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a b s t r a c t 

The present work is devoted to the study of the transition behavior of the recently confirmed widening 

of the weld pool, known as the bulging effect, during high-power deep penetration laser beam welding of 

thick unalloyed steel sheets. A three-dimensional transient multi-physics numerical model is developed, 

allowing for the prediction of the bulge formation and the study of its temporal behavior. The model 

is generalized to account automatically for the transition from partial to complete penetration. Several 

experimental measurements and observations, such as drilling period, weld pool length, temperature, 

efficiency, and metallographic cross-sections are used to verify the model and assure the plausibility of 

the numerical results. The analysis of the calculated temperature and velocity distributions, as well as the 

evolution of the keyhole geometry, shows that the formation of a bulging region strongly depends on the 

penetration depth of the weld. Based on the numerical results, the bulge is found to occur transiently, 

having its transition from a slight bulge to a fully developed bulging between penetration depths of 6 mm 

and 9 mm, respectively. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In the last decade the development of modern laser systems 

ith high-power of up to 100 kW for solid state lasers enabled 

oining sheets with a thickness of up to 50 mm by a single pass

elding [1–3] . Nowadays, the laser beam welding process brings 

everal technical advantages compared to conventional arc welding 

rocesses, such as low distortion of the welded components due to 

he locally highly concentrated and precise heat input, high reach- 

ble welding speed, narrow heat affected zone, etc. [4] . Hence, 

he application of the laser beam welding process on sheets of 

igher thickness offers a great potential for more effective join- 

ng, e.g., by the production of high pressure and vacuum vessels, 

rane construction, as well as in the shipbuilding and aerospace 

ndustry. 

However, with the increase of welding speed and sheet thick- 

ess, new challenges arise, such as untypical defect formation for 

pecific materials, e.g., hot-cracking during welding of unalloyed 
∗ Corresponding author. 
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nd low-alloyed steel sheets [5–7] . Although, hot-cracking is one 

f the most studied material phenomena from the welding field, 

ts nature remains highly complex [8,9] . Nevertheless, it is a well- 

nown fact that the interaction between the three crucial factors, 

amely the thermal, mechanical, and metallurgical factor, is deci- 

ive for the cracking susceptibility of the welded specimen [10] . 

ereby, their interaction is strongly dependent on the weld pool 

hape and vice versa, see, e.g., [11] . The importance of this de- 

endency was demonstrated back in the early 1980s during stud- 

es on deep penetration electron beam welding. In these studies, 

 geometric particularity, or more precisely a local disturbance of 

he solidification front was observed in the longitudinal section of 

he welded specimen by adding a pure Ni-wire at different po- 

itions along the thickness of the specimen. The disturbance led 

o a local delay in the solidification behavior, which led to an in- 

rease in the cracking sensitivity of the welded component [12–

5] . To the best of the author’s knowledge, there are only a few re-

earch results published on the occurrence of the widening of the 

eld pool interface during welding with high power lasers, nowa- 

ays referred to as the bulging effect. In more recent studies, so- 

histicated modern visualization techniques combining transparent 
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Table 1 

Standardized and measured chemical composition of the materials used in wt%. 

Material C Si Mn P S Cu Fe 

EH36-N 0.132 0.26 1.4 - - 0.012 bal. 

S355J2 + N 0.088 0.34 1.38 - - 0.028 bal. 

DIN EN 10025 ≤0.2 ≤0.55 ≤1.6 ≤0.025 ≤0.035 ≤0.55 bal. 
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Table 2 

Process parameters of the experiments. 

Parameters Value 

Wave length 1030 nm 

Fibre diameter 200 μm 

Beam parameter product (BPP) 8 mm mrad 

Optical system HIGHYAG BIMO HP 

Focal diameter 500 μm 

Focal length 300 mm 

Rayleigh length 6.9 mm 

Material EH36-N S355J2 + N 

Penetration partial complete partial 

Sheet thickness 8 mm 8 mm 12 mm 

Laser power 5 kW 8 kW 8 kW 

Focal position 0 mm 

Welding speed 2 m min 
−1 

Laser torch angle 0 ◦

Shielding gas nozzle angle 35 ◦

Shielding gas Ar, 25 l min −1 
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uartz glass with high speed imaging and thermal camera record- 

ng have been utilized to overcome the limited experimental ac- 

essibility and capture the transient behavior of the bulging effect 

11,16] . Furthermore, attempts to quantify the bulge during hybrid 

aser-gas metal arc welding by defining an angle determined from 

he narrowest and widest cross-sectional dimensions within the 

ulging region has been made in [17,18] . Although the latest re- 

earch proves the existence of the bulging effect during laser beam 

elding of thick sheets, the obtained data does not allow for a 

omplete investigation or quantification of the weld pool widen- 

ng, e.g., the study of its formation mechanisms or its influence on 

rucial factors for the formation of defects. 

In the present time, due to the rising computational perfor- 

ance, numerical simulations have brought significant insights 

nto the investigation of complex phenomena. Even though not 

eing the object of investigation, the bulging effect can be found 

n several numerical works, see, e.g., [19–25] . Its influence on the 

echanical factor, or more precisely on the temporal strain/stress 

volution in the critical bulging region, has been studied in [7,26] . 

urther development on this study has been achieved by mak- 

ng use of the equivalent heat source (EHS) technique proposed 

rst in [27] , see, e.g., [28,29] . The EHS approach enables the pre-

ise coupling of the weld pool shape predicted with a thermo- 

uid dynamics simulation and the subsequent thermo-mechanical 

omputation [30,31] . An overview of the relationship between the 

ulging effect and the hot cracking formation during deep pen- 

tration laser beam welding, where all three critical factors are 

onsidered, can be found in the author’s previous study, see [32] . 

n their study, the authors emphasize on the interaction between 

he bulge and the extended solidification temperature range due 

o the accumulation of elements constituting low melting eutec- 

ic, such as sulfur and phosphorous, and their segregation. As 

escribed above and in [33,34] , such solidification delay has al- 

eady been found to decrease the cracking resistivity of the welded 

omponent. 

Based on the literature review it can be concluded that the 

ulging effect plays a crucial role in the formation of defects 

uring deep penetration laser beam welding. Yet, the majority 

f numerical works published on this topic either do not study 

he bulging phenomenon at all or rather concentrate on its phe- 

omenological reproduction to estimate its influence on critical 

actors, such as the three main factors determining the cracking 

usceptibility of the specimen mentioned above. Hence, further nu- 

erical analysis of this phenomenon is essential for the under- 

tanding of the laser process and the setting of the relevant process 

arameters. 

