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ABSTRACT

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/)

1. Introduction

In the last decade the development of modern laser systems
with high-power of up to 100 kW for solid state lasers enabled
joining sheets with a thickness of up to 50 mm by a single pass
welding [1-3]. Nowadays, the laser beam welding process brings
several technical advantages compared to conventional arc welding
processes, such as low distortion of the welded components due to
the locally highly concentrated and precise heat input, high reach-
able welding speed, narrow heat affected zone, etc. [4]. Hence,
the application of the laser beam welding process on sheets of
higher thickness offers a great potential for more effective join-
ing, e.g., by the production of high pressure and vacuum vessels,
crane construction, as well as in the shipbuilding and aerospace
industry.

However, with the increase of welding speed and sheet thick-
ness, new challenges arise, such as untypical defect formation for
specific materials, e.g., hot-cracking during welding of unalloyed
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and low-alloyed steel sheets [5-7]. Although, hot-cracking is one
of the most studied material phenomena from the welding field,
its nature remains highly complex [8,9]. Nevertheless, it is a well-
known fact that the interaction between the three crucial factors,
namely the thermal, mechanical, and metallurgical factor, is deci-
sive for the cracking susceptibility of the welded specimen [10].
Hereby, their interaction is strongly dependent on the weld pool
shape and vice versa, see, e.g., [11]. The importance of this de-
pendency was demonstrated back in the early 1980s during stud-
ies on deep penetration electron beam welding. In these studies,
a geometric particularity, or more precisely a local disturbance of
the solidification front was observed in the longitudinal section of
the welded specimen by adding a pure Ni-wire at different po-
sitions along the thickness of the specimen. The disturbance led
to a local delay in the solidification behavior, which led to an in-
crease in the cracking sensitivity of the welded component [12-
15]. To the best of the author’s knowledge, there are only a few re-
search results published on the occurrence of the widening of the
weld pool interface during welding with high power lasers, nowa-
days referred to as the bulging effect. In more recent studies, so-
phisticated modern visualization techniques combining transparent
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Standardized and measured chemical composition of the materials used in wt%.

Table 1
Material C Si Mn
EH36-N 0.132  0.26 1.4
S355]2+N 0.088 034 1.38

DIN EN 10025 <0.2 <0.55 <1.6

P S Cu Fe

- - 0.012 bal.
- - 0.028 bal.
<0.025 <0.035 <0.55 bal.

quartz glass with high speed imaging and thermal camera record-
ing have been utilized to overcome the limited experimental ac-
cessibility and capture the transient behavior of the bulging effect
[11,16]. Furthermore, attempts to quantify the bulge during hybrid
laser-gas metal arc welding by defining an angle determined from
the narrowest and widest cross-sectional dimensions within the
bulging region has been made in [17,18]. Although the latest re-
search proves the existence of the bulging effect during laser beam
welding of thick sheets, the obtained data does not allow for a
complete investigation or quantification of the weld pool widen-
ing, e.g., the study of its formation mechanisms or its influence on
crucial factors for the formation of defects.

In the present time, due to the rising computational perfor-
mance, numerical simulations have brought significant insights
into the investigation of complex phenomena. Even though not
being the object of investigation, the bulging effect can be found
in several numerical works, see, e.g., [19-25]. Its influence on the
mechanical factor, or more precisely on the temporal strain/stress
evolution in the critical bulging region, has been studied in [7,26].
Further development on this study has been achieved by mak-
ing use of the equivalent heat source (EHS) technique proposed
first in [27], see, e.g., [28,29]. The EHS approach enables the pre-
cise coupling of the weld pool shape predicted with a thermo-
fluid dynamics simulation and the subsequent thermo-mechanical
computation [30,31]. An overview of the relationship between the
bulging effect and the hot cracking formation during deep pen-
etration laser beam welding, where all three critical factors are
considered, can be found in the author’s previous study, see [32].
In their study, the authors emphasize on the interaction between
the bulge and the extended solidification temperature range due
to the accumulation of elements constituting low melting eutec-
tic, such as sulfur and phosphorous, and their segregation. As
described above and in [33,34], such solidification delay has al-
ready been found to decrease the cracking resistivity of the welded
component.

Based on the literature review it can be concluded that the
bulging effect plays a crucial role in the formation of defects
during deep penetration laser beam welding. Yet, the majority
of numerical works published on this topic either do not study
the bulging phenomenon at all or rather concentrate on its phe-
nomenological reproduction to estimate its influence on critical
factors, such as the three main factors determining the cracking
susceptibility of the specimen mentioned above. Hence, further nu-
merical analysis of this phenomenon is essential for the under-
standing of the laser process and the setting of the relevant process
parameters.

The present study seeks to deepen the level of understanding
by emphasizing on the formation of the bulge and more specifi-
cally on its correlation to the penetration depth of the weld. Thus,
an effort is made to develop a three-dimensional transient multi-
physics numerical model taking into account the most impor-
tant physical phenomena, such as dynamic keyhole evolution, en-
ergy absorption by laser reflections, vaporization, thermo-capillary,
and natural convection, latent heat of phase transformations, and
temperature-dependent material properties. Furthermore, an ex-
tensive amount of experimental data is measured to fully verify
the predictions made by the model.

Table 2

Process parameters of the experiments.
Parameters Value
Wave length 1030 nm
Fibre diameter 200 pwm
Beam parameter product (BPP) 8 mm mrad

Optical system HIGHYAG BIMO HP

Focal diameter 500 pwm

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 mmin~!

