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Abstract 

This thesis presents a modelling approach of laser welding process of aluminium alloy 

from the thermo-mechanical point of view to evaluate the occurrence of hot cracking 

based on simulation results and relevant criteria. The model was created stepwise in 

COMSOL Multiphysics, starting with the thermal model where heat conduction of solid 

and liquid phase was computed. Then the CFD model was created by involving the 

driving forces of liquid motion in the weld pool, i.e. natural convection and Marangoni 

effect. Lastly, the temperature profile calculated by the CFD model was loaded into the 

mechanical model for computation of thermal stress and strain. The mechanical results 

were required in criteria for measuring the susceptibility of hot cracking. The main 

findings include that Marangoni effect plays a dominant role in generating the fluid 

flow and convective heat flux in the weld pool, thus enhancing the heat dissipation and 

lowering temperature in the workpiece. By contrast, such temperature reduction caused 

by the air convection, radiation and natural convection is negligible. The welding track 

further from the clamped side experiences smaller transversal residual stress, but it does 

not necessarily suggest higher susceptibility to hot cracking according to the applied 

criteria. It can be concluded judging from current results that these first models of laser 

welding process work satisfactorily. There is still a work to do to obtain the full maturity 

of this model due to its limitation and some assumptions made for simplicity. 

 

Keywords: laser welding process, aluminium alloy, thermal-mechanical, COMSOL 

Multiphysics, hot cracking, thermal model, CFD model, mechanical model, Marangoni 

effect. 
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Sammanfattning 

Denna avhandling presenterar en modelleringsmetod för lasersvetsningsprocessen av 

aluminiumlegering ur termomekanisk synvinkel för att utvärdera förekomsten av het 

sprickbildning baserat på simuleringsresultat och relevanta kriterier. Modellen 

skapades stegvis i COMSOL Multiphysics, med början med den termiska modellen där 

värmeledning av fast och flytande fas beräknades. Sedan skapades CFD-modellen 

genom att involvera drivkrafterna för flytande rörelse i svetsbassängen, dvs. naturlig 

konvektion och Marangoni-effekt. Slutligen laddades temperaturprofilen beräknad av 

CFD-modellen in i den mekaniska modellen för beräkning av termisk stress och töjning. 

De mekaniska resultaten krävdes i kriterier för att mäta känsligheten för het 

sprickbildning. De viktigaste resultaten inkluderar att Marangoni-effekten spelar en 

dominerande roll när det gäller att generera vätskeflödet och konvektivt värmeflöde i 

svetsbassängen, vilket förbättrar värmeavledningen och sänker temperaturen i 

arbetsstycket. Däremot är sådan temperaturreduktion orsakad av luftkonvektion, 

strålning och naturlig konvektion försumbar. Svetsbanan längre från den fastspända 

sidan upplever mindre tvärgående restspänning, men det föreslår inte nödvändigtvis 

högre känslighet för hetsprickning enligt de tillämpade kriterierna. Man kan dra 

slutsatsen utifrån aktuella resultat att dessa första modeller av lasersvetsningsprocesser 

fungerar tillfredsställande. Det finns fortfarande ett arbete att göra för att få full mognad 

för denna modell på grund av dess begränsning och vissa antaganden för enkelhetens 

skull. 

Nyckelord: lasersvetsningsprocess, aluminiumlegeringar, termisk-mekanisk, 

COMSOL-flerfysik, hetsprickning, termisk modell, CFD-modell, mekanisk modell, 

Marangoni-effekt.  
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1 Introduction 

This thesis deals with hot cracking formation during laser welding of aluminium alloys 

by means of numerical simulations. This topic arouses interest because laser welding 

technology has been prominent in the automobile industry for large volume production, 

thanks to its high welding speed, low energy input and resultant low distortion of the 

workpiece, ease of automatization, etc [1]. Meanwhile, aluminium is steadily growing 

in automotive use to lighten car components. It is considered “material of choice” to 

meet the challenge of reducing environmental footprints and improving fuel economy 

while still retaining the security of automobiles. Despite the good prospects, joining 

aluminium using this technique can be problematic at present in terms of weld quality. 

 

Hot cracking, also known as solidification cracking, is one of the most commonly 

encountered weld defects. It is often manifested as a longitudinal centreline crack along 

the weld seam. Such intergranular crack occurs during the terminal stage of 

solidification [2]. The susceptibility to hot cracking can be attributed to an interplay of 

metallurgical, thermal and mechanical factors [3], see Section 2.3. The general 

explanation is that micro-segregation accumulates the eutectic phase and impurities at 

the grain boundaries and therein forms a thin liquid film with lower solidification 

temperature than its surroundings. Grain boundary is thereby a vulnerable area to hot 

cracking. As solidification proceeds, the tensile stress induced by solidification 

shrinkage and thermal contraction tears apart adjacent grains. The hot crack thus 

initiates and will develop into a permanent defect if inadequate liquid metal is supplied 

to the gap. Unfortunately, hot cracking has been reported a lot during laser welding of 

6000 series (Al-Mg-Si) aluminium alloy, a material predominantly used worldwide in 

automotive panels. An effective approach to reducing the cracking susceptibility is to 

use appropriate filler alloys. 

 

Computational modelling in this field has been carried out for decades. Its advantage 

for research is to avoid material and energy cost. However, the highly coupled physical 

phenomena of different scales make it hardly conceivable to simulate the whole process. 

A complete simulation of keyhole mode welding, for example, includes beam 

propagation and interaction with material, heat transfer and fluid flow in the weld pool, 

modelling of liquid/gas interface, metallic vapour behaviour, nucleation and growth of 

grains during solidification and structural distortions [4]. Such complexity of multi-

physics is not well handled in current literature which thus reduces the size of these 

studies by separating phenomena or simplifying/neglecting some of less significance. 

A typical example shown in many models is the approximation of energy transfer from 

laser beam to metal workpiece using an absorption coefficient [4]. Information about 

recent modelling work is introduced in Section 2.4. The model established in this thesis 

is most concerned with thermo-mechanical behaviour of the welding material. 

 

This thesis aims to increase knowledge of solidification process during laser welding 

of aluminium alloy that gives rise to hot cracks. Theoretical analysis is done to 

understand the physical phenomena associated with the welding process with 
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simulation results in COMSOL Multiphysics Version 5.5 and literature study. The 

focus of this project is placed on investigating the effect of different physics during 

laser welding. 

 

The main body of this report is built from three parts. The first part (Section 2) 

introduces necessary knowledge of laser welding process and hot cracking for 

understanding the problem of interest. The second part (Section 3) covers in detail some 

important aspects of the model and how it is developed from a practical point of view. 

The final part (Section 4, 5, 6) discusses some important results and proposes further 

improvement for the current model. 

 

1.1 Social and ethical aspects 

The model ready for industrial use is expected to be able to evaluate the hot cracking 

during welding process. As one of the stakeholders, the aluminium manufacturing 

sector can thus lower the material cost by reducing the number of experimental trials 

when it attempts to conduct research under the conditions of different welding 

parameters and weld types. With the increasing application of simulation, the safety of 

laser welding worker in laboratory can be guaranteed, which is beneficial from an 

ethical standpoint. Moreover, the simulation work can accelerate the full maturity of 

laser welding technology. It can be foreseen in the automobile industry that aluminium 

will participate in the vehicle body to a larger extent with crack-free weld, and the 

activity of aluminium mining companies is promoted. Since aluminium is highly 

recyclable and generates the low carbon footprint, the promotion of use of aluminium 

meets the requirement of the sustainable development.  

  



 3 / 67 

 

2 Background 

This chapter provides a fundamental understanding of the topic from three aspects: laser 

welding, hot cracking mechanism and the relevant simulation models. 

 

2.1 Laser welding technology 

2.1.1 Operational mode 

Laser welds material in two main regimes, namely conduction mode and keyhole mode. 

The key difference between them is the magnitude of power density (power/area of a 

laser beam). The transition mode between conduction and keyhole welding receives 

little attention from researchers and is not discussed in this thesis. 

 

Conduction mode  

 

Conduction mode is operated at a relatively low power density, typically under  

1 MW/cm2. The lower and upper limits of conduction mode are material dependent [5]. 

Such energy intensity enables fusion of workpiece without significant vaporization. 

The process begins with irradiation of laser beam on the metal surface. Then the heat 

that originates from the surface is conducted inwards, melting the inner metal. 

Nevertheless, the metal does not melt when the laser power density falls below 0.01 

MW/cm2 [6]. The molten region is shaped like a wide shallow pool as shown in Fig. 

1a.  

 

Compared with keyhole welding, conduction welding is less demanding in the beam 

quality due to the use of relatively large beam size and thus has lower welding cost and 

fewer assembly problems [7].  Moreover, no vaporization taking place in this mode 

makes it a spatter-free process. The weld seam is defect-free and aesthetic, therefore 

requiring no post-processing. But its small penetration depth, about 2 mm , is not 

suitable for to welding thick workpiece [7].  

 

Despite the benefits, conduction laser welding has been adopted in far smaller extent 

than keyhole welding. One field where conduction mode has been mostly used is 

welding of aluminium alloys that is prone to formation of pores and cracks. Conduction 

mode welding is reported with more successes in producing welds free of those defects 

than its counterpart mode. Moreover, joining dissimilar materials such as aluminium 

and steel, a difficult combination type to weld, is also an application of conduction 

mode. This is usually achieved using traditional methods like resistance spot welding. 

But now studies have also shown good results with conduction mode and proved it an 

alternative to join aluminium to steel with good stability of the process that allows better 

control of heat delivery between materials [7]. 
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Keyhole mode 

 

Keyhole mode, sometimes called penetration mode, is performed at a high laser power 

density greater than 1 MW/cm2 such that the irradiated material not merely melts but 

it also vaporizes and ionizes (plasma). Once the process starts, the boiling temperature 

of metal can be reached in just 10-6-10-8 seconds [6]. The vapour metal exerts a recoil 

pressure, pushing aside liquid metal and creating a gas-filled cavity extending 

downwards from the metal surface. Such cavity is known as keyhole which can keep in 

equilibrium against the surrounding molten area that acts to collapse it, owing to the 

constant expanding vapour pressure within keyhole. Following the movement of laser 

beam, keyhole traverses across the workpiece and transfers energy though its wall, thus 

forming a molten pool behind that is characterized by narrow width and deep 

penetration (Fig. 1b). It should be noted that the process shifts from laser welding to 

laser cutting when the laser power density exceeds 10 MW/cm2 [6]. 

 

The popularity of laser keyhole welding in many industrial sectors can be attributed to 

two main features: high productivity and deep penetration for thick workpiece. The 

wide range of weldable material also characterizes this technique whose sufficiently 

high-power density enables fusion of most important engineering materials. For alloys 

of  e.g. nickel and tantalum, the rapid solidification mitigates segregation of embrittling 

elements such as sulphur and phosphorus and forms a beneficial fine microstructure [8]. 

Dissimilar materials, especially those with a large difference in thermal conductivity, 

are also suitable for keyhole welding because of small size and good controllability of 

laser beams. New materials that have not been welded using conventional methods can 

be considered using keyhole welding. In addition to good compatibility with many 

types of material, the process has a fast heating and cooling rate and minimizes 

excessive heat input, resulting in a small heat-affected zone (HAZ) which is an unfused 

area between the weld pool and the base material (Fig. 1b). Being exposed to high 

temperature, HAZ undergoes usually undesirable alteration in material properties and 

induces failure. Disadvantages of laser keyhole welding include loss of alloy elements, 

high level of porosity, large amount of spatters, fluctuating keyhole in shape and size, 

etc [7]. 

 

(a) (b) 

Fig. 1. Schematic diagram of (a) conduction mode and (b) keyhole mode [9].  



