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Modeling of humps formation during deep-penetration laser

welding

E.H. Amara - R. Fabbro

Abstract A 3-D transient modeling based on the numerical
resolution of the fluid flow ant the heat transfer equations
is developed for deep-penetration laser welding at high-
welding speed regime, which results in the humping phe-
nomenon. The physical mechanisms included in our model
concern matter melting, vaporization inducing a recoil pres-
sure, and resolidification. The implementation of developed
procedures called User Defined Functions (UDFs) work-
ing interactively with the CFD Fluent code and a dynamic
mesh method allowed us to treat the problem with specific
and complex boundary conditions. The recoil pressure, fu-
sion, resolidification, and the temperature dependence of the
physical properties were thus taken into account. As a result,
regular humps could be observed after resolidification on the
weld seam.

1 Introduction

Fast laser welding by deep penetration is an advanced join-
ing process which nowadays is of growing interest due to
economical and automation integration issues. It was ob-
served that when the processing speeds are ranging from
12 to 19 m/min, an elongated keyhole is obtained and the

surface of the melt pool shows rather small fluctuations.
At higher velocities, above 20 m/min, the humping regime
is reached, it results in weld seams with a periodic occur-
rence of beadlike protuberances, and very strong undercuts,
composed of large swellings of quite ellipsoidal shape, sep-
arated by smaller valleys [1, 2]. This defect constitutes a
major inconvenience to move towards high-velocity weld-
ing. Various theoretical approaches were proposed to un-
derstand humps formation [3], and experimental data were
compiled to verify the models related to welding by differ-
ent processes [4]. However, we have found that few mod-
els on simulation of the humping phenomenon have been
proposed, and the very interesting one concerns the sim-
ulation of humping occurrence in arc welding, performed
by Cho [5, 6], where the Flow3D CFD packages was used,
with the implementation of the Volume Of Fluid method
(VOF) for interface tracking. In our contribution, we pro-
pose a 3-D transient modeling of deep-penetration welding
at high processing speed, based on the numerical resolution
of the fluid flow and the heat transfer equations with suitable
boundary conditions. The involved physical processes asso-
ciated with the laser-matter interaction are a very complex
phenomenon to understand from basic principles, due to the
simultaneous occurrence of solid, liquid, gas and plasma
states in a small volume. Many physical mechanisms occur
since the first stage of the laser interaction with matter, lead-
ing to laser energy absorption. The melting of the material
surface, its vaporization, the phase interactions, the interac-
tion with the laser beam and the resolidification processes
determine the weld-joint pattern and its quality. The physi-
cal phenomena such as matter removing, once the absorbed
laser energy is beyond the material vaporization threshold,
the movement of the melt pool at the surface, the free sur-
face deformation, the solid-liquid interface evolution, the
resolidification are involved in our modeling. The govern-
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ing equations were solved numerically by finite-volume dis-
cretization implemented by Fluent CFD code [7], and in or-
der to involve the complex specific boundary conditions, the
physical mechanisms and the temperature dependent physi-
cal properties, we developed procedures called user-defined
functions (UDFs), which were used interactively with Flu-
ent solver. We have considered in our UDFs the recoil pres-
sure, which is among the physical mechanisms responsible
for the free surface deformation. The interest in free surface
deformation, induced by high-power laser beams, goes up
again to the end of seventies and early eighties. A pioneer-
ing work has been reported by Tribel’skii [8] in 1978, who
determined theoretically the shape of the free surface of the
melt undergoing deformations due to the recoil pressure. In
1980, Bunkin et al. reviewed [9] the various aspects on the
interaction of high-power optical radiation with a liquid. In
1981, they studied the melt surface shape variation as a func-
tion of the laser beam velocity [10], and in 1983 Samokhin
[11] investigated the influence of evaporation on the melt be-
havior during laser interaction with metal. Due to the great
economical challenge of high-velocity laser welding, the in-
vestigations on deep-penetration laser welding still capture
great interest, and as a contribution, learning on our previous
work [12], the free surface deformation resulting in keyhole
and humps formation is studied using dynamic mesh and
enthalpic approaches. The results obtained show the occur-
rence of humps after resolidification.