The present study seeks to deepen the level of understanding 

y emphasizing on the formation of the bulge and more specifi- 

ally on its correlation to the penetration depth of the weld. Thus, 

n effort is made to develop a three-dimensional transient multi- 

hysics numerical model taking into account the most impor- 

ant physical phenomena, such as dynamic keyhole evolution, en- 

rgy absorption by laser reflections, vaporization, thermo-capillary, 

nd natural convection, latent heat of phase transformations, and 

emperature-dependent material properties. Furthermore, an ex- 

ensive amount of experimental data is measured to fully verify 

he predictions made by the model. 
2 
. Materials and Methods 

.1. Materials 

Two kinds of unalloyed steel sheets with different thicknesses 

ere utilized in the welding experiments; a 8 mm thick high 

trength steel for ship structures EH36-N and a 12 mm thick struc- 

ural steel S355J2+N. The dimensions of the EH36-N and S355J2+N 

heets were 300 mm x 100 mm x 8 mm and 175 mm x 100 mm

 12 mm, respectively. The corresponding chemical compositions 

ere measured with spectral analysis and are given in Table 1 . 

.2. Experiments 

A 16 kW disc laser Trumpf 16002, a diode laser illumination, 

nd a FASTCAM SA4 high speed camera from Photron were utilized 

n the experiments. Note that the experiments have been especially 

esigned to obtain a sufficient amount of data for the calibration 

f the model and the validation of the numerically obtained weld 

ool geometries and fluid flow patter therein, which determine the 

ormation and the dimensions of the bulging region. All welds pro- 

uced in the experiments were bead-on-plate welds. A schema of 

he experimental setup is shown in Fig. 1 ; the process parameters 

re summarized in Table 2 . 

The high speed camera was set at 10 0 0 frames per second and 

he laser power of the diode laser to 200 W. Altogether the exper- 

ments have been divided into three parts. First, an estimation of 

he drilling time for the complete penetration welding process on 

 mm thick EH36-N sheets has been obtained. For this measure- 

ent, the lens optical axis of the high speed camera was placed 

o be perpendicular to the longitudinal section of the sheet. Thus, 

llowing to capture the very first laser reflection on the top sur- 

ace and the moment when the laser light goes through the com- 

letely penetrated keyhole on the bottom surface. Thermocouples 

ere positioned along the weld centerline as shown in Fig. 2 a). 

hereby, one thermocouple was placed on the top surface of the 

pecimen to trigger the measurement and three further thermo- 
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Fig. 1. Schema of the experimental setup. 

Fig. 2. Position of the thermocouples for the measurement of the: (a)-(b) laser drilling time and (c) time-temperature curves. 
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ouples with a distance of approximately 5 mm were placed on the 

ottom surface to measure the time temperature curves. According 

o the measured curves the moment of reaching complete pene- 

ration has been estimated. This part of the experiment was re- 

eated three times to get an accurate averaged value of the drilling 

eriod. 

In the second part of the experiment, the partial penetration 

elds on the same specimens were performed. During welding, 

he weld pool length on the top surface was recorded by the high 

peed camera and the thermal history at several locations was 

easured by thermocouples, see Fig. 2 b). The thermocouples used 

n the investigation were of type K with a diameter of 0.25 mm. 
3 
heir exact positions were measured after the welding process 

ith an optical microscope. It is worth noting that preliminary ex- 

eriments have been performed to estimate the region where the 

hermocouples should be placed as well as to get an estimation 

bout the thickness above which the bulging effect becomes visi- 

le. In the last part of the experiments the 12 mm thick S355J2+N 

heets were welded without additional measurements. Macro sec- 

ions have been extracted from the region marked in Fig. 2 c) for 

he sheets welded in the second and third part of the experiments. 

rom these, several metallographic cross-sections have been pre- 

ared with a 2% nital etching, which subsequently have been com- 

ared to the numerical results. 
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.3. Numerical modelling 

A three-dimensional thermo-fluid dynamics model accounting 

or the free surface tracking by the volume of fluid (VOF) approach 

as been developed for the prediction of the bulge formation. The 

odel is based on several previous works with some further im- 

rovements and adaptions. More details can be obtained from [35–

9] . 

.3.1. Assumptions 

Although, in modern time the computational capacity has been 

llowing for the numerical analysis of more complex tasks, still se- 

ere simplifications need to be made in order to obtain a solution 

n a feasible computational time. Another reason for the simpli- 

cations made in the model is the complex physics behind the 

aser beam welding process including a number of strongly cou- 

led, highly-nonlinear interactions between the laser radiation, the 

apor phase, the molten metal, and the solid material. The main 

ssumptions made in the simulation are summarized as follows: 

• The molten metal is assumed to be Newtonian and incompress- 

ible, whereby the flow regime of the liquid metal is considered 

to be laminar. 

• The flow regime of the vapor phase in the keyhole is assumed 

to be laminar. 

• The Boussinesq approximation is used to model the impact of 

the density deviation caused by the temperature difference on 

the flow. 

.3.2. Governing equations 

The governing equations describing the multi-physics model in 

 fixed Cartesian coordinate system are given below. The VOF tech- 

ique is employed to track the transient deformation of the molten 

ool free surface and solidified weld seam profile. 

• Volume fraction conservation 

∂ αv ol steel 

∂t 
+ ∇ ·

(
�
 v αv ol steel 

)
= 0 , (1) 

here αv ol steel 
denotes the volume fraction of the steel phase in 

 control volume and 

�
 v = (v x , v y , v z ) is the fluid velocity vector.

here are three possible conditions for the control volume defined 

y the volume fraction of the steel, namely a control volume con- 

aining only the air phase, αv ol steel 
= 0 , a control volume contain- 

ng only the steel phase, αv ol steel 
= 1 , and a mixture control vol- 

me containing the interface between the steel and the air phases, 

 < αv ol steel 
< 1 . Note that the volume fraction conservation equa- 

ion is solved only for the steel phase; the volume fraction of the 

ir phase is computed based on the following constraint: 

2 
 

i =1 

αv ol i 
= 1 , (2) 

here the subscript, i = 1 , denotes the steel phase and, i = 2 ,

he air phase [40] . The steel-air interface is reconstructed using a 

iecewise-linear approach, assuming that the interface has a lin- 

ar slope within each control volume [41] . The free surface of the 

olten pool and the solidified weld is approximated with volume 

raction values between 0.2 and 1 and empirically determined crit- 

cal volume fraction gradient value. 