 5 / 67 

 

2.1.2 Process parameters 

The weld quality is influenced by the selection of process parameters to a great extent. 

This thesis uses three process parameters to simulate laser welding process: laser power, 

welding speed and spot size. Other important parameters in practice such as shielding 

gas and filler materials are not studied here.  

 

Laser power 

 

Laser power is one of the most critical laser processing parameters. It is directly related 

to power density which subsequently determines the mode of welding. The heat 

conduction mode can evolve into the keyhole mode as laser power increases.  Besides, 

the laser beam of higher power delivers more heat into the metal which is further molten 

or vaporized. The molten pool thereby expands in both width and depth. It is observed 

that the pool depth is more sensitive to laser power than the width (Fig. 2a).  

 

Several studies have also shown that the weld defects have a close relation to laser 

power. It has been studied that there is an optimal laser power at a certain welding speed 

producing the lowest pore fraction. Higher laser power prolongs solidification time and 

increases the likelihood of pores escaping the weld pool. But when the laser power is 

high enough to cause full penetration, porosity increases at the interface of two 

overlapped sheets with viscous liquid magnesium dripping out [10].  

 

 

Welding speed 

 

Welding speed controls heat input per unit time. There is an appropriate welding speed 

range for a particular type of material with a certain laser power and thickness. The 

highest allowable welding speed is usually used to maximize productivity. Outside the 

range, too slow welding speed enhances heat input and burns through the workpiece 

whereas too fast welding speed results in incomplete penetration. The dimension of 

weld pool is the function of the welding speed as well, but it obviously acts in an 

  
(a) (b) 

Fig. 2. Influence of (a) laser peak power and (b) welding speed on the weld width and 

depth for AA7020 Aluminium Alloy [11]. 
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opposite manner from laser power. An increase in welding speed reduces both width 

and depth of penetration. This is because of insufficient interaction time (beam 

diameter/welding speed) and thus relatively small amount of heat input. Similarly, the 

depth of penetration is more sensitive to the welding speed than the width (Fig. 2b).  

 

The weld defects using laser keyhole mode varies in welding speed. It is found that 

high welding speed can supress pore formation. Some bubbles originate from the tip of 

keyhole at the low welding speed. They are taken to the rear part of the weld pool by 

the flow, get trapped at the solidifying front of the fusion zone and then remains as 

porosity (Fig. 3a). On the contrary, no porosity in the weld is obtained at the high 

welding speed because the keyhole stabilizes, and bubbles hardly forms (Fig. 3b). 

However, it is shown in Fig.4 that when the welding speed increases, two geometric 

defects, i.e. humping and undercutting, are likely to occur at constant laser power. 

Humping is the bulge on the weld bead and undercutting is a sharp groove unfilled 

during solidification. 

 

  
(a) (b) 

Fig. 3 Schematic diagram of pore formation at (a) lower welding speed and (b) higher 

welding speed [12]. 

 

 
Fig. 4 Mapping of welds condition of 304 stainless steel in CO2 laser welding [13]. 
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Spot size  

 

The laser beam size changes along the propagation path. The emitting laser converges 

through a lens till the smallest size at the focal point and then diverges (Fig. 5). In this 

thesis, spot size is defined as the laser beam size at the end of the propagation, in other 

words, the irradiation area of the laser beam on the workpiece’s surface. Spot size 

influences the laser welding mode by directly determining the power density as 

expressed in Eq. 1.  

 

-  

Fig. 5 Sketch of propagation path of a laser beam [14]. 

 

𝐼(𝑟, 𝑧) =
𝑃

𝜋𝑟𝑧
2

(1) 

 

𝑟𝑧
2 = 𝑟0

2 [1 + (
𝜆𝐷𝑓

𝜋𝑟0
2

)

2

] (2) 

 

In Eq. 1 and Eq. 2, 𝐼 is the power density of the laser spot, 𝑃 is laser power, 𝑟𝑧 is spot 

size, 𝑟0 is focal point size, 𝐷𝑓 is focal position and 𝜆 is laser wavelength [6]. 

 

Eq. 2 mentions some contributing factors to the spot size. Focal position, the distance 

between the focal point and the surface of the workpiece, is important for obtaining the 

appropriate power density and desirable weld pool shape through changing the spot size. 

In practice, the power density on defocused planes are usually preferred to the focal 

plane because the former has a relatively uniform distribution while the latter is often 

too concentrated to use. Defocusing can be achieved in either positive or negative 

manner (Fig. 6). Positive defocusing is where the laser focus locates above the 

workpiece; otherwise, it is negative defocusing. Even though the power density can be 

equal at the same amount of positive and negative defocusing, the depth of weld pool 

differs in two cases. Compared to positive defocusing, negative defocusing deepens the 

weld pool because the laser can transmit higher power density to the lower part of the 

workpiece and a strong fusion/vaporization easily forms. Therefore, negative 
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defocusing is used when deep penetration is required while positive defocusing is used 

in case of welding thin workpiece. 

 
                        (a) (b)           (c) 

Fig. 6 Sketch of (a) negative defocusing, (b) zero defocusing and (c) positive defocusing [15]. 

 

2.1.3 Absorbability  

The laser beam behaviour differs in welding mode. In conduction mode, the laser beam 

directed onto a metal workpiece is either reflected or absorbed (Fig. 7a). Transmission 

barely takes place because metal is an opaque material. In keyhole mode, plasma and 

keyhole add complexity to the laser behaviour (Fig. 7b). Plasma, located above the 

keyhole’s opening, weakens power density that enters the workpiece by absorbing the 

passing laser’s energy and refracting and scattering the laser [6]. The effect of plasma 

can be reduced by blowing it down using the shield gas. However, the keyhole can 

significantly increase the absorbability because inside the keyhole are multiple 

reflections, during which a considerable amount of energy is absorbed through the walls. 

 

  
(a) (b) 

Fig. 7 Laser beam behaviour in (a) conduction mode and (b) keyhole mode. 

 

Absorbability is a function of type of irradiated material, surface condition, temperature, 

laser wavelength and incident angle.  

a) Material. Aluminium, shown in Fig. 8a, is highly reflective to the incoming laser 

in comparison with other metals. 
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b) Surface condition. Roughness allows numerous reflections in the undulations of 

the surface and thereby increases absorbability. It has been shown in [2] that the sand 

blasted surface absorbed almost twice energy as much as the untreated surface does (31% 

and 14% respectively). However, surface condition is of little significance when 

keyhole forms. The absorbability is measured between 50% and 60% in spite of 

different surface conditions. 

c) Temperature. Absorbability increases as the material temperature rises (Fig. 

8b). 

d) Laser wavelength. CO2 (10.6 μm) and Nd: YAG (1.06 μm) are two main 

industrial laser sources used in the automotive sector. CO2 laser has longer wavelength 

and yields lower absorbability for welding aluminium compared to Nd: YAG laser (Fig. 

8a). Moreover, plasma tends to form in case of CO2 laser welding and absorbs 10% to 

40% of energy, further decreasing the absorbability. Plasma absorption of Nd: YAG 

laser welding is only 1% of CO2 laser and can be ignored. 

e) Incident angle. Larger incident angle from the normal results in increasing 

absorbability until the Brewster angle (Fig. 8b). 

 

  
(a) (b) 

Fig. 8 Absorbability as a function of (a) material and laser wavelength [16] and (b) 

temperature and incident angle (perpendicular incidence is 0°) [2]. 

 

2.2 Weld pool phenomena 

Heat transfer and fluid flow, two important phenomena occurring in the weld pool, are 

of main interest in the modelling.  

 

2.2.1 Heat transfer mechanism 

Heat conduction, convection and radiation are three basic heat transfer modes in the 

weld metal. 
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Conduction 

 

Conduction is the heat transfer from hot area to cold area inside the object or between 

different objects with no macroscopic displacement. Heat conduction is an inherent 

property of materials. In metals, heat is conducted primarily through the diffusion of 

free electrons in addition to lattice vibrations [17]. This heat transfer mechanism is well 

illustrated in heat conduction mode where liquid metal in the weld pool is almost 

motionless. The irradiated surface of the workpiece is first heated up to a high 

temperature and then heat spreads in all direction towards periphery of the pool, 

resulting in a hemispherical pool shape. Eq. 3 describes one dimensional time-

dependent form of heat conduction in the weld pool and in nature: 

 

𝜕𝑇

𝜕𝑡
=

𝜆

𝜌𝐶𝑝

𝜕2𝑇

𝜕𝑥2
(3) 

 

where 𝜆 is thermal conductivity of the weld material, 𝜌 is density and 𝐶𝑝 is specific 

heat at constant pressure. 

 

Convection 

 

Convection is the heat transfer from one place to another by means of macroscopic 

displacement of the fluid and it is always accompanied by heat conduction. Heat 

convection can be either forced or natural. Forced convection is triggered by external 

forces, e.g. the use of pump to mobilize water. Natural convection results from 

buoyancy force when temperature-dependent densities are different in the liquid. For 

example, the water in the kettle flows up and down when being boiled. The driving 

forces for the fluid motion in the weld pool are introduced in the next section. The 

convective heat flux between the workpiece surface and the air, is expressed as: 

 

 𝑞 = ℎ ∙ (𝑇𝑒𝑥𝑡 − 𝑇) (4) 

 

where ℎ  is convective heat transfer coefficient, W/(m2 ∙ ℃) ; 𝑇𝑒𝑥𝑡  and 𝑇  are 

temperatures of external air and the workpiece.  

 

Radiation 

 

Radiation is the heat transfer from one object to the surrounding in the form of 

electromagnetic radiation. Any body above absolute temperature (0 K) radiates heat 

outwards, and higher temperature of the body results in stronger heat radiation. Unlike 

conduction and convection, thermal radiation does not require contact between objects 

or media. The radiant energy emitted by the weld pool is written as: 

 

 𝐸 = 𝜀𝜎(𝑇4 − 𝑇𝑎𝑚𝑏
4 ) (5) 
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where 𝐸  is radiation ability of the weld pool, W/m2 ; 𝜎  is the Stefan-Boltzmann 

constant, W/(m2 ∙ K) ; 𝜀  is surface emissivity, no greater than 1; 𝑇𝑎𝑚𝑏  is ambient 

temperature and 𝑇 is the material temperature, K. 

 

2.2.2 Fluid flow 

In laser weld pool, the liquid metal is subject to three main driving forces: buoyancy 

force, Marangoni effect and recoil pressure (only in keyhole mode), which together 

induce the complex flow pattern of the melt (Fig. 9).  

 

 

Fig. 9 Representation of driving forces for the melt motion in the weld pool [18]. 

 

Buoyancy force 

 

Buoyancy force arises from variations in density and mainly causes longitudinal flow 

in the weld pool. The temperature in the weld pool decreases from the hottest surface 

interacting with the laser beam to the melting point at the edge of the pool. The density 

is distributed in an opposite way. Hence, the colder liquid metal at the edge of the weld 

pool is heavier and sinks while the warmer part around the central region is lighter and 

floats up (Fig. 10). 

 

 
Fig. 10 Calculated flow pattern due to buoyancy convection in a stationary weld pool of an 

aluminium alloy [19]. 

 

Buoyancy force can be expressed as in Eq. 6. 

 

𝐹𝑏 = 𝜌𝑔𝛽(𝑇 − 𝑇0) (6) 

 

where 𝜌 is density, 𝑔 is gravitational acceleration, 𝛽 is thermal expansion coefficient, 

K−1; 𝑇0 is reference temperature. 
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It is found through Rayleigh's analysis that buoyancy force can make a big difference 

to the temperature profile of the pool via natural convection only when Rayleigh 

number exceeds 1100 in the pool. It is a dimensionless number describing the relative 

importance of diffusive thermal transport to naturally convective thermal transport [20]. 