Laser torch angle 0°

Shielding gas nozzle angle 35°

Shielding gas Ar, 25 [ min~!

2. Materials and Methods
2.1. Materials

Two kinds of unalloyed steel sheets with different thicknesses
were utilized in the welding experiments; a 8 mm thick high
strength steel for ship structures EH36-N and a 12 mm thick struc-
tural steel S355J2+N. The dimensions of the EH36-N and S355J2+N
sheets were 300 mm x 100 mm x 8 mm and 175 mm x 100 mm
x 12 mm, respectively. The corresponding chemical compositions
were measured with spectral analysis and are given in Table 1.

2.2. Experiments

A 16 kW disc laser Trumpf 16002, a diode laser illumination,
and a FASTCAM SA4 high speed camera from Photron were utilized
in the experiments. Note that the experiments have been especially
designed to obtain a sufficient amount of data for the calibration
of the model and the validation of the numerically obtained weld
pool geometries and fluid flow patter therein, which determine the
formation and the dimensions of the bulging region. All welds pro-
duced in the experiments were bead-on-plate welds. A schema of
the experimental setup is shown in Fig. 1; the process parameters
are summarized in Table 2.

The high speed camera was set at 1000 frames per second and
the laser power of the diode laser to 200 W. Altogether the exper-
iments have been divided into three parts. First, an estimation of
the drilling time for the complete penetration welding process on
8 mm thick EH36-N sheets has been obtained. For this measure-
ment, the lens optical axis of the high speed camera was placed
to be perpendicular to the longitudinal section of the sheet. Thus,
allowing to capture the very first laser reflection on the top sur-
face and the moment when the laser light goes through the com-
pletely penetrated keyhole on the bottom surface. Thermocouples
were positioned along the weld centerline as shown in Fig. 2a).
Thereby, one thermocouple was placed on the top surface of the
specimen to trigger the measurement and three further thermo-
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High speed camera

Thermocouples

Specimen Diode laser ilumination

Fig. 1. Schema of the experimental setup.
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Fig. 2. Position of the thermocouples for the measurement of the: (a)-(b) laser drilling time and (c) time-temperature curves.

couples with a distance of approximately 5 mm were placed on the
bottom surface to measure the time temperature curves. According
to the measured curves the moment of reaching complete pene-
tration has been estimated. This part of the experiment was re-
peated three times to get an accurate averaged value of the drilling
period.

In the second part of the experiment, the partial penetration
welds on the same specimens were performed. During welding,
the weld pool length on the top surface was recorded by the high
speed camera and the thermal history at several locations was
measured by thermocouples, see Fig. 2b). The thermocouples used
in the investigation were of type K with a diameter of 0.25 mm.

Their exact positions were measured after the welding process
with an optical microscope. It is worth noting that preliminary ex-
periments have been performed to estimate the region where the
thermocouples should be placed as well as to get an estimation
about the thickness above which the bulging effect becomes visi-
ble. In the last part of the experiments the 12 mm thick S355J2+N
sheets were welded without additional measurements. Macro sec-
tions have been extracted from the region marked in Fig. 2c) for
the sheets welded in the second and third part of the experiments.
From these, several metallographic cross-sections have been pre-
pared with a 2% nital etching, which subsequently have been com-
pared to the numerical results.
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2.3. Numerical modelling

A three-dimensional thermo-fluid dynamics model accounting
for the free surface tracking by the volume of fluid (VOF) approach
has been developed for the prediction of the bulge formation. The
model is based on several previous works with some further im-
provements and adaptions. More details can be obtained from [35-
39].

2.3.1. Assumptions

Although, in modern time the computational capacity has been
allowing for the numerical analysis of more complex tasks, still se-
vere simplifications need to be made in order to obtain a solution
in a feasible computational time. Another reason for the simpli-
fications made in the model is the complex physics behind the
laser beam welding process including a number of strongly cou-
pled, highly-nonlinear interactions between the laser radiation, the
vapor phase, the molten metal, and the solid material. The main
assumptions 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.

2.3.2. Governing equations

The governing equations describing the multi-physics model in
a fixed Cartesian coordinate system are given below. The VOF tech-
nique is employed to track the transient deformation of the molten
pool free surface and solidified weld seam profile.

« Volume fraction conservation

oo

—5t 4+ V - (T, ) =0, (1)
where o, denotes the volume fraction of the steel phase in
a control volume and ¥ = (v, vy, V;) is the fluid velocity vector.
There are three possible conditions for the control volume defined
by the volume fraction of the steel, namely a control volume con-
taining only the air phase, o, =0, a control volume contain-
ing only the steel phase, o, =1, and a mixture control vol-
ume containing the interface between the steel and the air phases,
0 <oy, < 1. Note that the volume fraction conservation equa-
tion is solved only for the steel phase; the volume fraction of the
air phase is computed based on the following constraint:

2
Zavol, =1, (2)
i=1

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

the air phase [40]. The steel-air interface is reconstructed using a
piecewise-linear approach, assuming that the interface has a lin-
ear slope within each control volume [41]. The free surface of the
molten pool and the solidified weld is approximated with volume
fraction values between 0.2 and 1 and empirically determined crit-
ical volume fraction gradient value.