• Mass conservation 

 · � v = 0 . (3) 

Note that the density is not appearing in the equation due to 

he assumptions made above. 
4 
• Momentum conservation 

A single momentum equation is solved throughout the compu- 

ational domain. Thus, the resulting velocity field is shared among 

he phases and the material properties in each cell are averaged by 

he volume fraction, e.g., the density is calculated as follows: 

mix = αv ol steel 
ρsteel + 

(
1 − αv ol steel 

)
ρair , (4) 

here ρmix is the volume-fraction-averaged density; ρair and ρsteel 

re the densities of the air and steel phases, respectively. All other 

roperties except the thermal expansion coefficient, for example, 

he viscosity or thermal conductivity, are computed in this manner. 

hus, the momentum equation reads: 

mix 

(
∂ � v 
∂t 

+ ( � v · ∇ ) � v 
)

= −∇ p + μmix ∇ 

2 �
 v + ρmix � g + 

�
 S m 

, (5) 

here t is the time, p is the fluid pressure, μmix is the dynamic 

iscosity, � g is the gravitational acceleration vector, and 

�
 S m 

is the 

ource term. The source term is defined as follows: 

 

 m 

= −ρsteel � g βsteel 

(
T − T liq 

)
+ 

(
1 − αliq 

)2 

(
α3 

liq 
+ ε

) A mush � v 

+ 

�
 S sur f .tension + 

�
 S rec + 

�
 S v apor , (6) 

here βsteel is the thermal expansion coefficient, T is the tempera- 

ure, T liq is the liquidus temperature of the unalloyed steel taken as 

he reference temperature here, αliq is the liquid volume fraction, 

is a small number ( 1 × 10 −3 ) use d to avoid division by zero, and 

 mush is the mushy zone constant. 

The first term on the right hand side (RHS) describes the 

hermal buoyancy due to the variations of the density of the 

teel with temperature [42] . The second term on the RHS de- 

cribes the deceleration of the flow in the mushy zone which 

s related to the inverse of the size of the interdendritic struc- 

ure. Thereby, the mushy zone constant A mush is a measure 

or the amplitude of the damping, thus it should be very 

arge ( in the current study the value is ∼ 5 × 10 7 kg m 

−3 
s −1 ) to al- 

ow for a steeper transition of the velocity of the material to zero 

s it solidifies [43,44] . The liquid fraction αliq reads: 

liq = 

⎧ ⎨ 

⎩ 

0 for T ≤ T sol 

T −T sol 

T liq −T sol 
for T sol < T < T liq , 

1 for T ≥ T liq 

(7) 

here T sol denotes the solidus temperature of the material used. 

dditionally, the effective viscosity approach is used to model the 

ow in the mushy zone. Therefore, the mushy zone is divided 

nto three subregions depending on the coherent solid fraction 

 c = 0 . 48 and the critical solid fraction F cr = 0 . 64 . Note that the

rag coefficient and the local viscosity differ in each region. The 

ocal effective viscosity is expressed as a function of the solid frac- 

ions [45] : 

steel = μ0 

(
1 − F s 

F cr 

)−1 . 55 

, for F s � = F cr , (8) 

here μ0 is the dynamic viscosity at T liq and F s is the solid frac- 

ion. Note that the local viscosity value in control volumes with a 

olid fraction higher than the critical solid fraction was set to 200 

as. The third term in Eq. 6 includes the effects of surface tension 

long the steel-air interface. Thereby, the tangential stress terms, 

lso known as the Marangoni stress, arising due to the variation of 

he surface tension are expressed as: 

Ma = 

∂γ

∂T 

∂T 

�
 ˆ 
, (9) 
∂ t 
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here γ is the surface tension and 

�
 ˆ t is the surface unit tangential 

ector. The surface tension is expressed as [46] : 

γ = γ0 − ˆ A 

(
T − T liq 

)
− R g T 	s ln ( 1 + K s a s ) , 

with K s = k l exp 

( − 
H 0 

R g T 

)
, 

(10) 

here γ0 is the surface tension of the pure metal (in the present 

tudy this is iron), ˆ A is the negative slope of γ as function of the 

emperature, R g is the universal gas constant, 	s is the surface ex- 

ess at saturation, a s is the thermodynamic activity, k l is a constant 

elated to the entropy of segregation, and 
H 0 is the standard heat 

f adsorption. Note that the value for the thermodynamic activity 

as taken as the maximum allowed value according to the stan- 

ard given in Table 1 . The pressure difference along the steel-air 

nterface, known as the Laplace pressure or the capillary pressure 

s given as: 

p ca = γ κ, (11) 

ith κ = ∇ · � ˆ n defined as the curvature in terms of the divergence 

f the surface unit normal vector, � ˆ n = 

�
 n 

| � n | ; � n = ∇αv ol steel 
is the in- 

ard surface normal vector defined as the gradient of the volume 

raction of the steel phase. The forces acting on the steel-air inter- 

ace are expressed as volume forces using the divergence theorem 

ccording to the continuum surface force (CSF) model [47] . There- 

ore, a transformation term is defined as follows: 

SF momentum 

= 

ρmix |∇αv ol steel 
| 

1 
2 ( ρair + ρsteel ) 

, (12) 

llowing to compute the volume force as: 

 

 surf.tension = ( p ca CSF momentum 

) � ˆ n . (13) 

he fourth term in Eq. 6 describes one of the main driving forces 

n the keyhole surface, namely the evaporation-induced recoil 

ressure. The recoil pressure is calculated according to [48] and 

ransferred to a volume force as follows: 

p rec = 

AB 0 √ 

T 
exp 

(
−M mol h v 

R g T 

)
, �

 S rec = ( p rec CSF momentum 

) � ˆ n , (14) 

here A is numerical coefficient depending on the ambient pres- 

ure and its value is approximately 0 . 55 
√ 

K for practical appli- 

ations; B 0 is a vaporization constant, which in the case of iron 

quals 3 . 9 × 10 1 2 kg m 

−1 
s −2 ; M mol is the molar mass, and h v is 

he latent heat of vaporization. The fifth term on the RHS of 

q. 6 includes empirical formulations of the vapor-induced stag- 

ation pressure p v apor and shear stress τv apor , based on the as- 

umption of a laminar flow within the keyhole [49] . According to 

19] these read: 

p v apor = p 0 + 

1 

2 

ρv apor | � v � ˆ n | 2 , (15) 

v apor = 

1 

8 

fρv apor | � v � ˆ t 
| 2 , (16) 

here p 0 is the vapor or atmospheric pressure, ρv apor is the metal- 

ic vapor density calculated with the ideal gas equation, � v �
 ˆ n 

and 

  �
 ˆ t 

are the normal and tangential projections of the vapor veloc- 

ty vector, � V , on the steel-air interface, respectively, and f = 64 / Re . 