In fact, Rayleigh number in a typical laser welding process is far less than 1100 due to 

small thickness of the workpiece and thermal expansion coefficient [20]. Hence, 

buoyancy force is usually expected to have a negligible influence on the melt flow. 

 

Marangoni effect 

 

Marangoni effect is the liquid movement driven by the surface tension gradient. The 

surface tension of aluminium alloy decreases with temperature, provided that no 

surface-active agent is present in the metal (Eq. 7).  

 

𝜎(𝑇) = 𝜎𝑚 − Γ(𝑇 − 𝑇𝑚) (7) 

 

where 𝜎  is surface tension, 𝑁/𝑚 ; 𝜎𝑚  is surface tension at the melting point, Γ  is 

surface tension gradient. 

 

Marangoni effect takes place at the top and bottom surface of the weld pool: the liquid 

of higher surface tension near the edge pulls that of lower surface tension at the centre. 

Under the surface of weld pool, cooler metal near the edge is transferred back to the 

vicinity of the keyhole to ensure mass conservation. Thereby a vortex inside the weld 

pool is caused (Fig. 11a). The Marangoni shear stress significantly enhances heat 

convection and widens the top of the weld, but this effect diminishes as the welding 

speed increases. Higher welding speed allows fewer time for Marangoni stirring [18]. 

 

 

  
(a) (b) 

Fig. 11 Sketch of Marangoni convection pattern in case of (a) 
𝜕𝜎

𝜕𝑇
< 0 and (b) 

𝜕𝜎

𝜕𝑇
> 0 [21]. 
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Recoil pressure 

 

Recoil pressure results from rapid evaporation of the melt in laser keyhole welding. For 

one thing, recoil pressure generates keyhole. During the drilling process of the keyhole, 

the liquid metal is squeezed outwards by recoil pressure and then pumped up with the 

help of the Marangoni force and hydrodynamic pressure [22]. Yet the hydrostatic 

pressure at the bottom of the keyhole increases as the keyhole deepens, hindering the 

liquid from going upwards [22]. For another, recoil pressure gives rise to vigorous 

motion in the weld pool. The compression effect of recoil pressure initiates the 

movement of the molten metal layer adjacent to the keyhole front and the solid wall 

[18]. As keyhole moves forward, the molten metal at the keyhole front and around the 

keyhole wall is pushed back towards the bulk region of the weld pool, continuously 

supplying the melt flow. It is shown that in deep keyhole welding, recoil pressure plays 

a dominant role in fluid dynamics over other driving forces [23].  

 

2.2.3 Important dimensionless number 

Several dimensionless numbers have been adopted in some studies to evaluate the 

importance of different heat transfer mechanisms and driving forces in the weld pool 

[24]. 

 

Peclet number 

 

The Peclet number (𝑃𝑒) quantifies the relative importance of convective heat transfer 

to diffusive heat transfer. In the context of thermal fluid transport, Pe is the product of 

the Reynolds number (𝑅𝑒) and the Prandtl number (𝑃𝑟) as shown in Eq. 8.  

 

𝑃𝑒 =
advective transport rate

diffusive transport rate
= 𝑅𝑒 × 𝑃𝑟 =

𝑢𝐿𝑅𝜌

𝜇
×

𝐶𝑝𝜇

𝜆
=

𝑢𝐿𝑅𝜌𝐶𝑝

𝜆
(8) 

 

where 𝑢  is the local velocity of the liquid flow, 𝜇  is the dynamics viscosity, the 

characteristic length 𝐿𝑅 is the radius of the weld pool’s top surface, but the laser beam 

radius is used instead since both values are at same order. 𝑃𝑒 less than 1 indicates that 

the major heat transfer mechanism is conduction whereas when 𝑃𝑒 is much greater than 

1, heat is primarily transferred by convection. 

 

Grashof number/ Marangoni number 

 

The Grashof number (𝐺𝑟) compares the influence of buoyancy force with viscous force 

on the liquid. The Marangoni number (𝑀𝑎) measures the ratio of the transport rate due 

to surface tension force to the transport rate of diffusion. Hence, the ratio of the two 

dimensionless number ( 𝑅𝑚 𝑏⁄ ) can be used to express the relative importance of 

Marangoni force to buoyancy force in affecting the liquid motion of weld pool (Eq. 9). 
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𝑅𝑚 𝑏⁄ =
𝑀𝑎

𝐺𝑟
=

𝜌𝐿𝑅Δ𝑇|𝜕𝛾 𝜕𝑇⁄ |
𝜇2

𝑔𝛽𝐿𝑏
3 Δ𝑇𝜌2

𝜇2

=
𝐿𝑅|𝜕𝛾 𝜕𝑇⁄ |

𝑔𝛽𝐿𝑏
3 𝜌

(9) 

 

where g is the gravitational acceleration, β is the thermal expansion coefficient, 𝐿𝑏 is 

the characteristic length for the buoyancy force and approximates to one eighth of the 

laser beam radius, Δ𝑇 is the temperature difference between peak temperature of the 

weld pool and solidus temperature, 𝜕𝛾 𝜕𝑇⁄  is the temperature coefficient of surface 

tension. 

 

2.3 Formation of hot cracking 

This section explains the formation mechanism of hot cracking in detail from 

metallurgical and thermal-mechanical perspectives. 

 

2.3.1 Metallurgical factors 

The weld alloy composition and micro-segregation (affected by cooling rate) are known 

to have a great influence on (ⅰ) solidification temperature range, (ⅱ) amount and 

distribution of liquid at the terminal solidification, (ⅲ)surface tension of the grain 

boundary liquid, (ⅳ) grain structure [19]. 

 

Solidification temperature range 

 

Solidification temperature range is between the solidus and liquidus temperature of the 

weld alloy. In the weld pool, this range corresponds to the mushy zone where the alloy 

is undergoing solidification and hence is semisolid (Fig. 12). Hot cracking initiates 

during solidification, so mushy zone is the origin of hot cracking. The larger mushy 

zone is, the riskier it is to cause hot cracking. Unwanted elements such as sulphur (S) 

and phosphorus (P) can widen the solidification temperature range. A classic example 

is that sulphur in carbon and low-alloy steels tends to accumulate at the grain 

boundaries and form the low-melting-point compounds, i.e. FeS, that are the last 

substance to solidify. In addition, some eutectic reactions in certain alloy occur at a 

relatively low temperature, which also extends the solidification temperature range. 

However, there is no such range in pure aluminium, during the solidification process of 

which no low-melting-point compound or eutectic reactions appears. Therefore, pure 

aluminium is not prone to hot cracking. 
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Fig. 12 Sketch of solidification process in the laser weld pool [25].  

 

Amount and distribution of liquid at the terminal solidification 

 

The highest susceptibility to hot cracking is found in the alloying level between pure 

aluminium and highly alloyed aluminium. For aluminium alloy of different 

composition, the amount of liquid remaining in the grain boundaries differs at the 

terminal stage of solidification, i.e. when solid fraction of mushy zone is close to 1 (not 

necessarily near the solidus temperature). For pure aluminium, liquid metal experiences 

no transition and solidifies instantly at the melting point, so no extra liquid exists in the 

grain boundary and the risk of hot cracking is minimum. For highly alloyed aluminium, 

on the other hand, the eutectic liquid is abundant and can feed the incipient crack in 

time before it propagates. For the alloying level somewhere in between, the eutectic 

liquid leaves the thin firm in grain boundaries, but it is insufficient to fill in the crack, 

making the weld alloy susceptible to hot cracking. Another factor affecting hot cracking 

formation is the liquid distribution which is either continuous or isolated as shown in 

Fig. 13. Isolated eutectic liquid along the grain boundary is resistant to hot cracking. It 

is the continuous liquid in grain boundaries that contributes to crack. 

 

 
(a) (b) (c) 

Fig. 13 Sketch of dihedral angle and morphology and distribution of grain boundary liquid 

in (a) high, (b) medium, (c) low surface tension [19].  
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Surface tension of the grain boundary liquid 

  

The surface tension of grain boundaries liquid determines the dihedral angle between 

grain boundaries and subsequently the liquid distribution (Fig. 13). Higher surface 

tension means that the grain boundaries liquid can take shape as globule. Since the 

globular liquid does not wet the solid grain, a large dihedral angle is caused. Liquid 

globes are discontinuously distributed along the boundaries and do not pose a threat in 

terms of hot cracking. However, when the surface tension is lower and the dihedral 

angle also becomes smaller, the long thin liquid film forms at the grain boundary and 

weakens the network of solid grains, which increases the susceptibility to hot cracking.  

 

Grain structure 

 

It is generally believed that fine equiaxed grains at the centreline of the weld seam is 

more resistant to hot cracking than coarse columnar grains. Compared to coarse 

columnar grains, the advantages of fine equiaxed grain structure includes (ⅰ) flexibility 

in deformation when subjected to contraction strains, (ⅱ) more effective feeding of 

liquid in the incipient cracks, (ⅲ) less concentration of segregated low-melting-point 

compounds due to the greater area of the grain boundaries. A model has been proposed 

that relates solidification rate (𝑅) and temperature gradient (𝐺) to the grain structure 

[26]. Fig. 14 shows that the grain morphology is a function of the ratio of temperature 

gradient to solidification rate (𝐺/𝑅) and the grain size is a function of the cooling rate 

(𝐺 ∙ 𝑅). Through the process design, 𝐺/𝑅 and 𝐺 ∙ 𝑅 can be controlled to obtain fine 

equiaxed dendritic grain at the centreline. The favourable welding parameters for 

reducing hot cracking are found to be higher welding velocity, larger beam diameter 

and spatial beam modulation, e.g. beam oscillation. 

 

 
Fig. 14 Grain structure map of solidified part in the weld seam [26].  
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2.3.2 Thermal-mechanical factors  

Metallurgical factors can be considered to provide conditions for initiation of hot 

cracking. But the actual driving force that splits adjacent grains and creates hot cracking 

is due to thermal-mechanical factors.  

 

Contraction stress 

 

Stresses acting on the solidifying alloy come from thermal contraction and 

solidification shrinkage. Thermal contraction refers to the reduction in volume of solid 

alloy due to the change in its temperature-dependent density. The formation of hot 

cracking is mainly due to thermal contraction, as a result of which the neighbouring 

cold material is pulled towards the shrinking weld seam to maintain a bond and the 

residual stress develops in the weld seam at the same time [27, 28]. Solidification 

shrinkage, on the other hand, is the volume contraction in respond to temperature drop 

from liquidus to solidus. Hot cracking can be a rather serious issue in laser welding of 

aluminium alloys, especially those with wide solidification temperature range, because 

aluminium has both high thermal expansion coefficient and high solidification 

shrinkage. 

Restraint intensity   

 

As depicted in Fig. 15, the volume contraction can be locally restrained during 

solidification. However, restraint exerts an additional residual stress and enhances the 

tensile force in the weld seam, increasing the susceptibility to hot cracking.  

 

 
Fig. 15  Distribution of residual stresses with and without restraint during welding [29].  
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2.3.3 Hot cracking criterion 

Various hot cracking criteria have been proposed over the decades. Among them, three 

criteria are selected for evaluation of hot cracking in this thesis and they are stress- 

strain- and nonmechanical-based [30-32]. 

 

Stress-based criterion 

 

Lahaie and Bouchard have proposed a hot tearing model for aluminium alloys in the 

direction-chill casting process. The fracture initiation stress is expressed in Eq. 10 [33].  

