.3 Cooling time determination 

The final mechanical and microstructure properties are determined by the cooling 

curve's behavior in this temperature range (A3 to 500 °C, simplified to 800- 500 °C), as 

shown in the Figure 15. 

 

Figure 15. Experimental thermal cycle t8/5 [32][33]. 

The thermal profile of diode laser beam welding experiments on DP 1000 steel plate 

with a thickness of 1 mm was measured. Three sets of K-type thermocouples were welded 

to the plate along the butt joint and instrumented with an HBM Spider8 electronic 

measuring system (4 carrier frequency channels) for electric temperature profiling. The 
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thermocouples were put 1 mm, 2 mm, and 3 mm away from the weld to determine the t8/5 

cooling time. Figure 16 [32][33], shows a schematic diagram of the test specimen and the 

location of thermocouples for laser beam welding. The working temperature was assumed 

as 20 °C and the material thickness. 

 

Figure 16. Thermocouple setup schematic diagram [32][33]. 

3.4 Microhardness distribution  

Microhardness was measured using a Mitutoyo microhardness tester with a 200 g load 

and a 15-second dwell duration. The welded specimen is shown in Figure 17 and the results 

of measuring the hardness are shown in Figure 18.  

 

 

Figure 17. Welded base metal of DP 1000 [32][33]. 
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Figure 18. Experimental data of the microhardness [32][33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

100

200

300

400

500

-4 -3 -2 -1 0 1 2 3 4

H
ar

d
n

es
s 

[H
V

0
.2

]

Distance [mm]

LBW



 

31 

 

4 NUMERICAL ANALYSIS OF LBW PROCESS 

4.1 Finite element analysis 

Since the early 1970s, numerical methods have been used to simulate welding processes. 

The emphasis has been on forecasting thermal histories, residual stresses, and distortion 

caused by the welding process. Finite element (FE) simulations have been the most widely 

used numerical method, with numerous papers published over time [37]. Large complex 

simulation models of three-dimensional (3D) components, on the other hand, are still 

uncommon, owing to a lack of computational power. One reason is that a very fine 

discretization of the space variable is required to compute the temperature and residual 

stress fields in the affected zones. 

The principle of numerical simulation of welding entails the knowledge of a large 

database with geometry, thermo-mechanical properties, initial conditions, boundary and 

loading conditions. Figure 19, depicts the fundamentals of numerical simulation of 

welding. The more accurate the information about these parameters, the more robust the 

simulation. Once the input database has been provided, the FE simulation can begin; 

however, an experimental database is almost always required to establish the comparison 

with simulation results and validate the numerical model [38]. 

For each test case, an uncoupled / sequentially coupled thermo-mechanical analysis is 

performed. The term sequentially coupled implies that the thermal and mechanical analyses 

are performed sequentially and are coupled in such a way that the temperature histories 

calculated during thermal analysis are applied as a predefined field in mechanical analysis. 

The mechanical response of the test specimens is assumed to be dependent on thermal 

loading in this case, with no inverse dependency. 

This is due to the fact that the amount of heat generated by mechanical dissipation, if 

any, is negligibly small in comparison to the heat energy supplied by the heat source. 

Because material properties vary with temperature, heat transfer problems are generally 

highly nonlinear. In some cases, the boundary conditions are also temperature-dependent; 

in others, they are assumed to be temperature-independent.  
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Figure 19. Fundamentals of numerical simulation of welding [38]. 

4.2 Finite element meshing 

The simulation of stresses and distortion of welding components using the finite element 

method (FEM) requires that the component be meshed with finite elements based on the 

component geometry at first. In general, the mesh density is determined by the applied 

loading and/or boundary conditions. Due to the high temperature gradient in and near the 

FZ during welding processes, a very fine mesh is required to capture the FZ boundary and 

temperature distribution in the HAZ. However, using a mesh that is too fine may result in 

an unnecessary increase in computation time. As a result, an optimal mesh density is used 

without sacrificing the quality of the results. Because the temperature gradient outside the 

heat-affected zone (HAZ) is so low, a coarser mesh is deemed adequate for the analysis. 