2 Modeling
2.1 Surface deformation and liquid movement
A multiphase problem involving cavity formation and in-

ducing liquid movements in the presence of solid material
is considered. The involved physical mechanisms are the

Fig. 2 Effect of the drilling velocity on surface elements

local laser energy absorption, the induced melting and va-
porization, and then the resolidification. We assume that the
sample surface was flat at the initial time r = 0, and that
the whole sample temperature was at 7 = 300 K, as shown
in Fig. la, while the different regions representing the melt
bath, the keyhole and the weld joint during the welding
process, are sketched in Fig. 1b.

Firstly we simulate the surface deformation under the
laser beam effect by considering the local drilling velocity
described by Semak et al. [13], when the deposited laser ab-
sorbed energy is beyond the material vaporization threshold.
The surface displacement produced by the drilling velocity
is given by

Ad = vy At (1

Fabbro et al. [14] have proposed this approach in a 2-D
model for the calculation of keyhole profiles. We have ap-
plied this approach in a 3-D calculation by considering the
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Fig. 3 3-D schematic representation of the keyhole, and a surface ele-
ment, with its normal vector

normal vectors on surface elements. As an illustration, Fig. 2
shows two surface elements of the sample, where the laser
beam impinges under different angles relatively to the sur-
face elements orientations. The absorbed laser energy in-
duces a drilling velocity, which results in a movement of
the elements over a distance Ad; during the time step At.

The drilling velocity is proportional to the absorbed laser
intensity following the relation:

vy = K Lps cos(a) (2)

where K is a proportionality factor, I,ps the absorbed laser
intensity, and a the beam incidence angle over the sample
surface. The local absorbed laser intensity is thus needed in
order to calculate the free surface deformation, it is required
also the knowledge of the local incident angle « of the laser
beam over the surface element.

We proceed by considering the surface pattern as a 3-D
envelope where we need to know the normal vector A N at
each surface element as shown in Fig. 3, where A,, A, and
A; represent the vector components. The modulus of the
normal vector A ~ and also the vector components are data
reachable from Fluent, which update the mesh geometry af-
ter each time step. Thus one can obtain the incidence angle
o through the relation:

cos(a) = A./|A| 3)

and one can thus calculate the absorbed intensity such as (for
a Gaussian beam):

Livs = A(2P /7r}) cos'? (@) exp(=2r2/r]) @

Where A is the absorption coefficient of the material, re-
lated to the used laser wavelength, P the laser power, and r|
the beam focal spot radius.

In our approach, we consider that the laser beam moves
over the free surface of the sample at a welding speed v,,.
As shown on Fig. 4, the position r is calculated such as
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Fig. 4 Representation of the laser beam on the free surface

r=[((1—x)%+y*]"/2, where 1 = x, + vyt, with x, the
initial position of the laser beam on the sample surface, and
Uy the translational laser beam displacement velocity. When
r <=r1, s is calculated following (4), else if r > rq, then
Lps 1s equal to zero. Thus, knowing the local absorbed laser
intensity, at each surface element, we deduce the drilling ve-
locity vg, which is used to calculate surface elements dis-
placements, and then the whole envelope deformation is ob-
tained for the 3-D geometry.

The material melting and resolidification are calculated
by an enthalpic method, and the surface tension varia-
tion due to the temperature difference produces a stress
on the wall, which is taken into account in this model-
ing. This stress, called Marangoni stress, is given by t =
(do/dT)V,T, where do /dT is the surface tension gradient
and VT is the surface gradient. In the case of iron, we have
taken do/dT = —10* N/m/K [15]. We have noticed that
the inclusion of a surface tension effect through this gradi-
ent is of high importance for the observation of humps.

2.2 Dependance of the physical properties on the
temperature

The density, the heat capacity and the heat conductivity of
the treated material are considered to vary with the tempera-
ture. From Duley [16], we deduce the following expressions
for the density and heat conductivity:

o (T)=—-0.4522T + 7755.7 [kg/m3] 5
k(T)=—0.0218T +76.307 [W/m/K] 6)
whereas, to take into account the latent heat effects on the

temperature distribution, an increasing of the heat capacity
given by Toyerskani et al. [17] is applied such as

1
*(T)= ——| Ly
=gz |1,

a

T
deT} ™)