 

𝜎𝑓𝑟 =
4𝜂

3𝑏
(1 + (

𝑓𝑠
𝑚

1 − 𝑓𝑠
𝑚) 𝜀)

−1

(10) 

 

𝑏 =
(1 − 𝑓𝑠)𝑑

2
(11) 

 

Where 𝑓𝑠 is the solid fraction, 𝜀 is the strain, 𝑚 is the microstructural parameter which 

is 1 3⁄  for equiaxed and 1 2⁄  for columnar structure, 𝜂 is the dynamic viscosity, 𝑏 is the 

film thickness between grains, 𝑑 is the average grain size. In this thesis, 𝜎𝑓𝑟 is evaluated 

when 𝑓𝑠 is 0.99, the grain size is taken as 100 μm, 𝑚 is 1 2⁄ . 

 

Strain-based criterion 

 

Magnin et al. measured the hot cracking sensitivity (HCS) simply using the quotient of 

the greatest positive principal plastic strain, 𝜀𝜃𝜃 at solidus temperature and the fracture 

strain 𝜀𝑓𝑟 near the solidus temperature.  𝜀𝜃𝜃 is obtained from the simulation results. 𝜀𝑓𝑟 

is obtained from experiment and here will be taken as 0.0018. The crack will occur if 

HCS is greater than one [34]. 

 

𝐻𝐶𝑆 =
𝜀𝜃𝜃

𝜀𝑓𝑟
 (12) 

 

Non-mechanical criterion 

 

Clyne and Davies put forward a hot cracking criterion based on the theory that the crack 

occurs if the fracture strain cannot be accommodated by the liquid feeding in the 

terminal stage of solidification [32]. The hot crack susceptibility is formulated as below: 

 

𝐻𝐶𝑆 =
𝑡𝑣

𝑡𝑅
=

𝑡99−𝑡90

𝑡90−𝑡40

(13) 

 

Where 𝑡𝑣 is the vulnerable period to hot cracking, which is final solidification period 

between solid fraction of 0.90 and 0.99, 𝑡𝑅 is the liquid feeding period which is between 

solid fraction of 0.40 and 0.90. 
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2.4 Relevant models 

Nasim Bakir et al. set up models stepwise and eventually obtained the stress distribution 

during the welding process [35]. First, a three-dimensional CFD model was created to 

determine the geometry of the weld pool by calculating the mass and heat transfer; 

Secondly, the obtained geometry is employed as the heat source in the two-dimensional 

thermal FEM model to calculate the thermal field; As the  last step, the obtained thermal 

field is loaded into the mechanical FEM model to calculate the stress field. It is found 

that there is a bulging region in the middle depth of the weld pool where tensile stress 

is high and possibly causes solidification cracking while two narrow regions near the 

top and bottom surface show compressive stress. 

 

Karl-Heinz Leitz et al. presented an approach for thermal-mechanical modelling of 

laser beam welding in overlap configuration [36]. The multi-physical phenomenon was 

analysed using COMSOL Multiphysics in which the Heat Transfer, Structural 

Mechanics and Nonlinear Structural Material Modules were utilized and coupled. In 

terms of thermal calculation, heat conduction, heat loss due to evaporation, air 

convection and thermal radiation were taken into account. However, the influence of 

liquid convection on the thermal distribution was ignored. The results show that (a) 

despite the presence of the clamping force, there is relative displacement between 

joining partners; (b) when the clamping force is removed, the transversal and 

longitudinal residual stress results in folding of the joint sheets.  

 

Shashank Sharma et al. studied the effect of different laser intensity profiles on the 

keyhole shape in the laser drilling process [37]. Solid, liquid and vapour phase were 

computed. Marangoni force, gravitational force and recoil pressure were activated to 

drive the formation of keyhole. It is pointed out that the gaussian-distributed laser 

intensity creates a tapered cavity which obstructs the splashing molten metal by the 

inner wall; The top hat laser intensity profile results in the uniform cavity. But the 

molten metal can pile up near the edge of the cavity and forms a hump. 

 

Vanessa Quiroz et al. revealed the relation between the hot cracking susceptibility and 

restraint intensity [38]. The experiment shows results that the increasing restraint 

intensity leads to higher cracking susceptibility which is evaluated based on total hot 

crack length and number of cracks. And hot cracking preferably initiates in the last 

fragment of the weld where stronger restraint is exerted. These experimental 

phenomena were explained by the simulation results. The restraint was simulated using 

spring element in the model and it is found that the stress level in all spatial directions 

increases with rising restraint. The transverse stress increases by a larger factor than 

vertical and longitudinal stresses. The rise in restraint intensity also draws the stress 

state to a hydrostatic state and results in the increased hydrostatic strains, thus a larger 

specific volume. 

 

Moritz Oliver Gebhardt et al. developed partial and full penetration welding models to 

study the effect of penetration mode on solidification cracks [39]. In partial penetration 

mode, two maxima tensile stresses were found in the bulging and the root region of the 



 20 / 67 

 

weld. In full penetration model, the maximum was found in the bulging region with a 

lower amplitude but the one in the root was missing. The phenomenon is mainly 

attributed to the cold material below the weld in partial penetration mode, which serves 

as a local restraint and impedes weld shrinkage. This aggravates the tensile stress and 

makes partial penetration mode more prone to solidification cracking than its 

counterpart mode. 
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3 Modelling work 

This chapter describes some aspects of modelling work about keyhole laser welding. 

The simulation of conduction welding mode is added as an additional research. 

 

3.1 Modelling strategy 

As shown in Fig. 16, the modelling strategy is formulated stepwise: 

Step 1 is to compute only heat conduction of both solid and liquid aluminium alloy. 

Energy absorbability, air convection and heat radiation are studied to evaluate their 

thermal effect. At this step, thermal properties data including latent heat of fusion, 

thermal conductivity, heat capacity and density are required. 

Step 2 is to refine the thermal model by adding the effect of fluid motion inside the 

weld pool. Based on the first model, the CFD model is set up by activating the natural 

convection and Marangoni effect. The influence of liquid flow on the temperature field 

and dimension of the weld pool is study of interest. The heat taken away by the metal 

vapour is immense but the behaviour of vapour phase is not modelled. Hence, in order 

to consider the effect of vapour loss on thermal profile, the heat input is further 

decreased by a factor until the vaporization temperature is found as maximum 

temperature in the system. The viscosity data is further required in CFD model. 

Step 3 is to compute the development of residual stress as the material solidifies. The 

mechanical model uses thermal load from the result of CFD model and requires 

mechanical data of material. The restraint is applied on one side of the metal. And the 

mechanical behaviour of two cases are computed, i.e. the welding seam 15 𝑚𝑚 and  

5 𝑚𝑚 from the unrestrained side. Finally, the residual stress values resulting from 

mechanical models are used for the evaluation of hot cracking with different criteria. 

Table 1 lists all models of interest and Fig. 17 illustrates the scenario to be simulated. 

 

 
Fig. 16 Flow chart of modelling strategy. 
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 Table 1 Configuration of models of interest.  

Case No. LiquidConv Rad&AirConv AbsorbCoef 
Vapour 

heat loss 
Model Type 

Case 1_1 NA No 1 NA Heat 

Conduction 

Model 

Case 1_2 NA No 0.6 NA 

Case 1_3 NA Yes 0.6 NA 

Case 2_1 NC Yes 0.6 No 

CFD Model Case 2_2 NC & ME Yes 0.6 No 

Case 2_3 NC & ME Yes 
To be 

determined 
Yes 

Case 3_1 15 mm from the unrestrained side Mechanical 

Model Case 3_2 5 mm from the unrestrained side 

Note: NC is Natural Convection; ME is Marangoni Effect. 

 

 
Fig. 17 Scenario of laser welding in simulation. 

 

3.2 Assumptions 

Several assumptions have been made for the models: 

1) Melt flow is Newtonian, laminar and weakly compressible. 

2) Vapour phase is not included in the model. The mass effect due to vaporization 

is not considered, but the vapour heat loss is considered. 

3) The solid material is assumed to be an extremely viscous liquid. 

4) Metallurgical factors, e.g. microstructural evolution of solidified material, alloy 

elements variation with time, are neglected in the model. 

5) Recoil pressure is not considered in the keyhole welding since the vapour phase 

is not modelled. 
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6) The material is assumed to be isotropic, linear elasto-plastic. 

7) The clamping force is not treated as a parameter. It is modelled as the fixed 

constraint on one boundary. 

 

3.3 Model description 

3.3.1 Heat source models 

The heat source models differ in two laser welding modes as depicted in Fig. 18. In the 

conduction laser welding, no significant geometric deformation of the workpiece 

occurs and the heat source can be described as the heat flux across the upper surface 

irradiated by the laser beam. Hence a circular surface heat source with the same size as 

the laser beam is used for conduction mode model. As for the keyhole laser welding 

mode, the laser beam pierces into the workpiece and generates the keyhole, through 

which the energy is absorbed by the material. In this scenario, a volumetric heat source 

can be employed to imitate the presence of keyhole. The body heat source is assumed 

to be a perfect cylinder with the same diameter as the laser beam. Its height equals to 

that of the processed workpiece so it can represent full penetration. 

 

 
                               (a) (b) 

Fig.18 Schematic of laser energy distribution and absorption patterns in two modes [40]. 

 

The energy of laser beam is distributed in a Gaussian type as expressed in Eq. 14 and 

Eq. 15 for conduction and keyhole welding mode respectively. Eq. 14 represents the 

heat flux per unit area whereas Eq. 15 represents the heat flux per unit volume. 

 

𝑞𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑥, 𝑦) =
3𝑃𝜂

𝜋𝑟2
𝑒

(
−3(𝑥2+𝑦2)

𝑟2 )
(14) 

 

𝑞𝑏𝑜𝑑𝑦(𝑥, 𝑦) =
3𝑃𝜂

ℎ𝜋𝑟2
𝑒

(
−3(𝑥2+𝑦2)

𝑟2 )
(15) 

 

where 𝑃 is the laser power, 𝜂 is the energy absorption coefficient, 𝑟 is the radius of 

laser beam, ℎ is the height of body heat source.  
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Table 2. presents that welding parameters of two modes used in their simulations. The 

laser power, welding speed and beam size are adjusted accordingly to ensure the 

appropriate power density of two modes.  

 

Table 2 Welding parameters of conduction and keyhole mode. 

Welding mode Laser power 

(kW) 

Welding speed 

(m/min) 

Beam radius 

(μm) 

Absorbability 

Conduction 1.5 6.348 320 0.23 

Keyhole 3.75 8 300 0.6 

 

3.3.2 Mathematical models 

Heat transfer 

 

Eq. 16 expresses the conservation of energy in terms of temperature. This equation is 

solved for the computation of heat transfer phenomenon. 

 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝒖 ∙ 𝛻𝑇 + 𝛻 ∙ 𝒒 = 𝑄 (16) 

 

𝒒 = −𝑘𝛻𝑇 (17) 

 

Where 𝜌 is the density kg m3⁄ , 𝐶𝑝 is the specific heat capacity at constant pressure, 

J (kg ∙ K)⁄ , 𝑇 is the absolute temperature, K, 𝑢 is the velocity vector, m s⁄ , 𝑞 is the heat 

flux by conduction, W m2⁄ , 𝑄 is the heat source, W m3⁄ . It should be noted that the 

heat source 𝑄 in the simulation only includes the laser energy. The viscous dissipation 

and the work done by pressure changes are not considered in the heat source term. Air 

convection and heat radiation are activated on all walls of the workpiece. The restrained 

side is fixed at the reference temperature, 293.15 K.  

 

Eq. 16 also computes the heat balance in the mushy zone. The mushy zone can be 

regarded as a mixture of solid and liquid phase; hence its material properties are 

redefined based on the material properties at solidus and liquidus temperature. Eq. 18-

20 specifies the effective density, heat capacity and thermal conductivity of the phase 

change material in the mushy zone. 