» Mass conservation

V.7=0. (3)

Note that the density is not appearing in the equation due to
the assumptions made above.
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+ Momentum conservation

A single momentum equation is solved throughout the compu-
tational domain. Thus, the resulting velocity field is shared among
the phases and the material properties in each cell are averaged by
the volume fraction, e.g., the density is calculated as follows:

Pmix = ®yoly,, Psteel + (1 - O{volme,)paih (4)

where p.,;;, is the volume-fraction-averaged density; g and Pgeer
are the densities of the air and steel phases, respectively. All other
properties except the thermal expansion coefficient, for example,
the viscosity or thermal conductivity, are computed in this manner.
Thus, the momentum equation reads:

v _ _ Lo
pmix<8t + (V' V)V) = _VP + /'Lmixvzv"" pmixg""sm, (5)

where t is the time, p is the fluid pressure, [t is the dynamic
viscosity, g is the gravitational acceleration vector, and Sy, is the
source term. The source term is defined as follows:

2
- 1—qy
Sm = _psteelgﬁsteel (T - Tliq) + ((()t:)'-ifqu))AmHShﬁ

lig
+ ‘S?surf.tension + S?rec + §vapor, (6)

where B is the thermal expansion coefficient, T is the tempera-
ture, Tj;, is the liquidus temperature of the unalloyed steel taken as
the reference temperature here, «j;, is the liquid volume fraction,
€ is a small number (1 x 10~3) used to avoid division by zero, and
Apnush is the mushy zone constant.

The first term on the right hand side (RHS) describes the
thermal buoyancy due to the variations of the density of the
steel with temperature [42]. The second term on the RHS de-
scribes the deceleration of the flow in the mushy zone which
is related to the inverse of the size of the interdendritic struc-
ture. Thereby, the mushy zone constant A, is a measure
for the amplitude of the damping, thus it should be very
large (in the current study the value is ~ 5 x 107 kgm > s~1) to al-
low for a steeper transition of the velocity of the material to zero
as it solidifies [43,44]. The liquid fraction o, reads:

0 for T <Ty
g = s for T <T <Tig, (7)
1 for T =Ty

where T, denotes the solidus temperature of the material used.
Additionally, the effective viscosity approach is used to model the
flow in the mushy zone. Therefore, the mushy zone is divided
into three subregions depending on the coherent solid fraction
F. = 0.48 and the critical solid fraction F; = 0.64. Note that the
drag coefficient and the local viscosity differ in each region. The
local effective viscosity is expressed as a function of the solid frac-
tions [45]:

E 1%
Hea=o(1- ) . for Kk (8)
cr

where fip is the dynamic viscosity at T, and F is the solid frac-
tion. Note that the local viscosity value in control volumes with a
solid fraction higher than the critical solid fraction was set to 200
Pas. The third term in Eq. 6 includes the effects of surface tension
along the steel-air interface. Thereby, the tangential stress terms,
also known as the Marangoni stress, arising due to the variation of
the surface tension are expressed as:

TMa = 87]"?’ (9)
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where y is the surface tension and f is the surface unit tangential
vector. The surface tension is expressed as [46]:

¥ =0 —A(T = Tig) — RgTTsIn (1 + Kea),

. — AH, (10)
with Ks = k;exp RT )
where )y is the surface tension of the pure metal (in the present
study this is iron), A is the negative slope of y as function of the
temperature, R is the universal gas constant, I's is the surface ex-
cess at saturation, as is the thermodynamic activity, k; is a constant
related to the entropy of segregation, and AHy is the standard heat
of adsorption. Note that the value for the thermodynamic activity
was taken as the maximum allowed value according to the stan-
dard given in Table 1. The pressure difference along the steel-air
interface, known as the Laplace pressure or the capillary pressure
is given as:

DPca = VK, (11)

with x = V . fi defined as the curvature in terms of the divergence
of the surface unit normal vector, fi = %: = Vo, is the in-
ward surface normal vector defined as the gradient of the volume
fraction of the steel phase. The forces acting on the steel-air inter-
face are expressed as volume forces using the divergence theorem
according to the continuum surface force (CSF) model [47]. There-

fore, a transformation term is defined as follows:
Omix| VO‘volm, |

%(pair + Dsteel) 7

allowing to compute the volume force as:

§surf.tension = (pcaCSFmomentum)ﬁ- (13)
The fourth term in Eq. 6 describes one of the main driving forces
on the keyhole surface, namely the evaporation-induced recoil
pressure. The recoil pressure is calculated according to [48] and
transferred to a volume force as follows:

(12)

CSFmomen[um =

Prec = % exp <_ Mg;;-hv)s S_"rec = (PrecCSFnomentum )T, (14)
where A is numerical coefficient depending on the ambient pres-
sure and its value is approximately 0.55+/K for practical appli-
cations; By is a vaporization constant, which in the case of iron
equals 3.9 x 1012kgm ™' s=2; M, is the molar mass, and hy is
the latent heat of vaporization. The fifth term on the RHS of
Eq. 6 includes empirical formulations of the vapor-induced stag-
nation pressure pyapor and shear stress Tygpor, based on the as-
sumption of a laminar flow within the keyhole [49]. According to
[19] these read:

1 _
Dvapor = Po + Epuapor|vﬁ|2, (15)

2, (16)

1 -
Tvapor = *fpvaporwf
8 t

where py is the vapor or atmospheric pressure, pyapor is the metal-
lic vapor density calculated with the ideal gas equation, ¥z and
Uz are the normal and tangential projections of the vapor veloc-
ity vector, V, on the steel-air interface, respectively, and f = 64/Re.
In the present work, the metallic vapor velocity vector acts verti-
cally in thickness direction and is assumed to have a magnitude
of 150 ms~! at the keyhole entrance [50]. Furthermore, the vapor
velocity is defined as a function of the penetration/keyhole depth,
hgepen, increasing linearly from 0 ms~! at the keyhole bottom to
its maximum value at the keyhole entrance in the partial pene-
tration case. Note that in the complete penetration case, there are
two metallic vapor velocity vectors acting in opposite directions. In