n the present work, the metallic vapor velocity vector acts verti- 

ally in thickness direction and is assumed to have a magnitude 

f 150 ms −1 at the keyhole entrance [50] . Furthermore, the vapor 

elocity is defined as a function of the penetration/keyhole depth, 

 depth , increasing linearly from 0 ms −1 at the keyhole bottom to 

ts maximum value at the keyhole entrance in the partial pene- 

ration case. Note that in the complete penetration case, there are 

wo metallic vapor velocity vectors acting in opposite directions. In 
5 
his case, one vector increases linearly, starting at two-thirds of the 

late thickness, reaching 150 ms −1 at the keyhole entrance and a 

econd vector increasing in the same manner towards the keyhole 

xit, reaching 100 ms −1 at the sheet bottom [51,52] . The projection 

f the vapor velocity vector onto the surface unit normal vector, � ˆ n , 

f the steel-air interface can be calculated as follows: 

  �
 ˆ n = 

(
�
 V · � ˆ n 

)
�
 ˆ n . (17) 

he tangential projection of the vapor velocity can then be calcu- 

ated by the following vector equation: 

  �
 ˆ t 
= 

�
 V − �

 v �
 ˆ n . (18) 

quation 16 is further simplified by substituting the Re number 

nd f into it: 

v apor = 

8 μT max 
| � v �

 ˆ t 
| 

D 

, (19) 

here D is the averaged diameter of the keyhole and μT max 
is the 

ynamic viscosity at the maximum reachable temperature set in 

he model. For the calculation of D , the keyhole volume, V key , is

pproximated as a cylindrical pipe with the length of the keyhole 

epth, h depth , leading to: 

 = 

√ 

4 V key 

h depth π
. (20) 

he dynamic viscosity at T max is approximated by the kinematic 

heory of gases as follows: 

T max 
= 

M mol 

3 

√ 

2 ̂  σ

√ 

8 k b T max 

πM mol 

, (21) 

here ˆ σ = πd 2 
mol 

is the collision cross-section of the molecule 

ith d mol the molecular diameter and k b is the Boltzmann con- 

tant. In the particular case of the unalloyed steel utilized in this 

tudy, see Table 1 , the value of the dynamic viscosity is approx- 

mately 1 . 62 × 10 −4 kg m 

−1 
s −1 for a super-heating temperature of 

400 K [53,54] . Finally, the corresponding source term can be given 

s follows: 

�
 S v apor = 

�
 S stagnation + 

�
 S shear , 

with 

�
 S stagnation = ( p v apor CSF momentum 

) � ˆ n , 

and 

�
 S shear = ( τv apor CSF momentum 

) � ˆ t . 

(22) 

he CSF method is applied here for the transformation of the stag- 

ation pressure and the shear stress to volume forces according to 

55] . 

• Energy conservation 

mix 

(
∂ H mix 

∂t 
+ ( � v · ∇ ) H mix 

)
= ∇ · ( λmix ∇T ) + S e , (23) 

here H mix is the enthalpy, λmix is the heat conductivity, and S e is 

he source term. The enthalpy of the material is computed as the 

um of the sensible enthalpy, h mix , and the latent heat of fusion of 

he material used, h f , as follows: 

 mix = h mix + h f , (24) 

ith h mix given as: 

 mix = h re f + 

∫ T 

T re f 

c p mix 
dT . (25) 

ere, the subscript, re f, stands for reference, thus h re f is the refer- 

nce enthalpy and T re f is the reference temperature; c p mix 
is the 

pecific heat at constant pressure. Furthermore, the latent heat 

ontent, L , in each control volume, is written in terms of the la- 
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ent heat of the material and the liquid fraction: 

 f = αliq L, (26) 

arying between zero in the solid region and L in the liquid region 

43] . The source term is defined as: 

 e = S laser + S con v ection + S radiation + S e v aporation + S recondensation . (27) 

he laser heat flux density is assumed to have a Gaussian-like axis- 

ymetric distribution expressed as [19] : 

 L ( x, y ) = 

2 P L 

π r 2 
f 0 

exp 

(
−2 

x 2 + y 2 

r 2 
f 0 

)
, (28) 

here P L is the laser power and r f 0 is the laser beam radius at

he focal plane. The three-dimensional energy distribution is ob- 

ained by a self-consistent ray tracing approach proposed in [19] , 

ccounting for the multiple reflections and the Fresnel absorption 

n the keyhole surface. For this, the laser beam is divided into 

55 sub-rays, by discretizing the laser spot in the focal plane by 

1 × 31 sub-regions with a length of D sub = 

2 r f 0 

31 . Thus, each sub- 

ay has its own location-dependent energy density. The power of 

ach sub-ray is calculated by the multiplication of the correspond- 

ng sub-ray power density and the surface area of the sub-region 

eneath it: 

 ray ( x, y ) = q L ( x, y ) 

(
r f 0 

31 

)2 

. (29) 

he initial path of each sub-ray is defined by the diffraction of the 

aser beam. Therefore, the laser beam radius along the optical axis 

s approximated as: 

 f ( z ) = r f 0 

(
1 + 

(
z − z 0 

z r 

)2 
)

, (30) 

here z 0 is the position of the focal plane and z r is the Rayleigh

ength. The reflection direction vector, �
 R i , of the i-th reflection is 

alculated by the following vector equation: 

�
 

 i = 

�
 R i −1 − 2 

(
�
 R i −1 · � ˆ n 

)
�
 ˆ n . (31) 

he selection of the free surface cell from the center of which the 

ub-ray is reflected is done according to the direct search method 

escribed in [56] . The Fresnel reflection model is applied for the 

alculation of the absorption rate as given in [57] : 

ˆ = 1 − 1 

2 

(
1 + ( 1 − ε cos θi ) 

2 

1 + ( 1 + ε cos θi ) 
2 

+ 

ε 2 − 2 ε cos θi + 2 cos 2 θi 

ε 2 + 2 ε cos θi + 2 cos 2 θi 

)
, 

(32) 

here ε is a material dependent coefficient taken and modified 

ccording to [58] and θi is the incident angle at the i-th reflection 

oint. Once all reflections are calculated, the laser power absorbed 

n each cell is calculated by taking the sum of all sub-ray energies 

eflecting in the cell and dividing it by the cell volume, V cell : 

 laser ( x, y, z ) = 

∑ 755 
j=1 q ray ( x, y ) 