 

𝜌 = 𝜃𝑠𝜌𝑠 + 𝜃𝑙𝜌𝑙 (18) 

 

𝐶𝑝 =
1

𝜌
(𝜃𝑠𝜌𝑠𝐶𝑝,𝑠 + 𝜃𝑙𝜌𝑙𝐶𝑝,𝑙) + 𝐿𝑠→𝑙

𝜕𝛼𝑚

𝜕𝑇
(19) 

 

𝑘 = 𝜃𝑠𝑘𝑠 + 𝜃𝑙𝑘𝑙 (20) 

 

𝛼𝑚 =
1

2

𝜃𝑙𝜌𝑙 − 𝜃𝑠𝜌𝑠

𝜃𝑠𝜌𝑠 + 𝜃𝑙𝜌𝑙

(21) 
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𝜃𝑠 + 𝜃𝑙 = 1 (22) 

 

Where 𝜃𝑠 and 𝜃𝑙 are the phase fraction of solid and liquid material respectively, 𝛼𝑚 is 

the mass fraction, 𝐿𝑠→𝑙 is the latent heat absorbed from solid phase to liquid phase.  

 

Fluid flow 

 

The fluid flow inside the weld pool is governed by the Navier-Strokes equation which 

represents the conservation of momentum. Eq. 23 signifies that the inertial term (the 

left side of equation) is balanced with the pressure, the viscous force, the gravity and 

the external forces applied to the fluid. 

 

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝒖 ∙ 𝛻)𝒖 = 𝛻 ∙ [−𝑃𝑰 + 𝑲] + 𝑭 + 𝜌𝒈 (23) 

 

𝑲 = 𝜇 (𝛻𝒖 + (𝛻𝒖)𝑇 −
2

3
𝜇(𝛻 ∙ 𝒖)𝑰) (24) 

 

Where 𝑃  is pressure (Pa) ,  𝐾  is the viscous stress tensor (Pa)  that has a linear 

relationship with the strain in the Newtonian fluid (see Eq. 24). The gravity term 𝜌𝑔 is 

activated when the natural convection is studied. The damping force 𝐹 comes into play 

at the phase-change interface and dampens the velocity there. This term is calculated 

using Eq. 25 [41]. 

 

𝐹 =
(1 − 𝛼)2

𝛼3 + 𝜀
𝐴𝑚𝑢𝑠ℎ𝑦u (25) 

 

Where 𝛼 is the volume fraction of the liquid phase, the value of 𝐴𝑚𝑢𝑠ℎ𝑦 is determined 

by the morphology of the mushy zone and here is set as a constant of 6E4 kg m3 ∙ s⁄ , 𝜀 

is set as 0.0001 just to avoid the division by zero. According to Eq. 25, the damping 

force decreases from a large value to zero as solidification proceeds in the mushy zone, 

meaning that it dampens the fluid velocity at its best in completely solid region while 

it exerts no effect in liquified region. 

 

Eq. 26 is the continuity equation which represents the conservation of the mass. It is 

solved together with Eq. 23 and written in the form of weakly compressible fluids. 

Weakly compressible fluid neglects the influence of pressure waves on the density 

while retain the influence of temperature. In real physics, the pressure is of little 

importance in the density variation, but the inhomogeneous temperature profile in the 

weld pool matters. The density is evaluated at the reference pressure, 1 atm. 

 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ （𝜌𝒖） = 0 (26) 
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Marangoni effect is a coupling feature of heat transfer and laminar flow by relating the 

normal component of the shear stress to the tangential derivative of the temperature. 

For a compressible fluid, the computation of Marangoni effect is shown in Eq. 27. 

 

[−𝑃𝑰 + 𝜇(𝛻𝒖 + (𝛻𝒖)𝑇) −
2

3
𝜇(𝛻 ∙ 𝒖)𝑰] 𝒏 = 𝛾𝛻𝒕𝑇 (27) 

 

Where 𝛾 is the temperature derivative of the surface tension, N (m ∙ K)⁄ . 

 

Mechanics 

 

The equation of motion is written in the following form: 

 

𝜕𝜎𝑥𝑥

𝜕𝑥
+

𝜕𝜎𝑥𝑦

𝜕𝑦
+

𝜕𝜎𝑥𝑧

𝜕𝑧
= 0

𝜕𝜎𝑦𝑦

𝜕𝑦
+

𝜕𝜎𝑦𝑥

𝜕𝑥
+

𝜕𝜎𝑦𝑧

𝜕𝑧
= 0 (28)

𝜕𝜎𝑧𝑧

𝜕𝑧
+

𝜕𝜎𝑧𝑥

𝜕𝑥
+

𝜕𝜎𝑧𝑦

𝜕𝑦
= 0

 

 

Where 𝜎𝑖𝑗 is the stress components of a point in a body under the static equilibrium.  

 

The thermal expansion 𝜀𝑡ℎ is given in Eq. 29.  

 

𝜀𝑡ℎ = 𝛼(𝑇)(𝑇 − 𝑇𝑟𝑒𝑓) (29) 

 

Where 𝛼  is the Secant coefficient of thermal expansion. 𝑇𝑟𝑒𝑓  is the reference 

temperature, 293.15 K, at which there is no thermal strain.  

 

In terms of the elasto-plasticity, Young’s modulus 𝐸 and Poisson’s ratio 𝜈 are specified 

for an isotropic and linear elastic model. The yield function F in Eq. 30 defines the limit 

of the elastic regime, that is, 𝐹(𝜎𝑚𝑖𝑠𝑒𝑠, 𝜎𝑦𝑠) < 0.  

 

𝐹 = 𝜎𝑚𝑖𝑠𝑒𝑠 − 𝜎𝑦𝑠 (30) 

 

Where the von Mises stress 𝜎𝑚𝑖𝑠𝑒𝑠 is selected as yield function criterion, 𝜎𝑦𝑠 is the yield 

stress. For a linear isotropic hardening model, the yield stress 𝜎𝑦𝑠  increases 

proportionally to the effective plastic strain 𝜀𝑝𝑒 as expressed in Eq. 31. 

 

𝜎𝑦𝑠 = 𝜎𝑦𝑠0 + 𝐸𝑖𝑠𝑜𝜀𝑝𝑒 (31) 

 
1

𝐸𝑖𝑠𝑜
=

1

𝐸𝑇𝑖𝑠𝑜
−

1

𝐸
(32) 
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Where the initial yield stress 𝜎𝑦𝑠0 is user-defined and represents the stress level where 

plastic deformation starts. 𝐸𝑇𝑖𝑠𝑜  is the isotropic tangent modulus, 𝐸  is the Young’s 

modulus as previously mentioned. 

 

3.3.3 Geometry and mesh generation  

Fig. 19 presents the processed workpiece which is a cuboid with length of 100 mm, 

width of 50 mm and thickness of 1.2 mm. The welding track is 15 mm away from the 

unconstrained side. Since the phenomenon of interest primarily happens along the 

welding track, the domain through which the laser beam sweeps is meshed with finer 

size than the surrounding part. The width of the welding track domain equals the 

diameter of the laser beam. The heat source takes 0.75 s to reach the end of the weld 

seam. The tetrahedral mesh elements are used in the whole domain. 

 

 
Fig. 19 Geometry and mesh of the workpiece in the simulation. 

 

The mesh refinement study is needed to gain enough confidence in the accuracy of the 

model while not exceeding the available computational resources. The strategies 

adopted in the study include the following [42]: 

 

a. Adaptive Mesh Refinement (AMR). This function instructs the software to 

automatically re-mesh the regions where the error is estimated as high. Mesh elements 

of finer size take the place. In this simulation, longest edge refinement method is used 

to adapt the mesh and the maximum number of refinements is 2. Fig. 20 shows the 

results of AMR during the computation time.  
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Fig. 20 Adaptive mesh refinement from beginning (left) to end (right). 

 

b. Manually Defining Mesh Refinement. This method re-computes the solution 

with progressively finer elements until no significant difference is observed between 

the results. It requires higher level of manual interactivity with the model compared to 

AMR method. To have a quick understanding of the effect of element size on the 

accuracy, a parametric study can be done in the stationary simulation where the heat 

source does not move and delivers energy continuously through one spot. In this study, 

an element-size-controlled parameter is introduced and a range of mesh size is swept 

over. Its result helps to roughly understand the mesh sensitivity of the model and find 

the appropriate mesh size for the model.  

c. Increasing Element Order. The discretization method changes the way that 

mesh elements approximate the geometry. For example, in case of a semi-circular 

domain discretized by a single triangular element (Fig. 21a), the mesh with the linear 

shape function can well represent the straight sides but the curved boundary is poorly 

approximated as a straight line (Fig. 21b). More number of finer mesh elements are 

needed to better represent the domain if this method is used. However, both quadratic 

and cubic shape function show a much better representation of the geometry in Fig. 21c 

and d. In this simulation, two discretization settings, i.e. linear and quadratic, are 

compared. 

 

 
(a) (b) (c) (d) 

Fig. 21  A semi-circular domain (a) discretized with (b) linear, (c) quadratic and (d) cubic 

shape functions [43]. 
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3.4 Materials properties  

Fig. 22 and Table 3 present the material data of Al-6061-T6 used in the thermal-

mechanical simulation. Fig. 22a and b plots thermal and kinetics properties that varies 

from ambient/melting temperature to the boiling point. And all properties exceeding 

this range are extrapolated as the constant value at the boiling point. In terms of kinetic 

data in Fig. 22b, the dynamic viscosity at solid state is given as 1000 mPa ∙ s , 

approximately a thousand times that of liquid state. And the temperature derivative of 

the surface tension is -0.35E-3 N/(m ∙ K). As for mechanical properties shown in Fig. 

22c, all data are given at material’s solid state. For temperature over 773 K , the 

elastoplastic material properties, i.e. Young’s modulus, initial yield stress and isotropic 

tangent modulus, are reduced by a factor of ten (3.5E9, 276E5 and 562E5 𝑃𝑎 

respectively) to create an almost stress-free molten pool in the solid mechanical analysis, 

see Fig. 22d.  

 

  
(a) (b) 

  

(c) (d) 

Fig. 22 Thermal, kinetic and mechanical material properties used in the model: (a) thermal 

conductivity, heat capacity at constant pressure and density; (b) dynamic viscosity and 

surface tension above liquidus temperature [44]; (c) coefficient of thermal expansion, 

Young’s modulus and Poisson’s ratio; (d) reduction of elastoplastic properties in the melt 

pool [36]. 
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Table 3 The other material properties of Al-6061-T6 required in the model [44, 45]. 

Material properties Value 

Heat transfer coefficient  10 W/(m^2 ∙ K) 

Surface emissivity 0.15 

Solidus temperature  600 ℃ 

Liquidus temperature  642 ℃ 

Latent heat of fusion  400 kJ/kg 

Boiling point  2327 ℃ 

Initial yield stress  

Tangent modulus  

276 MPa 

562 MPa 

 

3.5 Technical equipment 

Information about the hardware and software used for computation are shown in Table 

4. 

 

Table 4 Computer configuration. 

Configuration   

Processor (CPU) type Intel(R) Core (TM) i7-5930K CPU @ 

3.50GHz 

Number of CPUs 6 

RAM (Radom Access Memory) 32GB 

HDD (Hard Disk Drive) 465.8GB 

Operating system Linux 

Computational program COMSOL Multiphysics Version 5.5 

 

3.6 Solver 

The time dependent solver computes the welding time of 0.75 s. The output data is 

stored at each step size of 0.001 s. Thermal and mechanical fields are solved iteratively. 

When values converged for a certain time-step, they are then used as initial values for 

the next time-step. The computation continued until the pre-set time is reached. 