As a result, the mesh density must decrease progressively away from the fusion line, as an 

abrupt increase in mesh size may result in discontinuous contours and poor interpolation 

of temperatures, displacements, and stresses, among other things. 

The FE model of the test specimens and support is made up of three-dimensional 

continuum solid linear elements. Because of the symmetry of the specimen’s geometry, 
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loading, and boundary conditions, symmetric models are assumed. The use of symmetric 

models also aids in reducing the number of degrees of freedom, thereby reducing overall 

computation time. 

In order to reduce calculation time, a finite element mesh was designed to be more 

refined in the weld region than in the rest of the plate. 

A Conical-type heat source was used in the simulations to simulate real laser beam 

conditions. Other welding variables were noted, such as the plate being fixed (movement 

limits), the ambient temperature (20 °C), and the cooling speed after welding (air cooling). 

4.3 Modeling of heat source 

Because laser beams have varying power distributions and forms, it was required to 

modify heat source models and methodologies for describing the heat introduced into a 

welded material in simulations of welding processes utilizing solid-state and high-power 

diode lasers. A solution was proposed in the case of simulations of welding processes 

employing solid-state disc lasers and high-power diode lasers (HPDL). 

The VisualWeld 17 (SYSWELD) package of the ESI Group (Paris, France) was used in 

the analyses presented in this thesis, where the coupled thermo-metallurgical analysis is 

described below by a modified heat convection equation 3 [39][40]. 

 

(∑ 𝑃𝑖(ρ𝐶)𝑖
 
𝑖 )

𝜕𝑇

𝜕𝑡
− ∇((∑ 𝑃𝑖λ𝑖

 
𝑖 )∇𝑇) + ∑ 𝐿𝑖𝑗 

(𝑇). 𝐴𝑖𝑗 𝑖<𝑗 = 𝑄    (3) 

Where Pi denotes the proportions of phases with indexes (i) and (j), Lij (T) denotes the 

latent heat of the i to j transition, Aij denotes the proportion of phase (i) transformed to j in 

a time unit, and Q is the overall quantity of heat injected. 

The use of Fourier's differential equation results in non-linearity in the estimated 

temperature field distributions. Temperature field distributions are generated using a 

mathematical description of a heat source model that is represented by thermal flow density 

into material. It's usually a moving heat source, and the coordinates characterizing its 

location are tied not just to space coordinates but also to the process's duration. Clamping 

conditions, thermo-mechanical material qualities, kind of welding technology utilized, 

process parameters, ambient temperature, and cooling conditions, among others, all 

influence the formation and development of welding strains and stresses [40][41]. 



 

34 

 

4.4 Typical heat sources models used in numerical simulation 

In commercially available software specialized to solving welding process difficulties, 

three types of preconfigured heat source models are typically utilized: 

• The Conical heat source  

• The Gaussian surface heat source  

• The Double ellipsoid heat source (Goldak’s model) 

A conical source model with a normal distribution is typically used in analyses of 

welding processes characterized by high energy densities, such as electron beam, plasma 

welding or laser and shown in Figure 20. 

 

Figure 20. The conical heat source [41] 

The following equation 4, is a mathematical description of the volumetric heat flow 

density into the material[40][41]. 

𝑄(𝑥, 𝑦, 𝑧) =  𝑄0exp (−
𝑥2+𝑦2

𝑟0
2(𝑧)

)   (4) 

Where 𝑟0(𝑧) can be calculated from equation 5 

𝑟0(𝑧) = 𝑟𝑒 +
𝑟𝑖−𝑟𝑒

𝑧𝑖−𝑧𝑒
 (𝑧 − 𝑧𝑒)   (5) 

where 𝑄0 is the maximum volumetric heat flux density; 𝑟𝑒, 𝑟𝑖 are the upper and lower 

3D cone radius dimensions parameters; 𝑧𝑒, 𝑧𝑖 are the 3D cone length parameters; and 𝑥, 𝑦, 𝑧 

are point coordinates [41]. 