International Journal of Heat and Mass Transfer 184 (2022) 122171

this case, one vector increases linearly, starting at two-thirds of the
plate thickness, reaching 150 ms~! at the keyhole entrance and a
second vector increasing in the same manner towards the keyhole
exit, reaching 100 ms~! at the sheet bottom [51,52]. The projection
of the vapor velocity vector onto the surface unit normal vector, A,
of the steel-air interface can be calculated as follows:

vz = (V-A)n. (17)
The tangential projection of the vapor velocity can then be calcu-
lated by the following vector equation:

Ue=V - 7. (18)

t

Equation 16 is further simplified by substituting the Re number
and f into it:

8 U=

Tuapor = MT#H, (19)
where D is the averaged diameter of the keyhole and g, is the
dynamic viscosity at the maximum reachable temperature set in
the model. For the calculation of D, the keyhole volume, Vi, is
approximated as a cylindrical pipe with the length of the keyhole
depth, hgepn, leading to:

p— | i (20)
hdepthn

The dynamic viscosity at Tpngx is approximated by the kinematic
theory of gases as follows:

Mmol Skb Imax
IL = ) 21
i 326 V 7T Mol 21)

where & :ndfml is the collision cross-section of the molecule
with d,;,,; the molecular diameter and k;, is the Boltzmann con-
stant. In the particular case of the unalloyed steel utilized in this
study, see Table 1, the value of the dynamic viscosity is approx-
imately 1.62 x 10~%kg m's1 for a super-heating temperature of
3400K [53,54]. Finally, the corresponding source term can be given
as follows:

5_“vapor = §smgnation + §shearv
with §stagnation = (pvaporCSFmomentum)ﬁ» (22)

and §5hear = (TvaporCSFmomentum)f~

The CSF method is applied here for the transformation of the stag-
nation pressure and the shear stress to volume forces according to
[55].

- Energy conservation

pmix(alglz,w( + (17 : V)Hmix> =V. ()‘mixVT) + SEv (23)

where H,;;, is the enthalpy, A,;;, is the heat conductivity, and S, is
the source term. The enthalpy of the material is computed as the
sum of the sensible enthalpy, hy,;, and the latent heat of fusion of
the material used, hy, as follows:

Hmix = hmix + hfv (24)

with hp;, given as:

T

Hinix = e + f CpodT. (25)
ref

Here, the subscript, ref, stands for reference, thus h,, is the refer-

ence enthalpy and T,y is the reference temperature; cp, . is the

specific heat at constant pressure. Furthermore, the latent heat

content, L, in each control volume, is written in terms of the la-
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tent heat of the material and the liquid fraction:
hf = Ol”qL, (26)

varying between zero in the solid region and L in the liquid region
[43]. The source term is defined as:

Se = Slaser + Sconvection + Sradiation + Seuaporation + Srecondensmion~ (27)

The laser heat flux density is assumed to have a Gaussian-like axis-
symetric distribution expressed as [19]:

2P X2 4 y?
V)= — -2 , 28
qu(x,y) 7, exp ( = (28)

where P, is the laser power and rg is the laser beam radius at
the focal plane. The three-dimensional energy distribution is ob-
tained by a self-consistent ray tracing approach proposed in [19],
accounting for the multiple reflections and the Fresnel absorption
on the keyhole surface. For this, the laser beam is divided into
755 sub-rays, by discretizing the laser spot in the focal plane by
31 x 31 sub-regions with a length of D, = 2;% Thus, each sub-
ray has its own location-dependent energy density. The power of
each sub-ray is calculated by the multiplication of the correspond-
ing sub-ray power density and the surface area of the sub-region
beneath it:

2
Payx.) =ax.9) (%) (29)

The initial path of each sub-ray is defined by the diffraction of the
laser beam. Therefore, the laser beam radius along the optical axis
is approximated as:

Tp(2) =Tpo (1 + (Z ;rzo)z), (30)

where z; is the position of the focal plane and z; is the Rayleigh
length. The reflection direction vector, R;, of the i-th reflection is
calculated by the following vector equation:

R=R . —2(R., A)i (1)

The selection of the free surface cell from the center of which the
sub-ray is reflected is done according to the direct search method
described in [56]. The Fresnel reflection model is applied for the
calculation of the absorption rate as given in [57]:

a=1-

1<1 +(1—gcos6)?

&2 —2¢gcosB; + 2 cos? b;
2\ 1+ (1 +&cosh)’ ’

&2 4 2¢e cos 6; + 2 cos? 6;

(32)
where ¢ is a material dependent coefficient taken and modified
according to [58] and 6; is the incident angle at the i-th reflection
point. Once all reflections are calculated, the laser power absorbed

in each cell is calculated by taking the sum of all sub-ray energies
reflecting in the cell and dividing it by the cell volume, V,,;:

Zji? Qray (X, y)
Veenn .