 

The backward differentiation formulars (BOF) method is used for time stepping and 

the solver selects the time step freely but no larger than 0.001 s. The initial step size 

taken by the solver is 0.1% of total simulation time. In each time step, a relative 

tolerance of 0.005 is used to control the relative error and the absolute tolerance with a 

tolerance factor of 0.5 is applied to scaled variables, i.e. pressure, temperature, velocity 

field. Tolerance factor makes absolute tolerance proportional to relative tolerance.  

 

The nonlinear Newton method with a constant damping factor of 0.9 is used in 

computation of thermal and velocity field. In displacement field, the factor is 1. The 

limit on nonlinear convergence rate is set as 0.9 sometimes to force nonlinear solver to 

terminate when the convergence is estimated to be too slow. The Newton iteration is 

terminated when the estimated relative error is smaller than a specified tolerance in 
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solution. The maximum number of iterations is 80. And Newton’s method is terminated 

even if the tolerance is not fulfilled when the maximum number of iterations is 

performed. The so-called Anderson acceleration method is used for stabilization and 

acceleration of the nonlinear convergence. 
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4 Results and discussion  

4.1 Mesh refinement study 

Mesh refinement study of heat transfer model was performed in order to determine the 

most appropriate setting in terms of accuracy and computational cost. Fig. 23 presents 

the maximum temperature found at each time step for different settings. Setting 1 serves 

as the benchmark which uses mesh size of laser beam radius (1Rb), linear discretization 

and no AMR. It is indicated by comparison that finer mesh size (0.5Rb), higher order 

discretization method (Quadratic) or use of AMR improve the accuracy of the result to 

different extent. The impact of higher discretization (setting 4) is the greatest compared 

to the other techniques (setting 2 and 3), and temperature increase of around 500 ℃ can 

be observed. However, the quadratic discretization requires significantly greater 

computational resources compared to the linear one. To compute 0.3𝑠 of the simulation, 

setting 4 took 56 h 21min which is almost a hundred times calculation time of the 

setting 1. In this regard, quadratic discretization is not considered in further model 

setting and attention is then paid to proper mesh size and AMR.  

 

 
Fig. 23 Maximum temperature found in each time step in different modelling settings: (1) 

benchmark setting; (2) finer mesh size; (3) AMR activated; (4) higher element order. 

Note: In the legend, setting A/B/C means mesh size/discretization method/AMR (on/off) 

 

In the parametric study, the mesh size in the welding track domain include 4Rb, 3Rb, 

2Rb, 1Rb, 0.7Rb, 0.5Rb, 0.2Rb. The results are presented in Fig. 24. It is obvious that 

when the mesh elements are greater than 2Rb, the model becomes highly sensitive to 

the mesh size. The very high temperature is caused by the fact that the heat source does 

not move. The temperature basically stabilizes when mesh size is finer than 0.75Rb. 

Eventually the mesh sizes of 0.25Rb, 0.5Rb, 0.75Rb, 1Rb, 2Rb, 3Rb are selected for 

the transient study. 

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0

1000

2000

3000

4000

5000

6000

M
ax

im
u
m

 T
em

p
er

at
u
re

 (
℃

)

Time (s)

 Setting 1: 1Rb/Linear/Off, 34min35s

 Setting 2: 0.5Rb/Linear/Off, 2h17min

 Setting 3: 1Rb/Linear/On, 1h29min

 Setting 4: 1Rb/Quadratic/Off, 56h21min



 33 / 67 

 

 
Fig. 24 Peak temperature as the function of different mesh sizes in stationary study (see 

Section 3.3.3b). 

 

The effect of mesh sizes and AMR is studied in the transient simulation. The results are 

given in Table 5. AMR makes increasingly weaker improvement on the model when 

mesh elements become finer. AMR narrows the temperature range to different extent 

and its performance is the most effective for mesh size of 3Rb. But in the case of mesh 

size smaller than 0.75Rb, AMR makes very limited contribution to improving the 

model accuracy. Generally, the computational cost of AMR increases as the mesh size 

is finer judging by the calculation time. In case of 0.5Rb mesh size and no AMR, the 

model result is almost stable within a fluctuation of 100 ℃. Little improvement has 

been made when AMR or finer mesh size is used. Therefore, a combination of 0.5Rb 

mesh size, no AMR and linear discretization is considered a cost-effective option in 

further modelling of heat transfer behaviour. Linear discretization is also used to 

compute the velocity and displacement field. 

 

Table 5 Temperature and calculation time for different settings while using linear 

discretization. 

Mesh size AMR Temp CalTime 

0.25Rb On 5100 183 h 

0.5Rb On 5000 4 h 4 min 

0.5Rb Off 4900-5000 2 𝐡 17 𝐦𝐢𝐧 

0.75Rb On 4800-4900 1 h 41 min 

0.75Rb Off 4700-5000 1 h 5 min 

1Rb On 4600-4900 1 h 29 min 

1Rb Off 4600-4800 34 min 35 s 

2Rb On 4600-4700 31 min 17 s 

2Rb Off 4500-5000 5 min 19 s 

3Rb On 4000-4500 14 min 49 s 

3Rb Off 1500-4000 1 min 27 s 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

8000

10000

12000

14000

16000

18000

20000

22000

T
em

p
er

at
u

re
 (

℃
)

Mesh size (×Rb)



 34 / 67 

 

4.2 Thermal analysis 

4.2.1 Temperature profile 

Table 6 lists the peak temperatures in different cases. In terms of heat conduction 

models, Case1_1 assumes full absorption of laser energy in the metal and thermal 

insulation of the metal. A peak temperature at around 8600 ℃ is reached in COMSOL 

Multiphysics while its counterpart computed by Abaqus is found as 6100 ℃. The reason 

can be that the COMSOL model uses smaller volume of heat source than Abaqus 

(cylindrical and cubic respectively) and Gaussian profile for energy distribution, hence 

a higher concentrated heat locally in the heat source. Case 1_2 considers the heat input 

reduction and the peak temperature drops dramatically by 2700 ℃  as expected. 

Furthermore, when radiation and air convection is activated in case 1_3, their 

contribution to release of heat from the metal is negligible. It is partly because the 

simulation time is 0.75 s which is too short to discharge a considerable amount of heat. 

 

Regarding the CFD models, the fluid motion is found to have an obvious effect on 

lowering the temperature. The fluid flow enhances the dissipation of heat by adding the 

convective heat flux in the domain. Comparing case 2_1 and 1_3, the addition of natural 

convection lowers the peak temperature by 500 ℃  to 4500 ℃ . In case 2_2, the 

temperature change is more significant with Marangoni effect and the peak temperature 

is reduced to 2600-3000 ℃ which is close the vaporization point of the material. To 

create a more realistic thermal model, the absorption coefficient is adjusted to 0.4 in 

case 2_3 so that the peak temperature approaches the vaporization temperature of 2327 

℃. 

 

Table 6 Peak temperature found in each type of model. 

Case No. 
LiquidCo

nv 
Rad&AirConv AbsorbCoef 

Vapour 

heat loss 
Peak T(℃) Model type 

Abaqus No No 1 No 6100 
Heat 

Conduction 

Model  

Case 1_1 No No 1 No 8600-8700 

Case 1_2 No No 0.6 No 4900-5000 

Case 1_3 No Yes 0.6 No 4900-5000 

Case 2_1 NC Yes 0.6 No 4500 
CFD Model 

  
Case 2_2 NC & ME Yes 0.6 No 2600-3000 

Case 2_3 NC & ME Yes 0.4 Yes 2200-2300 

Note: NC is natural convection, ME is Marangoni effect. 

 

4.2.2 Peclet number 

In case 2_3, the maximum Peclet number found in the weld pool at every time point is 

plotted in Fig. 25. The Peclet number basically maintains above 20 throughout the 

process, meaning that heat convection is the primary heat transfer mechanism instead 

of heat conduction. The relative importance of heat convection and conduction in 

different cases is more intuitively reflected in the Fig. 26. It is shown that natural 

convection increases the convective heat flux quite limitedly and the conducive heat 
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flux is still higher in case 2_1. However, the introduction of Marangoni effect in case 

2_2 enhances the liquid convection significantly while weakening the heat conduction. 

It is noticeable that the convective heat flux is dominating with two orders of magnitude 

higher than the conducive heat flux.  

 

 
Fig. 25 The variation of maximum Peclet number with time in case 2_3. 

 

 

 
Fig. 26 Column chart of maximum conductive and convective heat flux at 0.1 s in case of 

motionless domain, natural convection only, natural convection and Marangoni effect. 
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4.3 CFD Analysis 

4.3.1 Marangoni/Grashof number 

Fig. 27 shows that maximum quotient of Marangoni/Grashof number which is between 

4 × 109 and 4.1 × 109during the simulation period except for the peak found at around 

0.23 second. It can be expected from such high value that the liquid flow is primarily 

driven by the Marangoni effect and to a much less extent by the natural convection. 

 

 
Fig. 27 The variation of Marangoni/Grashof number with time in case2_4. 

 

4.3.2 Velocity profile 

Table 7 indicates that natural convection in case 2_1 induces a weak movement in the 

weld pool where a peak velocity magnitude of 0.08 m/s is detected. By comparison, 

the Marangoni forces in case 2_2 and 2_3 produces remarkably higher velocity 

magnitude, approximately 4 m/s at maximum. It should be noted that the maximum 

velocity magnitude is present in the weld pool which is a moving object. So such high 

value of velocity detected in any point is considered to only appear in an instant and it 

turns back to the stationary state as soon as the weld pool moves away. The velocity 

increase also matches the temperature drop pattern, further confirming that it is the 

Marangoni effect that plays a dominating role in making the liquid flow vigorous. 

 

Table 7 Peak fluid velocity magnitude found in CFD model. 

Case No. 
LiquidCo

nv 
Rad&AirConv AbsorbCoef 

Vapour 

heat loss 

Peak velocity 

(m/s) Model type 

Case 1_3 No Yes 0.6 No 0 

Heat 

Conduction 

Model 

Case 2_1 NC Yes 0.6 No 0.08 

CFD Model  Case 2_2 NC & ME Yes 0.6 No 4 

Case 2_3 NC & ME Yes 0.4 Yes 3-5 
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4.3.3 Effect of CFD on the velocity field 

Fig. 27 presents the velocity fields of all CFD cases at 0.1 s. The velocity profile can 

also represent the geometry of the weld pool. The weld pool under sole effect of natural 

convection is best characterized by the long “tail”. And the weld pool gradually loses 

the dynamics as it is further away from the location of heat source ahead. The rear of 

the weld pool is almost immobile and can be considered as the mushy zone where the 

solidification process is happening. It can be understood in a way that liquified region 

in the “tail” is solidifying at a slow rate. By comparison between Fig. 28a and 28b, 28c, 

it is clear that the Marangoni force boosts the velocity magnitude. Moreover, it visibly 

reduces the weld pool in size, mainly in the pool’s length. An explanation could be that 

the Marangoni effect plays a part in fastening the solidification process by dragging the 

liquid phase in the mushy zone towards the solid periphery. Hence, there is smaller area 

of the rear of the weld pool driven by the Marangoni effect.  
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(a) (b) 

 
(c) 

Fig. 28 Velocity field of (a) case 2_1, (b) case 2_2 and (c) case 2_3 at 0.1 𝑠. 
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For a better observation of the dimension of the weld pool, the frontal and lateral cross 

sections of the weld pool in case 2_1, 2_2 and 2_3 are plotted in Fig. 29-31 respectively. 