In order to use a moving heat source model in numerical simulations of welding 

processes, an appropriate calibration procedure must be used. Only in this situation, based 

on previously established temperature fields and individual metallurgical phase 
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distributions, can the stresses and deformation levels and distributions be appropriately 

estimated. Calibration of the heat source model that is not done correctly usually results in 

significant differences in the results obtained when compared to reality. However, the use 

of predefined models does not preclude the user from combining these sources to obtain, 

for example, a set suitable for the simulation of hybrid welding consisting of a conical 

model for the laser beam and a double-ellipsoid model for mapping the effect of arc 

welding [41]. Self-defined heat source models, as well as other computational techniques 

that do not rely on moving heat source models, can be used. Regrettably, they frequently 

necessitate initial calibration based on the analyses performed with them [41]. 

4.5 Modelling and meshing 

The geometrical model of the two butt welded plates assembly is first created, as shown 

in Figure 21. Each plate measures 300 mm in length, 150 mm in width, and 1 mm in 

thickness. After that, the geometrical model is meshed with the Quad-Tria solid element. 

A welding section was defined of with 2.11086 mm in the middle distance between the two 

plates. For meshing, a total of 69,000 divided as 22,500 three-dimensional elements are 

generated. 46,200 two-dimensional elements are extracted from the solid mesh in order to 

apply convection on the surfaces of the plate and its surroundings. 

Then, because the weld source is to be modelled with one-dimensional elements, the 

two-dimensional mesh generates a total of 300 one-dimensional elements. During meshing, 

special care is taken to provide finer mesh at areas of higher concentration, such as the 

weld line and heat affected zone, and coarse mesh at the remaining parent material. 

Thermal analysis is performed first, followed by mechanical analysis, to complete the 

transient simulation. Transient analysis is run for a time period that includes the weld run 

and enough time for the plate to cool down to ambient temperature after welding, based on 

the parameters defined in heat input fitting. After that a mechanical analysis was performed 

as well.  
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Figure 21. Three-dimension model of the two butt welded plate, it shows the welding 

path with the starting and ending nodes. 

4.6  Numerically simulated thermal cycles 

The SYSWELD program's output can be displayed in a variety of ways. Because the 

program can calculate the temperature at any nodal point in the material as a function of 

time, different modes of presentation of the results must be chosen to evaluate the model's 

ability to predict experimentally measurable quantities. 

The heat source at different time is shown in Figure 22, which shows clearly the large 

temperature gradients near the laser source, as well as the cooling of the workpiece away 

from the heat source. The temperature field distribution goes stable, i.e., quasi-steady state, 

in the middle of the workpiece. It also depicts the molten pool shape around the high energy 

heat source as an ellipse on the workpiece's surface. The molten pool's elliptical shape 

varies depending on welding speed and beam power. 
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Figure 22. Heat source with varying time frames; (a) 3 s, (b) 19 s,(c) 33 s and (d) 38 s. 

 

 

 

 

 

 

 

 

 

 

 

 

a b 

c d 



 

38 

 

5 RESULTS AND DISCUSSION 

5.1 Cooling time 

The temperature evolution curve with a scanning time predicted by the numerical model 

is also validated experimentally by using a thermocouple by Raghawendra [32][33] of the 

DP1000 steel. The numerically predicted and experimentally measured temperatures agree 

to a good extent. 

Figure 23 depicts the simulation of temperature evolution over time for each of the six 

points indicated on Figure 24, to simulate the welding thermal cycles of all the sub-zones 

of the HAZ of laser-welded specimens of DP1000 steel. Resulting in exceptionally high 

heating and cooling speeds. The maximum temperatures are also achieved at slightly 

different times at each time spot, as can be observed. 