The second and third term on the RHS of Eq. 27 account for the
convection and radiation heat transfer and read:

Gconvection = hc (T — Tref)y

Slaser(xs Y, Z) = (33)

(34)
Qradiation = O €r (T4 - Tr‘éf)’
where he = 15 Wm=2K-! is the heat convection coefficient, o is

the Stefan-Boltzmann constant, and ¢, is the emissivity [59]. Note
that it is accounted not only for the outward convective and ra-
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diative heat fluxes, but as well for the inward heat fluxes due to
the high-temperature metal vapor, reaching temperatures of up to
6000 K, known as a secondary heat effect. For this, the reference
temperature, T.;, was set to 300 K for the computation of the
heat loss by the outward heat fluxes and to 6000 K for the in-
ward heat fluxes [60]. In the present study the range of action
for the secondary heat effect was adapted according to the geo-
metrical dimensions of preliminary obtained metallographic cross-
sections. The evaporation loss source term is defined according
to [61] as:

Qevaporation = pliqthe, (35)

where pj, is the liquid density and F is the contribution to the
speed of the evaporating front only by evaporation. Note that the
evaporation loss was considered only for control volumes reaching
temperatures above 2700K since the formulation of the evapora-
tion model is derived for rapid evaporation, thus no diffusive evap-
oration is accounted for. The critical temperature value of 2700K
has been numerically adapted in such a way that the total amount
of heat loss is within the experimentally measured range of up
to 3%. The last term on the RHS of Eq. 27 describes the recon-
densation heat flux. According to [60] a good approximation for
the recondensation heat flux is given by considering 18% of the
evaporation heat loss calculated in Eq. 35 as local recondensation,
and additional 72% which are linearly redistributed as surface heat
flux along the keyhole. Note that in the case of partial penetration
the recondensation heat is redistributed linearly from zero at the
keyhole bottom reaching its maximum value at the keyhole en-
trance, while in the complete penetration case the amount of re-
condensation heat at the keyhole exit is 80% of the amount at the
keyhole entrance. Furthermore, it is important to mention that all
heat fluxes described above have the unit of Wm~2. Therefore, a
transformation term is defined, similar to the one applied in the
CSF model, allowing to converse the heat fluxes to power densities
with unit of Wm~—3:

TT. _ PmixCppix |Vavolme, |
energy = 7 ,
2 (,Oaircpm-r + psteelcpsteel)

where cp,, is the specific heat of air. Hence, the resulting power
densities read:

Si = qiTTenergys (37)

(36)

where i stands for convection, radiation, evaporation and recon-
densation.

2.3.3. Boundary conditions

According to the basic principles of fluid-dynamics, and assum-
ing the air phase to be inviscid (w4 = 0) and incompressible, the
pressure and viscous stress boundary conditions on the steel-air
interface are expressed by the following scalar conditions:

U=
Dair — Dsteel + ZMsteel?g = DPca + Prec + Dvapor, (38)
o= 0dv:
—Msteel | —= + ;E = TMa + Tvapor- (39)
ot on

Note that the surface unit normal is directed into the interior of
the steel phase, as defined above.

The energy boundary condition on the free surface, considering
the multiple Fresnel absorption, heat convection, thermal radiation,
evaporation, and recondensation reads:

aT
_Amixi

Bﬁ = qL — Gconvection — Gradiation — qevaporation ~+ Qrecondensation -

(40)
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Side air surface
Momentum: Pressure outlet
Energy: Adiabatic

14 mm

Bottom surface
Momentum: v =0

Energy: Convection

Side steel surface

Momentum: V=0
Energy: Continuity

Air
M Steel

Fig. 3. Boundary conditions of the multi-physics model.

The boundaries of the air-phase domain were set as pressure-
outlets; on the bottom of the steel-phase domain convective heat
transfer was considered. Note that the simulation domain was cho-
sen to optimize the computational time. Thus, the real steel sheets
are much bigger than the considered computational domain. A
proper treatment of the boundaries was ensured by implementing
the continuity boundary condition proposed in [62]. The boundary
conditions can also be found in Fig. 3.

2.3.4. Material properties

The material properties used for the simulation were imple-
mented as temperature-dependent up to the maximum tempera-
ture of 3400K set in the model. Since both materials used are un-
alloyed steels, the same thermo-physical material properties were
used in the model. The base material was modelled as ferritic
phase, whereby for temperatures above the austenitization tem-
perature the properties of the austenite phase were taken. The
phase or material specific properties were taken from the litera-
ture [46,63,64]; if these were not available, the values for pure iron
were taken, due to the close chemical composition (Fe ~ 98%). The
solid-solid phase transformation (ferrite-austenite) was considered
directly in the material properties by including it to the specific
heat. However, due to the relatively small amount of the latent
heat of the austenite-martensite phase transformation, this was not
considered in the model. The thermo-physical material properties
are given in Fig. 4. Note that the value for the steel density was

calculated as averaged value for the temperature range of interest
between 1200K and 2800K, giving 0 = 7060 kg m—.

2.3.5. Numerical setup

The computational domain used in the present study has di-
mensions of 32 mm in length, 8 mm in width and 8 mm or
12 mm in thickness (depending on the thickness of the steel sheets
to be welded), see Fig. 3. A finely meshed region with a recom-
mended fixed cell size of 0.2 mm, see [65], was placed between
—2.9mm <y <2.9mm and 3.0mm < x < 29 mm. The cell size out-
side the finely meshed region was defined by a growth rate of
1.1, resulting in a total amount of 372,960 control volumes for the
12 mm thick steel sheets. The weld seam start and end locations
were chosen within the finely meshed region at x = 3.5mm and
x = 28.5mm, respectively, to assure an error-free selection of the
reflection point of the sub-rays. An air layer between 0 mm <z <
2.0mm was defined above the steel sheet (2.0mm < z < 14.0mm)
allowing to track the free steel-air interface by the VOF method.
Note that for the complete penetration calculation an identical air
layer was added below the steel sheet. The values of all model pa-
rameters are summarized in Section 5.