As expected, the weld pool fully penetrated the metal in all cases because the cylindrical 

heat source is defined with the same height of the metal. What is also in common is the 

decay in the velocity magnitude when approaching the periphery of the weld pool. The 

cases mainly differ in the shape of the weld pool and the velocity profile. In Fig. 29, the 

maximum velocity is found in the centre front of the weld pool where the heat source 

is located. The weld pool front is approximately rectangular with a width of around 1 

mm, nearly twice the diameter of the laser beam (0.6 mm). Figure 30 exhibits an 

inverted V-shaped weld pool whose upper surface is around 0.7 mm wide and lower 

surface is around 2 mm, indicating that the Marangoni effect expands the lower area of 

weld pool despite more momentum in the upper area. Fig. 30b shows that the weld pool 

becomes inclined vertically with upper region slight ahead of the lower region. In  

Fig. 31, the velocity profile is similar to Fig. 30 but the magnitude is lower. This 

indicates that there is a positive corelation between the amount of energy input and the 

velocity magnitude.  

 

  
(a) (b) 

Fig. 29 Frontal (a) and lateral (b) cross section of the weld pool at 0.1 s in case 2_1, 

coloured by the velocity magnitude. 
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(a) (b) 

Fig. 30 Frontal (a) and lateral (b) cross section of the weld pool at 0.1 s in case 2_2, 

coloured by the velocity magnitude. 

 

  
(a) (b) 

Fig. 31 Frontal (a) and lateral (b) cross section of the weld pool at 0.1 s in case 2_3, 

coloured by the velocity magnitude. 
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Fig. 29-31 presents the velocity magnitude in different region of the weld pool. In order 

to understand the flow direction, the velocity field in x, y and z directions in three cases 

are plotted in Fig. 32-34 respectively. It is noticeable from Fig. 32b-34b that there is a 

backward flow since the front of the weld pool with the velocity in y component of all 

cases showing negative values. In case 2_1, the velocity of the y component contributes 

the greatest to the velocity magnitude of the flow. In x direction (Fig. 32a), there is a 

tendency for the liquid aside to flow towards the middle. In z direction where the natural 

convection is thought to have the greatest impact, Fig. 32c shows upward flow in the 

lower area and downward flow in the upper area. However, due to the low magnitude 

of the velocities of the x and z components, it is not considered that there is significant 

motion in those directions. The results in Fig. 33 and 34 show that the Marangoni effect 

enhances the velocity of all components. The velocities of x components in case 2_2 

and 2_3 both suggest an outward flow from the heat source. This is due to the negative 

temperature derivative of the surface tension. The colder material near the periphery 

has higher surface tension, hence pulling the central hot material via the Marangoni 

force. In z direction, it can be said that the situation is similar to case 2_1 where the 

liquid tends to flow upwards in lower area and downwards in the upper area. In  

case 2_2, the velocity of upper region is much greater than the lower region (-2.27 and 

0.29 m/s at maximum respectively), which means that the melt in the z direction is 

dominated by the downward flow on the whole. Likewise, case 2_3 has the similar flow 

pattern but with a lower magnitude of each component. The flow direction in the weld 

pool of three cases is summarized in Table 8.  
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(a) (b) 

 
(c) 

Fig. 32 Frontal (a), (c) and lateral (b) cross section of the weld pool at 0.1 s in case 2_1, 

coloured by the velocity field at (a) x direction, (b) y direction and (c) z direction. 
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(a) (b) 

 
(c) 

Fig. 33 Frontal (a), (c) and lateral (b) cross section of the weld pool at 0.1 s in case 2_2, 

coloured by the velocity field at (a) x direction, (b) y direction and (c) z direction. 
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(a) (b) 

 
(c) 

Fig. 34 Frontal (a), (c) and lateral (b) cross section of the weld pool at 0.1 s in case 2_3, 

coloured by the velocity field at (a) x direction, (b) y direction and (c) z direction. 

 

Table 8 Liquid flow in x, y and z direction for CFD cases. 

Case No. x direction y direction z direction 

Case 2_1 inwards backwards downwards, upwards 

Case 2_2 outwards backwards downwards mainly 

Case 2_3 outwards backwards downwards mainly 
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4.3.4 Effect of CFD on the temperature field 

As the velocity field is affected by different driving forces, the temperature distribution 

changes accordingly in CFD cases (See Fig. 35-36). Fig. 35a shows that when no liquid 

convection occurs in the metal, the temperature profile is cylindrical with a radial 

temperature gradient. In Fig. 34b, natural convection makes little difference in the 

temperature profile. In case of Marangoni effect, it is found by comparison of Fig. 35c 

and Fig. 30a, Fig. 35d and Fig. 31a that the temperature decreases with the increase of 

velocity magnitude. This is because the convective heat flux in the more active region 

is higher, hence a better ability of heat dissipation. And heat is delivered downward by 

the flow and accumulates in the upper region in both case 2_2 and 2_3. That is where 

the velocity magnitude is found as the lowest. 

 

The irregular thermal field of the weld pool in case 2_2 and 2_3 can perhaps be 

attributed to the following reason. In real scenarios, heat enters the metal through the 

wall of keyhole which is a gas-filled region. But in the simulation, the heat source is 

defined as a function of time and space in the metal which can be regarded as a moving 

entity with material at liquid state. This is a limitation of this model using volumetric 

heat source. The diameter of the heat source is 0.6 mm, which occupies a large area of 

the weld pool whose width is around 2 mm as shown in Fig. 35c and d. Therefore, it 

can be imaged that the velocity and temperature profiles of the weld pool are more or 

less affected by velocity and temperature fields computed in the heat source region 

which should not exist in reality. In Fig. 33c and Fig. 34c, the velocity of z component 

with relatively high magnitude is detected in the upper region of heat source, which 

might result in the irregular thermal distribution and consequently the vertically 

asymmetricity of the weld pool in Fig. 35c and d. 
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(a) (b) 

  
(c) (d) 

Fig. 35 Frontal cross section of the weld pool at 0.1 s coloured by the temperature, (a) 

case 1_3, (b) case 2_1, (c) case 2_2, (d) case 2_3. 

 



 47 / 67 

 

  
(a) (b) 

  
(c) (d) 

Fig. 36 Lateral cross section of the weld pool at 0.1 s coloured by the temperature, (a) 

case 1_3, (b) case 2_1, (c) case 2_2, (d) case 2_3. 
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4.4 Mechanical Analysis 

Some modifications have been made in the thermal profile as input data of the 

mechanical model. The previous thermal model has the heat source located inside the 

domain originally. When simulation initiates, the first time step after 0 s, i.e. 0.001 s, 

has a temperature of 1500 ℃ starting from room temperature and then soon it reaches 

over 2000 ℃ thereafter. The plasticity strain thereby experiences an extreme growth 

within a very short time frame and leads to a convergence problem. As a solution, the 

time step size of the input thermal load is reduced to 0.0005 s and the initial location of 

heat source is placed at some distance from the edge of the metal. The metal is still 

heated up to over 2000 ℃ but more sets of temperature are recorded in the thermal 

profile to suggest the gradual change instead of a sudden increase. The temperature 

profile of a fixed point in the welding track in case 3_1 is plotted as a function of time 

in Fig. 37. The heat source enters the domain at 0.005 s and reaches the point at  

0.105 s.  As soon as it passes, the temperature at this point drops quickly to 600 ℃, 

which is around the solidus temperature, in less than 0.05 s. After 0.2 s, the heat source 

is deactivated and the metal is cooled in the next 0.4 s by an air convection coefficient 

increased by a factor of 1000. At 0.6 s, the point is at 30 ℃, almost the ambient 

temperature. In case 3_2 where the welding track is closer to the free edge than case 

3_1, the temperature profile of the point is almost identical to Fig. 37. 

 
Fig. 37 Temperature profile of a fixed point in case 3_1 as a function of time. 
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Figures 38 and 39 present the development of transversal stress in case 3_1 and 3_2. 

The displacement is scaled by a factor of 10. The transversal stress is considered the 

important force leading to the hot cracking in the welding seam. At  

0.2 s, the tensile and compressive stress form along the welding seam. The thermal 

stress are at the same order in both cases but case 3_1 shows higher values 440 MPa 

and -398MPa) than case 3_2 (344 MPa and -369  MPa). The surrounding material 

around the welding track in case 3_1 shows compressive stress whereas in case 3_2 the 

tensile stress is induced, see Figs. 38a and 38b. At 0.6 s, the compressive residual stress 

is formed at the beginning and end of the welding seam in both cases and the stress 

disappear in the surrounding material after cooling. Also, the tensile stress accumulated 

where the heats source stops. One difference in the finally obtained stress in both cases 

is that the residual stress is slightly weakened in case 3_1 after cooling while it is 

strengthened in case 3_2, but the residual tensile stress in case 3_1 is still higher than 

case 3_2. This indicates higher susceptibility to hot cracking in case 3_1 than case 3_2, 

which contradicts the fact that the material is prone to hot cracking when the welding 

track is closer to the free edge, see Fig. 40.  

  
(a) (b) 

Fig. 38 Transversal stress distribution at 0.2 s, (a) Case 3_1 (b) Case 3_2. 
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(a) (b) 

Fig. 39 Residual transversal stress distribution at 0.6 s, (a) Case 3_1 (b) Case 3_2. 
 

 
(a) 

 
(b) 

Fig. 40 Experimental results of (a) case 3_1 (no crack forms), (b) case 3_2 (crack forms). 
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In Table 9, the metal in case3_1 has higher peak residual transversal/von mises stress 

than case 3_2, hence the higher effective strain and larger distortion. 

 

4.5 Evaluation of hot cracking 

The results of evaluation of hot cracking in case 3_1 and 3_2 are summarized in  

Table 10 and 11. All data are measured at a fixed point that the heat source takes 0.1 s 

to reach. The stress and strain-based criteria suggest high possibility of hot cracking in 

both cases as the calculated fracture stress 𝜎𝑓𝑟 and the experimental determined fracture 

strain 𝜀𝑓𝑟  is found several orders of magnitude smaller than the stress and strain 

detected at near solidus temperature. However, the three criteria do not yield distinct 

results between the two cases. Thereby it is hard to say which welding setting is more 

susceptible to the hot cracking.  

 

 

 

 

 Table 9 Peak thermal stress and strain detected in mechanical models. 

Case No. Welding position 
Peak residual 

transversal stress 

(MPa)  

Peak residual von 

mises stress (MPa) 

Peak effective 

strain 

Model 

type 

Case 3_1 15 mm from free edge 429 501 0.52 Mechnical 

model Case 3_2 5 mm from free edge 370 401 0.22 
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Table 10 Evaluation of hot cracking using different criteria in case 3_1. 

Stress-based Strain-based Non-mechanical 

   

𝜎𝑓𝑟 =  139284  N/m2 <  𝜎𝑣𝑜𝑛 𝑚𝑖𝑠𝑒𝑠

=  3.3𝐸7 N/m2 

𝐻𝐶𝑆 =
𝜀𝜃𝜃

𝜀𝑓𝑟
=

0.1059

0.0018
= 58.8 ≫ 1  𝐻𝐶𝑆 =

𝑡𝑣

𝑡𝑅
=

𝑡99−𝑡90

𝑡90−𝑡40
 

=
0.1349 − 0.1345

0.1345 − 0.1325
= 0.2 
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Table 11 Evaluation of hot cracking using different criteria in case 3_2. 