V cell 

. (33) 

he second and third term on the RHS of Eq. 27 account for the

onvection and radiation heat transfer and read: 

q con v ection = h c 

(
T − T re f 

)
, 

q radiation = σε r 
(
T 4 − T 4 

re f 

)
, 

(34) 

here h c = 15 W m 

−2 K 

−1 is the heat convection coefficient, σ is 

he Stefan-Boltzmann constant, and ε r is the emissivity [59] . Note 

hat it is accounted not only for the outward convective and ra- 
6 
iative heat fluxes, but as well for the inward heat fluxes due to 

he high-temperature metal vapor, reaching temperatures of up to 

0 0 0 K, known as a secondary heat effect. For this, the reference

emperature, T re f , was set to 300 K for the computation of the 

eat loss by the outward heat fluxes and to 60 0 0 K for the in-

ard heat fluxes [60] . In the present study the range of action 

or the secondary heat effect was adapted according to the geo- 

etrical dimensions of preliminary obtained metallographic cross- 

ections. The evaporation loss source term is defined according 

o [61] as: 

 e v aporation = ρliq h v F e , (35) 

here ρliq is the liquid density and F e is the contribution to the 

peed of the evaporating front only by evaporation. Note that the 

vaporation loss was considered only for control volumes reaching 

emperatures above 2700 K since the formulation of the evapora- 

ion model is derived for rapid evaporation, thus no diffusive evap- 

ration is accounted for. The critical temperature value of 2700 K 

as been numerically adapted in such a way that the total amount 

f heat loss is within the experimentally measured range of up 

o 3%. The last term on the RHS of Eq. 27 describes the recon- 

ensation heat flux. According to [60] a good approximation for 

he recondensation heat flux is given by considering 18% of the 

vaporation heat loss calculated in Eq. 35 as local recondensation, 

nd additional 72% which are linearly redistributed as surface heat 

ux along the keyhole. Note that in the case of partial penetration 

he recondensation heat is redistributed linearly from zero at the 

eyhole bottom reaching its maximum value at the keyhole en- 

rance, while in the complete penetration case the amount of re- 

ondensation heat at the keyhole exit is 80% of the amount at the 

eyhole entrance. Furthermore, it is important to mention that all 

eat fluxes described above have the unit of W m 

−2 . Therefore, a 

ransformation term is defined, similar to the one applied in the 

SF model, allowing to converse the heat fluxes to power densities 

ith unit of W m 

−3 : 

 T energy = 

ρmix c p mix 
|∇αv ol steel 

| 
1 
2 

(
ρair c p air 

+ ρsteel c p steel 

) , (36) 

here c p air 
is the specific heat of air. Hence, the resulting power 

ensities read: 

 i = q i T T energy , (37) 

here i stands for convection, radiation, evaporation and recon- 

ensation. 

.3.3. Boundary conditions 

According to the basic principles of fluid-dynamics, and assum- 

ng the air phase to be inviscid ( μair = 0 ) and incompressible, the 

ressure and viscous stress boundary conditions on the steel-air 

nterface are expressed by the following scalar conditions: 

p air − p steel + 2 μsteel 

∂ � v �
 ˆ n 

∂ � ˆ t 
= p ca + p rec + p v apor , (38) 

μsteel 

(
∂ � v �

 ˆ n 

∂ � ˆ t 
+ 

∂ � v �
 ˆ t 

∂ � ˆ n 

)
= τMa + τv apor . (39) 

ote that the surface unit normal is directed into the interior of 

he steel phase, as defined above. 

The energy boundary condition on the free surface, considering 

he multiple Fresnel absorption, heat convection, thermal radiation, 

vaporation, and recondensation reads: 

λmix 

∂T 

∂ � ˆ n 

= q L − q con v ection − q radiation − q e v aporation + q recondensation . 

(40) 
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Fig. 3. Boundary conditions of the multi-physics model. 
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he boundaries of the air-phase domain were set as pressure- 

utlets; on the bottom of the steel-phase domain convective heat 

ransfer was considered. Note that the simulation domain was cho- 

en to optimize the computational time. Thus, the real steel sheets 

re much bigger than the considered computational domain. A 

roper treatment of the boundaries was ensured by implementing 

he continuity boundary condition proposed in [62] . The boundary 

onditions can also be found in Fig. 3 . 

.3.4. Material properties 

The material properties used for the simulation were imple- 

ented as temperature-dependent up to the maximum tempera- 

ure of 3400 K set in the model. Since both materials used are un- 

lloyed steels, the same thermo-physical material properties were 

sed in the model. The base material was modelled as ferritic 

hase, whereby for temperatures above the austenitization tem- 

erature the properties of the austenite phase were taken. The 

hase or material specific properties were taken from the litera- 

ure [46,63,64] ; if these were not available, the values for pure iron 

ere taken, due to the close chemical composition (Fe ∼ 98%). The 

olid-solid phase transformation (ferrite-austenite) was considered 

irectly in the material properties by including it to the specific 

eat. However, due to the relatively small amount of the latent 

eat of the austenite-martensite phase transformation, this was not 

onsidered in the model. The thermo-physical material properties 

re given in Fig. 4 . Note that the value for the steel density was
7 
alculated as averaged value for the temperature range of interest 

etween 1200 K and 2800 K , giving ρsteel = 7060 kg m 

−3 
. 

.3.5. Numerical setup 

The computational domain used in the present study has di- 

ensions of 32 mm in length, 8 mm in width and 8 mm or 

2 mm in thickness (depending on the thickness of the steel sheets 

o be welded), see Fig. 3 . A finely meshed region with a recom- 

ended fixed cell size of 0.2 mm, see [65] , was placed between 

2 . 9 mm ≤ y ≤ 2 . 9 mm and 3 . 0 mm ≤ x ≤ 29 mm . The cell size out- 

ide the finely meshed region was defined by a growth rate of 

.1, resulting in a total amount of 372,960 control volumes for the 

2 mm thick steel sheets. The weld seam start and end locations 

ere chosen within the finely meshed region at x = 3 . 5 mm and 

 = 28 . 5 mm , respectively, to assure an error-free selection of the 

eflection point of the sub-rays. An air layer between 0 mm ≤ z ≤
 . 0 mm was defined above the steel sheet ( 2 . 0 mm ≤ z ≤ 14 . 0 mm ) 

llowing to track the free steel-air interface by the VOF method. 

ote that for the complete penetration calculation an identical air 

ayer was added below the steel sheet. The values of all model pa- 

ameters are summarized in Section 5 . 

All governing equations were solved with the commercial fi- 

ite volume method software ANSYS Fluent. A second order up- 

ind scheme was used for the spatial discretization of the mo- 

entum and energy conservation equations and a first order im- 

licit formulation was applied for the discretization of the tran- 

ient terms. The pressure-velocity coupling was realized by the 
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Fig. 4. Thermo-physical material properties for unalloyed steel used in the multi-physics model [46,63,64] . 
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ISO scheme and the steel-air interface was reconstructed by the 

eo-Reconstruct method. 