All governing equations were solved with the commercial fi-
nite volume method software ANSYS Fluent. A second order up-
wind scheme was used for the spatial discretization of the mo-
mentum and energy conservation equations and a first order im-
plicit formulation was applied for the discretization of the tran-
sient 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].

PISO scheme and the steel-air interface was reconstructed by the
Geo-Reconstruct method.

A high-performance computing cluster at the Bundesanstalt fiir
Materialforschung und priifung (BAM) was used for the computa-
tion. The averaged computing time was approximately 200 h for
0.6's real process time.

3. Results
3.1. Validation of the numerical results

Several experimental data have been measured and analysed to
ensure the validity of the numerically obtained results according to
the ISO/TS 18166 standard [66]. The multi-physics model was ini-
tially validated for the 8 mm thick sheets by comparing the aver-
aged drilling time, the weld pool length, the contour of the fusion
zone and the time-temperature curves. Once the model was vali-
dated, further results, e.g., for 12 mm thick sheets, were verified by
comparison of the fusion line and the process efficiency.

3.1.1. Comparison of the averaged drilling time

The measurement of the drilling time by a high speed cam-
era was done according to the experimental setup described in
Section 2.2. The experiment was repeated three times to obtain an
averaged value for the drilling time at 8 mm thick sheets. The pro-
cess parameters are given in Table 2. In Fig. 5(a)-(d) four frames
captured by the high speed camera from one of the three measure-
ments are shown. Thereby (a) represents the moment right before
the laser machine is turned on, (b) the moment of the first re-
flection on the top surface of the specimen, (c) the moment right
before complete penetration is reached, and (d) the moment com-
plete penetration is reached. Since the frame rate was set to 1000,
the tolerance of the measurement was exactly 1 ms. The drilling
time is estimated from the four frames giving a value of approx-
imately 197 ms. The times from the second and third measure-
ments were approximately 164 ms and 224 ms, respectively. Ad-
ditionally, the drilling time was estimated according to the ther-
mocouple measurements, see Fig. 2(a)-(b). The complete penetra-
tion was reached between the second and third thermocouple on
the bottom of the sheet, meaning at about 7 mm after the weld-
ing start point. By dividing this value by the welding speed of
33.33 mms~! an approximated drilling time of 210 ms is obtained.
An averaged value for the drilling time was calculated from all
measured values, resulting in approximately 198 ms. The drilling

curve as well as the weld pool shape in the longitudinal section of
the numerical model are given in Fig. 5(e). As it can be seen, the
drilling period last about 191 ms, which is in very good agreement
with the experimentally measured values.

3.1.2. Comparison of the weld pool shape

One of the aims of the numerical model was the accurate
prediction of the molten pool and the flow pattern therein. The
weld pool interface is defined by the solidus isotherm, Ty, which
allows to extract the numerical fusion line from a cross-section
as well as the weld pool length on the top surface. In order to
account for the experimental tolerances, three metallographic
cross-sections were extracted from the quasi-steady state region of
the weld seam, according to Fig. 2(c). The shape of the experimen-
tal fusion lines for the 8 mm thick sheets is shown in Fig. 6(a)-(c).
The experimental tolerance is obtained by overlapping the three
fusion lines, as shown in Fig. 6(d). It can be easily seen that the
fusion line in Fig. 6(b) is kind of averaged between the fusion
lines from Fig. 6(a) and Fig. 6(c). Thus, the numerical fusion line
is compared to the experimental average in Fig. 6(e). As seen, the
numerical and experimental results show a very good correlation.
As described above, the multi-physics model was validated for
the partial penetration case of welding 8 mm thick sheets. The
numerical results calculated for sheets with a thickness of 12 mm
were verified by the comparison of the fusion line shape and
the process efficiency. In Fig. 7 the comparison between the
experimentally obtained and numerically calculated fusion lines
for 12 mm thick sheets is given. As it can be seen there are
only minor differences between the fusion lines, resulting due
to the tolerances of the experiment and the model. At last, the
weld pool shape is validated by comparing the measured and
simulated weld pool lengths, see Fig. 8. The numerical model has
predicted a weld pool length of 8.2 mm, which is slightly shorter
than the experimentally measured value of 8.7 mm. However,
it should be mentioned that the weld pool length varied along
the weld seam during both, the experiment and the calculation.
Thus, the difference of below 5% is considered as a tolerance
value.

3.1.3. Comparison of the thermal cycles and the process efficiency
The next validation step is the comparison of the measured and

predicted thermal cycles and process efficiency values. The ther-

mal 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.

the mechanical properties of the part to be welded, thus playing
a crucial role in the welding process. Fig. 9 shows the comparison
of the measured and calculated time-temperature curve. Note that
several time-temperature curves have been obtained experimen-
tally. However, the curve with the maximum measured tempera-
ture is chosen for the comparison. It is evident from Fig. 9 that the
numerical model captures well the thermal behavior of the welded
sheets. In addition to the time-temperature curves, the calculated
process efficiency in the model is considered. Fig. 10 shows the
amount of absorbed energy during the calculations of the com-
plete and partial penetration cases of 8 mm thick sheets. The aver-
age efficiency of the complete and partial penetration simulations

were about 79% and 83%, respectively, which is in good agreement
with experimental measurements with similar laser powers and
process speeds, see, e.g., [67]. Note that the drilling stage of the
process was included in the calculation of the averaged values. A
closer look at the temporal variation of the absorbed energy shows
that the amount of absorbed energy fluctuates more strongly dur-
ing complete penetration, which is due to the constant opening
and closing of the keyhole, known as collapsing. Once the process
reaches complete penetration at approximately 200 ms the aver-
aged amount of absorbed energy decreases, leading to the lower
total averaged amount. On the other hand, the fluctuations of the
absorbed heat during partial penetration are much less, caused
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(a) (b) (c) (e)

(d)

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.