Stress-based Strain-based Non-mechanical 

   

𝜎𝑓𝑟 =  129250  N/m2 <  𝜎𝑣𝑜𝑛 𝑚𝑖𝑠𝑒𝑠

=  3.3𝐸7 N/m2 

𝐻𝐶𝑆 =
𝜀𝜃𝜃

𝜀𝑓𝑟
=

0.1033

0.0018
= 57.4 ≫ 1  𝐻𝐶𝑆 =

𝑡𝑣

𝑡𝑅
=

𝑡99−𝑡90

𝑡90−𝑡40
 

=
0.1334 − 0.1331

0.1331 − 0.1315
= 0.1875 
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4.6 Conduction mode modelling 

The same modelling setup is applied to a conduction mode simulation but with a surface 

heat source and a set of welding parameters for conduction mode. The thermal, CFD 

and mechanical results are summarized in Table 12. When CFD is activated, the 

temperature drops from heat conduction model by about 600 ℃ in heat conduction 

mode and up to 2500 ℃ in keyhole mode. Likewise, in case of heat conduction mode 

welding, Marangoni effect is also the dominant driving force to set the liquid in motion 

over the natural convection, judging from the significant increase in the velocity 

magnitude in case 3. The natural convection allows the weld pool to reach the maximum 

velocity of same order in case of heat conduction and keyhole welding, 0.05 and 0.08 

m/s  respectively. Interestingly, the velocity increase by Marangoni effect in heat 

conduction mode is more than four times greater than the keyhole mode (20 and 5 m/s), 

although the two cases are not technically comparable. It should be mentioned that the 

peak temperature in case 3 is found between 2100 ℃ and 2400 ℃, which is just around 

the vaporization point of the metal (2327 ℃). Since the metal is not supposed to 

vaporize in conduction mode, the set of welding parameters used in current model is 

perhaps not suitable for such dimension and properties of metal. 

 

Table 12 Thermal, CFD and mechanical result of a heat conduction mode welding. 

Case No. Model type Peak T(℃) Peak v (m/s) Peak Stress (MPa) 

Case 1 Heat conduction model 2700-3000 NA NA 

Case 2 CFD model, NC only 2800-3000 0.05-0.06 NA 

Case 3 CFD model, NC+ME 2100-2400 12-20 NA 

Case 4 Mechanical model NA NA 470  

Note: NC is natural convection, ME is Marangoni effect. 

 

The impact of CFD on the weld pool size can be visualized in the temperature and 

velocity profiles as shown in Fig. 41 and Fig. 42. Again, natural convection makes no 

visible difference and Marangoni effect changes the weld pool remarkably both in 

width and depth. The weld pool is hemispherical in the absence of Marangoni effect. 

When it is present, Marangoni effect doubles the width of the weld pool and deepens it 

significantly from 2 mm to 12 mm, suggesting that the pool depth is more sensitive to 

heat than the width. Combining Fig. 41c and Fig. 42b, it can be learned that the highest 

temperature of the weld pool corresponds to the position where the maximum velocity 

is detected. This is opposite to the pattern found in keyhole welding mode. An 

explanation can be that since the surface heat source is located on the top surface, the 

intense flow carries a great deal of heat downwards to the colder area and its momentum 

gradually exhausts with the dissipation of the heat towards periphery. But in case of 

keyhole mode model, the heat source is built in the metal with an equal vertical 

distribution of the temperature originally, so the dynamic flow with the high velocity 

of z component does not necessarily act in delivering the heat towards colder area but 

sending away the heat instead.  
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(a) (c) 

 
(c) 

Fig. 41 Frontal cross section of the weld pool at 0.1 s coloured by the temperature, (a) 

case 1, (b) case 2, (c) case 3. 
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(a) (b) 

Fig. 42 Frontal cross section of the weld pool at 0.1 s coloured by velocity magnitude,  

(a) case 2, (b) case 3. 

 

Fig. 43 shows the influence of Marangoni effect on flow pattern of the weld pool by 

presenting the velocity of x, y and z component. Unlike the keyhole case, Marangoni 

effect focuses on pulling the liquid downwards rather than towards the lateral side. As 

shown in Fig. 43a, the velocity field of x component in the weld pool show positive 

values, meaning that the liquid metal moves towards the side being clamped. As for 

velocity of y component, Fig. 43b indicates that there is backflow in the front of the 

weld pool and a forward flow in the back. There is no rule in the velocity field of x and 

y component, hence the irregular shape of the welding from top view as given in Fig. 

43d. It can be seen in Fig. 43c, the velocity of z component, -10.45 m/s at maximum, 

makes the major contribution to the velocity magnitude and the entire region of the 

weld pool signifies a downward flow. It can thus be said that Marangoni effect in case 

of heat conduction mode have the greatest effect on the velocity in z direction and it 

primarily drags the hot material downwards the colder material underneath instead of 

laterally. 
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(a) (b) 

  
(c) (d) 

Fig. 43 Frontal (a), (c) and lateral (b) cross section of the weld pool at 0.1 s in case 3, 

coloured by the velocity field at (a) x direction, (b) y direction and (c) z direction; (d) the 

top view of the liquid phase (red). 
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5 Conclusion 

The modelling approach for laser welding has been presented in this thesis using 

COMSOL Multiphysics and hot cracking is evaluated based on the simulation results 

and three criteria. The model has been built by coupling different physics such as heat 

transfer mechanism, natural convection, Marangoni effect and mechanical behaviour. 

One advantage of this approach is that effect of liquid convection on temperature profile 

can be incorporated in the solid mechanics model. However, there is still a work to do 

to obtain the full maturity of the model due to its limitation and some assumptions made 

for simplicity. The major thermal-mechanical results are summarized as below: 

(1) The volumetric heat source is suitable for simulating the keyhole welding mode 

and the surface heat source for heat conduction mode. 

(2) Radiation and air convection do not cause noticeable heat dissipation of the 

metal body in such short time. The energy absorption coefficient is an important factor 

in lowering the temperature by reducing the input energy. 

(3) Natural convection slightly reduces the peak temperature and gives birth to 

velocity, but the heat is still transferred primarily by the conduction. Marangoni effect 

is the dominant force that sets the weld pool in motion and enhances the convective 

heat flux. 

(4) In keyhole welding, Marangoni effect generates equally strong fluid flow in x, 

y and z component. It can be clearly seen that the hot metal is driven laterally towards 

the periphery of the weld pool. In conduction welding, the velocity of z component is 

enhanced to a great extent compared to the other two components and the hot metal is 

primarily pulled towards the lower cold region by Marangoni effect. 

(5) In keyhole welding, the maximum temperature appears in the region with 

minimum velocity magnitude and convective heat flux. In contrast, in conduction 

welding, it is found where velocity magnitude and convective heat flux are highest. 

(6) The non-symmetricity of the weld pool in keyhole model might be caused in 

part by the velocity field computed inside the volumetric heat source. 

(7) The welding track further from the clamped side experiences smaller transversal 

residual stress. But it does not necessarily suggest higher susceptibility to hot cracking 

according to criteria expressed in Eq. 10, 12 and 13. 
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6 Limitation and Future work 

Future work can focus on improving the shortcomings of the existing model and using 

the well-developed model for more research. Some proposals include the following. 

 

Improving mechanical model 

Convergence problem occurs before the laser beam reaches the end side. The reasons 

can be mainly attributed to high concentrated temperature in the heat source (which 

results in an extremely large plastic strain) and the hypothetical material data at liquid 

state. Hence, the prioritized task in the future is to solve the convergence problem and 

try to simulate the whole welding process (0.75 s) plus cooling. 

 

Geometric keyhole 

As mentioned earlier, one disadvantage of the current model is that the velocity field, 

especially the velocity of z component, is computed in the region of volumetric heat 

source, which might effect on the ultimate thermal and velocity fields of the weld pool. 

In reality, the heat source is meant to be a cavity where no material is filled. The ideas 

of creating a geometric keyhole were proposed.  

 

The first attempt was to create the keyhole with predefined fixed geometry and then use 

it as the heat source. Fig. 44 illustrates the concept of such geometric keyhole and the 

preliminary result is given in Fig. 45b. Its advantage is that the heat dissipation due to 

vaporization can be calculated while the keyhole is moving. The implementation of this 

idea requires the Moving Mesh functionality in COMSOL software, which takes higher 

computational cost because the fine mesh created in the geometric keyhole is moving 

(see Fig. 45a). Another problem is that the Moving Mesh functionality cannot be used 

in conjunction with the Solid Mechanics module which is used for computing the 

mechanical behaviour. 

 

 
Fig. 44 Schematic of moving geometric keyhole. 
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(a) (b) 

Fig. 45 Results of moving geometric keyhole model, (a) moving mesh, (b) temperature 

profile 

 

The other attempt was to introduce the recoil pressure into the model. In this way, the 

geometric keyhole results from balance of surface tension and the recoil pressure in the 

upper surface, which better represents the real physics. The heat source can be still 

defined as a function of time and space, and there is no material in the heat source 

region because the top surface of the domain is distorted under the action of recoil 

pressure to create the hollow area where the heat source is located. The difficulty lies 

in finding the most suitable recoil pressure model. Moreover, it is also costly due to the 

deformed surface. Fig. 46 shows a preliminary result of this idea using the Free Surface 

functionality. The applied recoil pressure model is expressed in Eq. 34 [23]. 

 

𝑃𝑟(𝑇) = 0.54𝑃0𝑒𝑥𝑝 (𝐿𝑣

𝑇 − 𝑇𝑏

𝑅𝑇𝑇𝑏
) (34) 

 

where 𝑃0 is reference pressure, 1 atm; 𝐿𝑣 is latent heat of vaporization, 10874.7 𝑘𝐽/𝑘𝑔; 

𝑅 is gas constant, 8.314  J/mol ∙ K; 𝑇𝑏 is boiling temperature, 2327 ℃. 
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Fig. 46 Temperature profile result of recoil-pressure-induced keyhole. 

 

Higher accuracy 

 

In this thesis, the welding domain is meshed using tetrahedra with size of 0.5Rb in heat 

conduction cases. It can be seen by comparing case 1_3 and 2_1 in Table 13 that when 

the natural convection is involved, the calculation time significantly increases. It can 

thus be expected that if this fine mesh size is still used in case of Marangoni effect, the 

model can take several days or even weeks to simulate the entire process of laser 

welding. Hence, a slightly coarser mesh (Rb) is used instead so that a faster result can 

be obtained, at the cost of accuracy. 

 

Table 13 Simulation time and corresponding calculation time of keyhole welding cases. 

Case No. Mesh  SimuTime CalTime CalTime per 1ms SimuTime 

Case 1_1(Abaqus) 0.66Rb cubic 0.75 s ~3 h ~0.24 min 

Case 1_1 0.5Rb tet 0.15 s 1 h 38 min 0.653 min 

Case 1_2 0.5Rb tet 0.255 s 1 h 53 min 0.443 min 

Case 1_3 0.5Rb tet 0.16 s 1 h 15 min 0.469 min 

Case 2_1 0.5Rb tet 0.016 s 6 h 56 min 26 min 

Case 2_2 1Rb tet 0.75 s 9 h 14 min 0.738 min 

Case 2_3 1Rb tet 0.75 s 9 h 21 min 0.748 min 

Case 3_1 1Rb tet 0.2+0.4 s 1 h 49 min 0.181 min 

Case 3_2 1Rb tet 0.2+0.4 s 1 h 46 min 0.106 min 

Note: Rb is laser beam radius, tet is tetrahedral mesh. 
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Table 14 Simulation time and corresponding calculation time of conduction welding cases. 

Case No. Mesh size SimuTime CalTime CalTime per 1ms SimuTime 

Case 1 0.5Rb tet 0.95 s 1 h 33 min 0.098 min 

Case 2 0.5Rb tet 0.363 s 24 h 8 min 3.989 min 

Case 3 1Rb tet 0.75s s 6 h 51 min 0.548 min 

Case 4 1Rb tet 0.75 s 7 h 9 min 0.572 min 

Case 5 1.5Rb tet 0.2+0.4 s 28 min 0.047 min 

Note: Rb is laser beam radius, tet is tetrahedral mesh. 

 

Metallurgical factors 

 

There are some better developed criteria for determination of the hot cracking 

susceptibility than the criteria used in this thesis. However, those criteria usually require 

some data that the current model does not provide, mainly the metallurgical factors such 

as the grain size, thickness of liquid firm between grains, microstructural morphology 

etc. It might be a worthy attempt to integrate the metallurgical factors into the model in 

some way.  
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