Figure 23 shows the simulated temperature profile in a weld region cross section of the 

sheets. It is worth noting that this thermal profile is linked to a specific temporal shot, rather 

than representing the peak temperatures in each region, which are reached at different 

times, as shown below. As expected, the temperatures in the center of the weld are the 

highest, reaching the material's melting point, and decrease as one moves towards the base 

metal. The program simulated the shape of the weld in the transverse section as straight 

geometry, which is consistent with the macrographs observed in Raghawendra [32][33] 

experiment.  

The weld section, HAZ and CGHAZ of the simulated DP steels tends to harden at short 

cooling times of t8/5= 3.9 s as shown in Figure 25 below at point S' . The simulation results 

has been validated by the experimental results of Raghawendra [32][33], where in CGHAZ 

the material tends to harden for short cooling time of  t8/5= 2.9 s. 
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Figure 23. Temperature gradient 

 

 

Figure 24. Heat cycle at time 19 s of six different nodes. 

1    2 3    4    5    6    S'        
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Figure 25. Thermal cycle t8/5 at point S' 13.5 s. 

According to the temperature curves, only points 1 and 2 shown in Figure 24 are 

reaching the melting temperature of the steel, reaching temperatures 1537 ºC and thus 

delimiting the FZ. 

Temperature drops abruptly after reaching the peak, especially at point 1. Point 3 

reaches temperatures well above 1000 ºC, significantly higher than A3 (867 ºC, according 

to the SYSWELD database), indicating total automatization in this region, but the cooling 

rate is slower than at points 1 and 2. Point 4 reaches A1, defined by the program database 

as 727 ºC, above which partial austenitization begins, but the residence time above A1 is 

extremely short (less than 0.01 s). Thus, based on simulated data, HAZ can be defined as 

being located between points 2 and 4. Temperatures remain below 600 ºC at points 5 and 

6, implying that no phase transformation is expected beyond point 4. In short, the models 

reveal that the various peak temperatures and cooling rates generated by laser welding 

along the weld cross section are compatible with the various microstructures seen in 

metallographic tests [32][33]. 

The numerical simulation calculated the proportion of phases existing after weld 

completion in the welding section based on the simulated temperature cycles and material 

parameters, with no change in the phase’s percentage on the base metal section. The 

program database for DP1000 steel anticipates the following phases: initial material, 

martensite, and ferrite. It should be emphasized, however, that the simulation's fraction of 

martensite only includes martensite created during welding in the welding area and 
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martensite formed from base metal. The original material (ferrite + martensite), which is 

equivalent to the material in the supplied state, which is constituted of ferrite and 

martensite, is the other microconstituent present. For example, the simulated temperatures 

near A1 (point 4) reasonably correspond to the end of both HAZ and the martensitic 

transformation, while also matching the region where hardness values reach base metal 

levels. When the macrographic image is compared to the temperature simulation, The FZ 

limits meet at point 2, which is quite close to melting temperature, and with the 100 percent 

martensitic zone predicted by the phase proportion simulation. 

The experimental work found that a thermocouple's temperature cycles is 2.9 seconds. 

The other result we acquired from the numerical simulation is 3.9 seconds; these values of 

cooling time between 800 °C and 500 °C during laser beam welding of butt joints at heat 

input 0.125 kJ/mm differ by 1 second, indicating that the simulation verifies the 

experiment. 

5.2 Microhardness analysis  

The following estimates are consistent with metallographic test results. Martensite 

proportion reaches 0.6 at FZ and gradually decreases as one moves away from the weld. 

Figures 26 and 27 are shown the microhardness after the weld. FZ has higher hardness than 

the BM due to martensite formation and we can notice the hardness peak achieved at 

CGHAZ. 

The color pattern in Figure 29 depicts the proportion of martensite formed during 

welding as a result of this simulation the red grade represent the welding path between the 

two plates as going further away towards HAZ hardening within the material starts to take 

place, as then until 5.14929 mm away from the FZ welding path (Zero point) after that 

point martensite content starts to get higher until it reaches the same value as at the zero 

point, further more distance away from 6.954905 mm the welding effect on martensite 

content vanishes. 
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Figure 26. Microhardness view with distance reference weld line. 

 

 

Figure 27. Microhardness distribution weld line is zero point FZ to BM. 