A high-performance computing cluster at the Bundesanstalt für 

aterialforschung und prüfung (BAM) was used for the computa- 

ion. The averaged computing time was approximately 200 h for 

 . 6 s real process time. 

. Results 

.1. Validation of the numerical results 

Several experimental data have been measured and analysed to 

nsure the validity of the numerically obtained results according to 

he ISO/TS 18166 standard [66] . The multi-physics model was ini- 

ially validated for the 8 mm thick sheets by comparing the aver- 

ged drilling time, the weld pool length, the contour of the fusion 

one and the time-temperature curves. Once the model was vali- 

ated, further results, e.g., for 12 mm thick sheets, were verified by 

omparison of the fusion line and the process efficiency. 

.1.1. Comparison of the averaged drilling time 

The measurement of the drilling time by a high speed cam- 

ra was done according to the experimental setup described in 

ection 2.2 . The experiment was repeated three times to obtain an 

veraged value for the drilling time at 8 mm thick sheets. The pro- 

ess parameters are given in Table 2 . In Fig. 5 (a)-(d) four frames

aptured by the high speed camera from one of the three measure- 

ents are shown. Thereby (a) represents the moment right before 

he laser machine is turned on, (b) the moment of the first re- 

ection on the top surface of the specimen, (c) the moment right 

efore complete penetration is reached, and (d) the moment com- 

lete penetration is reached. Since the frame rate was set to 10 0 0,

he tolerance of the measurement was exactly 1 ms. The drilling 

ime is estimated from the four frames giving a value of approx- 

mately 197 ms. The times from the second and third measure- 

ents were approximately 164 ms and 224 ms, respectively. Ad- 

itionally, the drilling time was estimated according to the ther- 

ocouple measurements, see Fig. 2 (a)-(b). The complete penetra- 

ion was reached between the second and third thermocouple on 

he bottom of the sheet, meaning at about 7 mm after the weld- 

ng start point. By dividing this value by the welding speed of 

3.33 mms −1 an approximated drilling time of 210 ms is obtained. 

n averaged value for the drilling time was calculated from all 

easured values, resulting in approximately 198 ms. The drilling 
8 
urve as well as the weld pool shape in the longitudinal section of 

he numerical model are given in Fig. 5 (e). As it can be seen, the

rilling period last about 191 ms, which is in very good agreement 

ith the experimentally measured values. 

.1.2. Comparison of the weld pool shape 

One of the aims of the numerical model was the accurate 

rediction of the molten pool and the flow pattern therein. The 

eld pool interface is defined by the solidus isotherm, T sol , which 

llows to extract the numerical fusion line from a cross-section 

s well as the weld pool length on the top surface. In order to 

ccount for the experimental tolerances, three metallographic 

ross-sections were extracted from the quasi-steady state region of 

he weld seam, according to Fig. 2 (c). The shape of the experimen- 

al fusion lines for the 8 mm thick sheets is shown in Fig. 6 (a)-(c).

he experimental tolerance is obtained by overlapping the three 

usion lines, as shown in Fig. 6 (d). It can be easily seen that the

usion line in Fig. 6 (b) is kind of averaged between the fusion 

ines from Fig. 6 (a) and Fig. 6 (c). Thus, the numerical fusion line

s compared to the experimental average in Fig. 6 (e). As seen, the 

umerical and experimental results show a very good correlation. 

s described above, the multi-physics model was validated for 

he partial penetration case of welding 8 mm thick sheets. The 

umerical results calculated for sheets with a thickness of 12 mm 

ere verified by the comparison of the fusion line shape and 

he process efficiency. In Fig. 7 the comparison between the 

xperimentally obtained and numerically calculated fusion lines 

or 12 mm thick sheets is given. As it can be seen there are 

nly minor differences between the fusion lines, resulting due 

o the tolerances of the experiment and the model. At last, the 

eld pool shape is validated by comparing the measured and 

imulated weld pool lengths, see Fig. 8 . The numerical model has 

redicted a weld pool length of 8.2 mm, which is slightly shorter 

han the experimentally measured value of 8.7 mm. However, 

t should be mentioned that the weld pool length varied along 

he weld seam during both, the experiment and the calculation. 

hus, the difference of below 5% is considered as a tolerance 

alue. 

.1.3. Comparison of the thermal cycles and the process efficiency 

The next validation step is the comparison of the measured and 

redicted thermal cycles and process efficiency values. The ther- 

al cycles enable the prediction of the local microstructure and 
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Fig. 5. Measurement of the drilling time by a high speed camera: (a)-(d) experimental, e) numerical drilling time. 
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he mechanical properties of the part to be welded, thus playing 

 crucial role in the welding process. Fig. 9 shows the comparison 

f the measured and calculated time-temperature curve. Note that 

everal time-temperature curves have been obtained experimen- 

ally. However, the curve with the maximum measured tempera- 

ure is chosen for the comparison. It is evident from Fig. 9 that the

umerical model captures well the thermal behavior of the welded 

heets. In addition to the time-temperature curves, the calculated 

rocess efficiency in the model is considered. Fig. 10 shows the 

mount of absorbed energy during the calculations of the com- 

lete and partial penetration cases of 8 mm thick sheets. The aver- 

ge efficiency of the complete and partial penetration simulations 
9 
ere about 79% and 83%, respectively, which is in good agreement 

ith experimental measurements with similar laser powers and 

rocess speeds, see, e.g., [67] . Note that the drilling stage of the 

rocess was included in the calculation of the averaged values. A 

loser look at the temporal variation of the absorbed energy shows 

hat the amount of absorbed energy fluctuates more strongly dur- 

ng complete penetration, which is due to the constant opening 

nd closing of the keyhole, known as collapsing. Once the process 

eaches complete penetration at approximately 200 ms the aver- 

ged amount of absorbed energy decreases, leading to the lower 

otal averaged amount. On the other hand, the fluctuations of the 

bsorbed heat during partial penetration are much less, caused 
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Fig. 6. (a)-(c) show three metallographic cross-sections extracted from the middle 

of the weld seam of the 8 mm thick sheets. The contour of the fusion line is high- 

lighted by colored lines. In (d) the experimental tolerance range is defined by the 

overlap of the three fusion lines. (e) shows the comparison of the fusion line from 

(b) to the calculated fusion line. 

Fig. 7. (a) shows a metallographic cross-section extracted from the middle of the 

weld seam for 12 mm thick sheets. The contour of the fusion line is highlighted by 

a black line. (b) shows the comparison of the experimental and numerical fusion 

lines. 
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Fig. 8. (a) shows the weld pool length from the middle of the weld seam recorded 

by the high speed camera. (b) shows the simulated weld pool length at t = 0.33 s. 