(a) (b)

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.

mainly by the fluctuations of the keyhole surface, having direct im-
pact on the multiple reflections.

3.2. Transition behavior of the bulging effect

The dynamic keyhole model described above enabled the study
of the fluid flow and thus of the formation of the bulging region.
For the estimation of the transition from a slight bulge to a fully
developed bulging, which can be considered to have a significant
impact on the weld seam quality, several experiments and calcula-
tions with different sheet thicknesses and welding parameters for
the partial penetration case has been performed.

Based on the numerical results, it was found that the flow pat-
tern in the longitudinal plane of the model is characterised by
two vortexes with opposite directions, independently on the pres-
ence of a bulge region. The upper part of the weld pool is domi-
nated by the thermo-capillary driven flow leading to an elongated
weld pool surface. As seen in Fig. 11 and Fig. 12 the weld pool
length depends strongly on the dynamic behavior of the keyhole
due to its transient fluctuations and varies along the penetration

10
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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.
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Fig. 9. Comparison of the calculated and experimental thermal
surface of the 8 mm thick sheets.

cycles on the top

depth. The vortex in the lower part of the weld pool is compar-
atively small, caused by the recoil pressure on the keyhole bot-
tom, which depends on the absorbed amount of thermal energy
determined by the multiple reflections in the keyhole. The liquid
metal in the upper region flows backwards away from the keyhole
rear wall, turning downwards and then forward in welding direc-
tion approximately at half of the weld pool length. The molten ma-
terial in the bottom region is pushed backward and redirected by
the solid-liquid boundary in upward direction. The two circulations
meet and turn their flow directions toward the keyhole rear wall.
The cause of the development of a bulging region can be found in
the interaction of these circulations. When the subsurface backflow
of molten material, which is a consequence of the mass conserva-
tion in the top region of the weld pool, and the recoil pressure-
induced circulation, tending to move the liquid to the rear part
of 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.
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Fig. 11. Temporal evolution of the calculated weld pool shape in the longitudinal plane during partial penetration welding of 8 mm thick sheets.

them is formed. This narrowing effect leads to further separation
of the two regions, which results in accumulation of molten mate-
rial in the bottom region. Hence, the molten material pushed back-
ward from the keyhole bottom causes the elongation of the weld
pool interface, called bulging effect.

1

Although, the flow pattern in the weld pool seem to be inde-
pendent on the bulge formation, a bulging region is formed once
the circulations size and magnitude are high enough. As seen in
Fig. 11 and Fig. 12 the flow directions in the longitudinal section
are very similar. However, in the case of 8 mm thick sheets, the
two 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.

rowed region between them, which will subsequently contribute
to the formation of the bulge. This is as well confirmed by the ex-
perimentally obtained depths at which the bulge occurs. The ap-
proximate experimental depths of the center of the bulging region
for the 8 mm and 12 mm thick sheets are 3.2 mm and 5.2 mm,
respectively, see Figs. 6 and 7. Note that these values agree well
with the numerically predicted values of 3.8 mm and 4.9 mm for
the 8 mm and 12 mm thick sheets, respectively, see Figs. 11 and
12. The lower size and magnitude of the circulations are a result of
the lower heat input and penetration depth. Once the laser power
is increased for welding the 12 mm thick sheets, the amount of
molten material and the penetration depth grow correspondingly.
The penetration depth for the 8 mm and 12 mm thick sheets was
about 5.7 mm and 9.3 mm, respectively. Hence, the interaction be-
tween the vortexes becomes stronger as the penetration depth in-
creases, forming the necking region between them. As shown in
Fig. 12(a) the necking forms approximately at the time the weld
pool shape reaches a quasi-steady state. A closer look at the results
reveals that neither the necking nor the bulging regions seem to be
steady-state phenomena. Interestingly, although both occur tran-
siently, they always occur together, as the one may be the cause
for the other. Furthermore, according to the numerical results, the
bulging in the weld center area forms at penetration depths above
6 mm and occurs much more frequently at penetration depths of
about 9 mm. Thus, the transition region from a slight bulge to a
fully developed bulging can be numerically estimated to be be-
tween 6 mm and 9 mm.