The result shows that the hardening occurred because of the two changes of the 

microstructure. The pre-existing tougher martensite was changed into softer tempered 

martensite, and carbides precipitated, when the DP1000 steel was heated to the tempering 

temperature during the welding process. The second shift occurred when the temperature 

was elevated to the DP1000 steel's inter-critical point, causing the percentage of martensite 

to decrease while the percentage of softer phases to grow, which confirms the experimental 
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results [32][33]. For DP 1000, where the weld zone has nearly the same hardness as base 

material and most of the HAZ has a higher hardness (around 360 HV0.2). 

The welded joint shown in Figure 28, as it shows the specimen that was used during the 

experiment and the simulation model. 

Figure 28. The welded joint in (A) experimental spacemen [32][33], while (B) 

simulated part. 

 

5.3 Phase formation 

In order to determine the austenite transformation during the heating phase and the 

martensite transformation during the cooling phase, the temperature history was calculated. 

Four basic assumptions were adopted to simplify the solid-state phase transformation 

model:  

1. If austenite transformation occurs during the heating process, martensite 

transformation will occur during the cooling process. 

2. When austenite transformation occurs, the original ferrite and martensite phases are 

consumed at the same rate. 

3. During the cooling phase, the austenite produced during the heating process will be 

completely transformed into martensite or ferrite. 

4. The residual stress caused by volume change in the entire coupon will be divided into 

two zones: the base metal zone and the heat affected zone. The former is zero, and the latter 

is determined by averaging the newly generated martensite fraction in the heat affected 

zone.  

Figure 29 & 30 shows Only the fraction of martensite in the welding area that was 

changed after welding, as well as the base metal's preexisting martensite.  



 

44 

 

The microstructure of the fusion zone (FZ) was described as martensite plus bainite 

Figure 33, with rising ferrite fractions at the HAZ as one proceeds away from the fusion 

line until BM Figures 31 and 32, which has the DP 1000 typical microstructure of 

martensite islands surrounded by a ferritic matrix. 

 

Figure 29. Martensite content, full cross sectional. 

Figure 30. Martensite content, cross sectional view from weld line red colour (far 

right) to base metal purple colour (far left). 
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Figure 31. Ferrite content at randomly chosen node. 

 

Figure 32. Ferrite content, cross sectional view from weld line blue colour (far right) 

to base metal purple colour (far left). 

 

Figure 33. Bainite formation region. 
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As previously stated, the peak temperature is proportional to the distance from the weld 

centerline. The tempered area of the HAZ is located farthest from the molten area of the 

weld, where the peak temperature is between 250 ºC and the A1 temperature as it seen in 

the Figures 34 and 35. The microstructure partially transforms to austenite closer to the 

weld, where the peak temperature reached is between the A1 and A3 temperatures. When 

the weld cools, the austenite will, of course, transform into new low temperature phases. 

This portion of the HAZ is known as the partially transformed zone. 

 

 

Figure 34. Tempered martensite cross sectional view. 

Figure 35. Tempered martensite, cross sectional view from weld line blue colour (far 

right) to base metal (far left) 

5.4 Residual stresses analysis 

Residual stresses are the tensions that remain in the weld joint after the welding process 

is completed. As a result of the thermal cycle(s) and metallurgical transformations, this 

stress is focused in the FZ and HAZ of the weld seam. It is created by inhomogeneous 
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thermal strain, which causes a misfit between the different phases or regions of the weld. 

Local residual stresses were investigated using finite element simulations.  

Due to the strong agreement between simulation and actual weld properties, computer 

simulations were also employed to determine the level of residual stresses and distortions 

generated by laser welding on DP1000 sheet. Figure 36 depicts the residual stresses in a 

weld cross section using the Von Mises criterion.  

 

Figure 36. Von mises stress. 

These stresses do not exceed the yield strength of the material. Anyhow, in a narrow 

region between FZ and HAZ where they exceed 500 MPa, even though the martensitic 

formation was not enough to affect the microconstituent of the welding region than the 

base material, this observation does not necessarily imply that welding causes plastic 

deformation in the weld region. 