Fig. 9. Comparison of the calculated and experimental thermal cycles on the top 

surface of the 8 mm thick sheets. 
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ainly by the fluctuations of the keyhole surface, having direct im- 

act on the multiple reflections. 

.2. Transition behavior of the bulging effect 

The dynamic keyhole model described above enabled the study 

f the fluid flow and thus of the formation of the bulging region. 

or the estimation of the transition from a slight bulge to a fully 

eveloped bulging, which can be considered to have a significant 

mpact on the weld seam quality, several experiments and calcula- 

ions with different sheet thicknesses and welding parameters for 

he partial penetration case has been performed. 

Based on the numerical results, it was found that the flow pat- 

ern in the longitudinal plane of the model is characterised by 

wo vortexes with opposite directions, independently on the pres- 

nce of a bulge region. The upper part of the weld pool is domi- 

ated by the thermo-capillary driven flow leading to an elongated 

eld pool surface. As seen in Fig. 11 and Fig. 12 the weld pool

ength depends strongly on the dynamic behavior of the keyhole 

ue to its transient fluctuations and varies along the penetration 
o

10 
epth. The vortex in the lower part of the weld pool is compar- 

tively small, caused by the recoil pressure on the keyhole bot- 

om, which depends on the absorbed amount of thermal energy 

etermined by the multiple reflections in the keyhole. The liquid 

etal in the upper region flows backwards away from the keyhole 

ear wall, turning downwards and then forward in welding direc- 

ion approximately at half of the weld pool length. The molten ma- 

erial in the bottom region is pushed backward and redirected by 

he solid-liquid boundary in upward direction. The two circulations 

eet and turn their flow directions toward the keyhole rear wall. 

he cause of the development of a bulging region can be found in 

he interaction of these circulations. When the subsurface backflow 

f molten material, which is a consequence of the mass conserva- 

ion in the top region of the weld pool, and the recoil pressure- 

nduced circulation, tending to move the liquid to the rear part 

f the weld pool at its bottom, meet, a narrowed region between 
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Fig. 10. Amount of absorbed energy computed with the multi-physics model. 

Fig. 11. Temporal evolution of the calculated weld pool shape in the longitudinal plane during partial penetration welding of 8 mm thick sheets. 
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hem is formed. This narrowing effect leads to further separation 

f the two regions, which results in accumulation of molten mate- 

ial in the bottom region. Hence, the molten material pushed back- 

ard from the keyhole bottom causes the elongation of the weld 

ool interface, called bulging effect. 
t

11 
Although, the flow pattern in the weld pool seem to be inde- 

endent on the bulge formation, a bulging region is formed once 

he circulations size and magnitude are high enough. As seen in 

ig. 11 and Fig. 12 the flow directions in the longitudinal section 

re very similar. However, in the case of 8 mm thick sheets, the 

wo vortexes are not sufficiently big and strong to form a nar- 
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Fig. 12. Temporal evolution of the calculated weld pool shape in the longitudinal plane during partial penetration welding of 12 mm thick sheets. 

r

t

p

p

f  

r

w

t

1

t

i

m

T

a

t

c

F

p

r

s

s

f

b

6

a

f

t

4

b

p

i

d

owed region between them, which will subsequently contribute 

o the formation of the bulge. This is as well confirmed by the ex- 

erimentally obtained depths at which the bulge occurs. The ap- 

roximate experimental depths of the center of the bulging region 

or the 8 mm and 12 mm thick sheets are 3.2 mm and 5.2 mm,

espectively, see Figs. 6 and 7 . Note that these values agree well 

ith the numerically predicted values of 3.8 mm and 4.9 mm for 

he 8 mm and 12 mm thick sheets, respectively, see Figs. 11 and 

2 . The lower size and magnitude of the circulations are a result of 

he lower heat input and penetration depth. Once the laser power 

s increased for welding the 12 mm thick sheets, the amount of 

olten material and the penetration depth grow correspondingly. 

he penetration depth for the 8 mm and 12 mm thick sheets was 

bout 5.7 mm and 9.3 mm, respectively. Hence, the interaction be- 

ween the vortexes becomes stronger as the penetration depth in- 

reases, forming the necking region between them. As shown in 

ig. 12 (a) the necking forms approximately at the time the weld 

ool shape reaches a quasi-steady state. A closer look at the results 

eveals that neither the necking nor the bulging regions seem to be 

teady-state phenomena. Interestingly, although both occur tran- 

iently, they always occur together, as the one may be the cause 

or the other. Furthermore, according to the numerical results, the 

ulging in the weld center area forms at penetration depths above 

 mm and occurs much more frequently at penetration depths of 

bout 9 mm. Thus, the transition region from a slight bulge to a 

ully developed bulging can be numerically estimated to be be- 

ween 6 mm and 9 mm. 
12 
. Conclusions 

In the current work, the formation mechanism of the so-called 

ulging effect and its transition behavior, or more precisely its de- 

endency on the penetration depth, has been confirmed and stud- 

ed experimentally as well as numerically. The main conclusions 

rawn based on the obtained results can be summarized as follow: 

• A three-dimensional transient multi-physics numerical model, 

accounting automatically for the transition from partial to com- 

plete penetration, is established, allowing for the prediction of 

the bulge formation and the study of its behavior. 

• Numerous experimental measurements and observations such 

as drilling time, weld pool length, temperature, efficiency, and 

metallographic cross-sections are compared to the numerical 

results showing very good agreement. 

• The bulging region forms once the two main circulations in the 

longitudinal section of the weld pool are separated by a neck- 

ing region. The necking and bulging regions are found to occur 

transiently but always together since the former causes the lat- 

ter and vice versa. 