12

4. Conclusions

In the current work, the formation mechanism of the so-called
bulging effect and its transition behavior, or more precisely its de-
pendency on the penetration depth, has been confirmed and stud-
ied experimentally as well as numerically. The main conclusions
drawn 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
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Sradiation Wm-3 - radiation power density
A Srecondensation Wm3 - recondensation power density
Latin symbols Staser Wm-3 - laser power density
Symbol Unit Value Meaning Symbol Unit Value Meaning
A VK 0.55 coeﬂ.icient depending on the S Nm-3 _ momentum source term
R ambient pressure Srec Nm-3 - volume force of the recoil
A Nm-1K-! 43 %1074 nega'tive slope of the surface pressure
, tension Sehear Nm-3 - volume force of the
Amush kgm s~ 5 x 107 mushy zone constant vapor-induced shear stress
as - 0.035 thermodynamic activity s”smgnmon Nm-3 - volume force of the
By kgm~!s2 3.9 x 1012 vaporization constant vapor-induced stagnation
Cpar ]kg’] K 1006 specific heat of air pressure
Chmi Jkg 'K - volume-fraction-averaged .iu,f_te,,siu,, Nm—3 - volume force of the surface
specific heat tension
CSEnomentum m™! - momentum transformation Svapor Nm-3 - volume force due to the metal
term vapor
D m - averaged keyhole diameter T K - temperature
Dgyp m 1.61 x 10> length of the ray tracing Tiiq K 1800 liquidus temperature
sub-regions Tinax K 3400 maximum temperature
d m 124.1 x 10-'2  molecular diameter of iron Tre K 300 reference temperature
f
f - - term determined by the flow Tsol K 1750 solidus temperature
pattern T Tenergy m-! - energy transformation term
F - 0.48 coherent solid fraction t S - time
For - 0.64 critical solid fraction U= (v, vy, v;) ms™! - fluid velocity vector
F ms~! - contribution to the speed of ms~! (0,0,-150)  vapor velocity vector - partial
the evaporating front penetration; origin at keyhole
K - - solid fraction bottom
g ms—2 (0,0,9.81) gravitational acceleration v ms~! (0,0,-150)  vapor velocity vector -
vector (0,0, 100) complete penetration; origin
AHy ]mol’1 —1.66 x 10> standard heat of adsorption at two-thirds of the plate
Hinix ] - volume-fraction-averaged thickness
enthalpy Veell m—3 8 x 1012 cell volume
he Wm~2K-! 15 heat convection coefficient Viey m-3 - keyhole volume
Rgepen m - keyhole depth Uz ms~! - normal projection of the vapor
hg Jkg™! 247 x 103 latent heat of fusion of velocity vector
unalloyed steel vz ms~! - tangential projection of the
Rimix Jkg™! - volume-fraction-averaged vapor velocity vector
sensible enthalpy XY,z m - Cartesian frame coordinates
Hyey Jkg™! _ sensible enthalpy at the 20 m 2x1073 position of the focal plane
reference temperature along the optical axis
hy Jkg! 6260 x 103 latent heat of vaporization of r m see Table 2 Rayleigh legnth
unalloyed steel Greek symbols
! - - running index Symbol Unit Value Meaning
ky JK-1 1.381 x 102 Boltzmann constant
k - 3.18 x 103 constant related to the a - - absorption rate
entropy of segregation jig - - liquid volume fraction
L Jkg™! - latent heat content ol - - volume fraction of the steel
Mot kgmol'1 55.845 x 10~3 molar mass of pure iron phase
i m _ surface normal vector Biteel K1 1.6 x 107> volumetric thermal expansion
ft - - surface unit normal vector coefficient of pure iron
p Nm-2 _ fluid pressure s mol m—2 1.3 x10°° surface excess at saturation
Dair Nm—2 - air pressure at the steel-air 4 Nm™! - surface tension
interface Yo Nm™! 1.943 surface tension of pure iron
Pea Nm-2 _ capillary pressure & Nm~ 1K' 0.25 material dependent coefficient
P w see Table 2 laser power &r - 0.4 emissivity
Pray w _ sub-ray power € - 1x1073 numerical constant
Prec Nm-2 _ recoil pressure 6; rad - incident angle at the i-th
Dsteel Nm—2 - steel pressure at the steel-air reflection point
interface K m-! - curvature
Prapor Nm-2 _ stagnation pressure due to the air Wm-K! 2.42 x 102 heat conductivity of air
metal vapor Avapor Wm1K-! 5x 1071 heat conductivity of metal
Geonvection Wwm-2 - convective heat flux density - vapor '
Gevaporation Wm2 - evaporative heat flux density Mmix Wm™ K~ - volume-fraction-averaged heat
q Wm-~2 - laser heat flux density s COM“@‘“FY ) ]
Qradiation Wm-2 _ radiative heat flux density Meair Pas 1.79 x 10~ dynamic viscosity of air
R, Jmol 'K-1 8.314 x 103 universal gas constant Femix Pas - volume-fraction-averaged
5 L . dynamic viscosity
R; m - direction vector of the i-th . R .
sub-ray reflection Msteel Pas - effective dynamic viscosity for
4 v . the steel phase
Ty, m 5x10 laser beam radius at the focal 4 e
o plane T Pas 1.62 x 10 dynamic viscosity of metal
. vapor at Tnax
- 1 1 h L .
@ m oa;tiZal?e::i-ls radius along the o Pas 5.7 x 1073 dynamic viscosity at T
-3 . .
Sconvection Wm-3 - convection power density Pair kgm73 1.225 mass dens¥ty of a'lr .
Se wm-3 _ energy source term Piig kg m 7060 mass density of liquid steel
Sevaporation Wm-3 - evaporation power density (continued on next page)

(continued on next page)

13



A. Artinov, X. Meng, M. Bachmann et al.

3

Prmix kgm™ - volume-fraction-averaged
mass density

Dsteel kgm™ 7060 mass density of steel

Puapor kg m™> 1.13 x 10~ mass density of metal vapor

o Wm-2K-4 5.67 x 10~  Stefan-Boltzmann constant

o4 m? - collision cross-section of an
iron molecule

T™a Nm—2 - Marangoni shear stress

Tyapor Nm2 - vapor-induced shear stress

Abbreviations

BAM Bundesanstalt fiir Materialforschung und -priifung

CSF Continuum surface force

EHS Equivalent heat source

RHS Right hand side

VOF Volume of fluid
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