Stress levels are lower in the welded joint central region, which can be attributed to the 

martensitic transformation associated with volumetric expansion [42]. The estimated mean 

residual stresses (average of Von Mises, Tresca, and hydrostatic pressure models) is shown 

in Figure 37 and the transverse stress is shown in Figure 38 and 39. Maximum values were 

also found at the interface between FZ and HAZ, but stress levels are lower in comparison 

to Von Mises criterion, not exceeding 400 MPa. In contrast to the Von Mises criterion, 

mean stress can have negative values, indicating the presence of compressive stresses, as 

seen in this case. 
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Figure 37. Mean stress 

 

 

Figure 38. Transverse stress from weld line. 
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Figure 39. Transverse stress from weld line. 

These obtained from simulation; the stress distribution can be captured adequately 

across the weld joint.  

5.5 Distortion in Z- direction 

We can notice tensile formation at the upper surface of the welded plate along the 

welding line in (+) Z direction as shown in Figure 40, and compression occurs at the lower 

face as shown in Figure 41. 

The Figure 40 depicts the simulation results for vertical displacement (deformation on 

the Z-axis, coplanar to the plate upper surface), which indicates possible welding 

distortions. Despite the simulation indicating high residual stresses at the welded region, 

simulated strain values are quite low, not exceeding 30 µm at the plate's center. One of the 

major advantages of laser welding is the absence of distortion and warping in the welded 

joint. 

 

Figure 40. Upper distortion contours in (+) Z direction. 
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Figure 41. Lower distortion contours in (+) Z direction. 

During the tensile test conducted by Raghawendra [32][33], the DP 1000 specimen 

fractured at the HAZ after LBW with power of 1000W took location and with speed of 8 

mm/s, the recorded tensile stress for two test 820 & 825 MPa.  
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6 CONCLUSION 

Full-penetrated welds with acceptable surface quality and cross-section geometry of 1 

mm thickness were obtained using SYSWELD software. A laser beam welding simulation 

carried out under optimal process conditions to perform of DP 1000.  

The results were compared to Raghawendra [32][33] for diode laser beam welding 

results of cooling rate t8/5 and the microhardness values. However, the simulation results 

of  t8/5= 3.9 s validate the experimental cooling rate of t8/5= 2.9 s. 

Hardness is higher at FZ 360 (HV0.2) approximately by 8.3566 % than at BM 345 

(HV0.2), with peaking at CGHAZ 365 (HV0.2) away from FZ to HAZ due to its highly 

refined microstructure and decreasing as ferrite amount increases from FZ towards BM 

until reaching original hardness levels. Tempered martensite formation away from FZ 

formed , softening took place due to that and a low hardness values from the simulation 

obtained, which could weaken the joint. While as, hardness values for the experiment 

[32][33] at the FZ has an average value of 367 (HV0.2) and a peaking noticed at CGHAZ 

390 (HV 0.2) and for BM 329 (HV10) . 

To investigate the residual stress in dual phase steel subjected to DLBW von mises 

criterion was computed, a sequentially coupled thermal-metallurgical and mechanical 

analysis was performed. These pressures do not surpass the material's yield strength, as a 

result, stress levels in the welded joint's center region are lower. Even though the 

martensitic formation was not adequate to impact the microconstituent of the welding 

region than the base material in a limited region between FZ and HAZ where they exceeded 

500 MPa, this observation does not necessarily infer that welding produces plastic 

deformation in the weld zone. 

 A modified three-dimensional moving heat source at a speed of 8 mm/s and power of 

1000W model, combining conical thermal flux distributions, was developed and validated 

to accurately predict the sharp temperature gradients observed across the various weld 

regions during LBW. 

A metallurgical framework was introduced, which included the evolution of various 

phase fractions, thermal and transformation strains.  

Distortion in Z-direction exhibit a consistent distribution of welded thin plate distortion, 

with the largest deflections occurring at the centerline. 
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