• The bulging effect is strongly dependent on the penetration 

depth, having its transition from a slight bulge to a fully de- 

veloped bulging in the range of 6 mm to 9 mm penetration 

depth. 
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5
. Nomenclature and model parameter values 

Latin symbols 

Symbol Unit Value Meaning 

A 
√ 

K 0.55 coefficient depending on the 

ambient pressure 
ˆ A N m 

−1 K −1 4 . 3 × 10 −4 negative slope of the surface 

tension 

A mush kg m 

−3 
s −1 5 × 10 7 mushy zone constant 

a s – 0.035 thermodynamic activity 

B 0 kg m 

−1 s −2 3 . 9 × 10 12 vaporization constant 

c p air 
J kg 

−1 
K 1006 specific heat of air 

c p mix 
J kg 

−1 
K – volume-fraction-averaged 

specific heat 

CSF momentum m 

−1 – momentum transformation 

term 

D m – averaged keyhole diameter 

D sub m 1 . 61 × 10 −5 length of the ray tracing 

sub-regions 

d m 124 . 1 × 10 −12 molecular diameter of iron 

f – – term determined by the flow 

pattern 

F c – 0.48 coherent solid fraction 

F cr – 0.64 critical solid fraction 

F l ms −1 – contribution to the speed of 

the evaporating front 

F s – – solid fraction 

�
 g ms −2 ( 0 , 0 , 9 . 81 ) gravitational acceleration 

vector 


H 0 J mol 
−1 −1 . 66 × 10 −5 standard heat of adsorption 

H mix J – volume-fraction-averaged 

enthalpy 

h c W m 

−2 K −1 15 heat convection coefficient 

h depth m – keyhole depth 

h f J kg 
−1 

247 × 10 3 latent heat of fusion of 

unalloyed steel 

h mix J kg 
−1 

– volume-fraction-averaged 

sensible enthalpy 

h re f J kg 
−1 

– sensible enthalpy at the 

reference temperature 

h v J kg 
−1 

6260 × 10 3 latent heat of vaporization of 

unalloyed steel 

i – – running index 

k b J K −1 1 . 381 × 10 −23 Boltzmann constant 

k l – 3 . 18 × 10 −3 constant related to the 

entropy of segregation 

L J kg 
−1 

– latent heat content 

M mol kg mol 
−1 

55 . 845 × 10 −3 molar mass of pure iron 

�
 n m – surface normal vector 

�
 ˆ n – – surface unit normal vector 

p N m 

−2 – fluid pressure 

p air N m 

−2 – air pressure at the steel-air 

interface 

p ca N m 

−2 – capillary pressure 

P L W see Table 2 laser power 

P ray W – sub-ray power 

p rec N m 

−2 – recoil pressure 

p steel N m 

−2 – steel pressure at the steel-air 

interface 

p v apor N m 

−2 – stagnation pressure due to the 

metal vapor 

q con v ection W m 

−2 – convective heat flux density 

q e v aporation W m 

−2 – evaporative heat flux density 

q L W m 

−2 – laser heat flux density 

q radiation W m 

−2 – radiative heat flux density 
ˆ R g J mol 

−1 
K −1 8 . 314 × 10 −3 universal gas constant 

�
 ˆ R i m – direction vector of the i-th 

sub-ray reflection 

r f 0 m 5 × 10 −4 laser beam radius at the focal 

plane 

r f (z) m – laser beam radius along the 

optical axis 

S con v ection W m 

−3 – convection power density 

S e W m 

−3 – energy source term 

S e v aporation W m 

−3 – evaporation power density 

( continued on next page ) 
13 
S radiation W m 

−3 – radiation power density 

S recondensation W m 

−3 – recondensation power density 

S laser W m 

−3 – laser power density 

Symbol Unit Value Meaning 

�
 S m N m 

−3 – momentum source term 

�
 S rec N m 

−3 – volume force of the recoil 

pressure 
�
 S shear N m 

−3 – volume force of the 

vapor-induced shear stress 
�
 S stagnation N m 

−3 – volume force of the 

vapor-induced stagnation 

pressure 
�
 S surf.tension N m 

−3 – volume force of the surface 

tension 
�
 S v apor N m 

−3 – volume force due to the metal 

vapor 

T K – temperature 

T liq K 1800 liquidus temperature 

T max K 3400 maximum temperature 

T re f K 300 reference temperature 

T sol K 1750 solidus temperature 

T T energy m 

−1 – energy transformation term 

t s – time 

�
 v = (v x , v y , v z ) ms −1 – fluid velocity vector 

�
 V ms −1 ( 0 , 0 , −150 ) vapor velocity vector - partial 

penetration; origin at keyhole 

bottom 

�
 V ms −1 ( 0 , 0 , −150 ) 

( 0 , 0 , 100 ) 

vapor velocity vector - 

complete penetration; origin 

at two-thirds of the plate 

thickness 

V cell m 

−3 8 × 10 −12 cell volume 

V key m 

−3 – keyhole volume 

�
 v �
 ˆ n ms −1 – normal projection of the vapor 

velocity vector 

�
 v �
 ˆ t 

ms −1 – tangential projection of the 

vapor velocity vector 

x, y, z m – Cartesian frame coordinates 

z 0 m 2 × 10 −3 position of the focal plane 

along the optical axis 

z r m see Table 2 Rayleigh legnth 

Greek symbols 

Symbol Unit Value Meaning 

ˆ α – – absorption rate 

αliq – – liquid volume fraction 

αv ol steel 
– – volume fraction of the steel 

phase 

βsteel K −1 1 . 6 × 10 −5 volumetric thermal expansion 

coefficient of pure iron 

	s mol m 

−2 1 . 3 × 10 −5 surface excess at saturation 

γ N m 

−1 – surface tension 

γ0 N m 

−1 1.943 surface tension of pure iron 

ε N m 

−1 K −1 0.25 material dependent coefficient 

ε r – 0.4 emissivity 

ε – 1 × 10 −3 numerical constant 

θi rad – incident angle at the i-th 

reflection point 

κ m 

−1 – curvature 

λair W m 

−1 K −1 2 . 42 × 10 −2 heat conductivity of air 

λv apor W m 

−1 K −1 5 × 10 −1 heat conductivity of metal 

vapor 

λmix W m 

−1 K −1 – volume-fraction-averaged heat 

conductivity 

μair Pas 1 . 79 × 10 −5 dynamic viscosity of air 

μmix Pas – volume-fraction-averaged 

dynamic viscosity 

μsteel Pas – effective dynamic viscosity for 

the steel phase 

μT max 
Pas 1 . 62 × 10 −4 dynamic viscosity of metal 

vapor at T max 

μ0 Pas 5 . 7 × 10 −3 dynamic viscosity at T liq 
ρair kg m 

−3 
1.225 mass density of air 

ρliq kg m 

−3 
7060 mass density of liquid steel 

( continued on next page ) 
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ρmix kg m 

−3 
– volume-fraction-averaged 

mass density 

ρsteel kg m 

−3 
7060 mass density of steel 

ρv apor kg m 

−3 
1 . 13 × 10 −4 mass density of metal vapor 

σ W m 

−2 K −4 5 . 67 × 10 −8 Stefan-Boltzmann constant 

ˆ σ m 

2 – collision cross-section of an 

iron molecule 

τMa N m 

−2 – Marangoni shear stress 

τv apor N m 

−2 – vapor-induced shear stress 
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