Where Ly is the material latent heat of fusion (L =
276 x 10° ] /kg for the iron), and C;; the modified heat ca-
pacity. By developing the expression (5) for the iron, we ob-
tain an approximation of the heat capacity C;; [J/kg/K] as
a function of the temperature such as:

CH(T)=2.6137 x 107472 +0.12034621T + 124 (8)

3 Results and discussions

In the present work, we have used the laser beam parame-
ters given in Ref. [2], where the laser power was 4 kW, the
beam diameter was 600 pm and the laser wavelength was
1.06 pm (Nd_YAG laser). For an iron sample, submitted to
a CW-Nd_YAG laser beam, the absorption coefficient A is
0.3, and the proportionality coefficient K is taken equal to
3 x 107! (m/s)/(W/m?).

The displacement velocity of the laser beam which we
used in our modeling is 0.8 m/s (~50 m/min). An iron par-
allelepipedal sample with the dimensions: 15 mm x 2 mm
x 1 mm, is considered, where the 3-D structured mesh
is constituted of triangular cells on walls and tetrahedral
cells inside the volume. The sample geometry, the domain
meshing and the boundary reservation are performed by the
pre-processor Gambit of Fluent softwares. Fluent solver is
used to solve the corresponding Navier—Stokes equations
by finite-volume discretizing. The boundary conditions and
temperature dependant material properties are introduced
by the mean of user-defined functions, or UDE, written in
C programming language. These UDFs are used to cus-
tomize Fluent and adapt it to a particular need required
by the modeling. They can be used in various applications
such as customizing boundary conditions or the definition
of work-pieces physical properties depending on the tem-
perature. They can be loaded interactively in the calcula-
tion procedure during the numerical resolution of the equa-
tions by the processor Fluent. This allows for enhancing
the standard features of the calculation code. In this mod-
eling, we have developed UDFs in order to introduce the
operating conditions, the different involved physical mecha-
nisms such as laser energy deposition and recoil pressure,
and the specific boundary conditions related to our prob-
lem.

The performed study was relatively complex since to
make evident the humping phenomenon, we had to use a 3-D
approach, and also to take into account the keyhole forma-
tion since the initial instant # = 0, when the laser beam drops
onto the material surface. The laser energy deposited over
the surface, leads to a deformation process due to the matter
vaporization while the laser beam moves on the free surface
at the processing speed v,,. The dynamic mesh was difficult
to stabilize, and many configurations have been tested be-
fore finding the suitable mesh. Indeed, when the boundary
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Fig. 5 Sequences of free surface deformation

displacement is large compared to the local cell sizes, the
cell quality can deteriorate or the cells can become degener-
ate. This will invalidate the mesh (e.g., result in negative cell
volumes) and consequently, will lead to convergence prob-
lems when the solution is updated to the next time step. To
circumvent this problem, the cells or faces that violate the
skewness or size criteria, are agglomerated and are locally
remeshed. If the new cells or faces satisfy the skewness cri-
terion, the mesh is locally updated with the new cells (with
the solution interpolated from the old cells). Otherwise, the
new cells are discarded.

In Fig. 5, we show sequences representing the time evo-
lution of the free surface, and its deformation due to the
vaporization during laser beam energy absorption. We note
in the sequences the keyhole profile evolution, and its elon-
gated shape due to the relatively high laser beam displace-
ment speed. After a while, a stationary regime is established,
and a maximum penetration depth is obtained while the laser
beam moves over the sample surface.

Among the results of the performed simulation, we report
in Fig. 6 the calculation of the laser absorbed energy dis-
tribution, which produces melting and vaporization of mat-
ter. The recoil pressure induced by vaporization pushes the
metallic liquid generated on keyhole front, to move around
the keyhole towards the bulk of the molten pool in the
rear region. The vectors velocity distribution represented
in Fig. 7 show the direction of the melt around the key-
hole.

Figure 8 represents the temperature field distribution
from different views. The bird’s eye view shows clearly the
elongated keyhole and its dimension. Figure 9 represents an



Fig. 6 Contours of total surface
heat flux (W/ m?)

Fig. 7 Velocity vectors (m/s)
of the metal liquid at a depth of
0.1 mm

Fig. 8 Temperature field
distribution
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Fig. 9 Experimental observation of humps formation
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Fig. 10 a Sample surface viewed from the rear side; b Sample surface
viewed from the molten bath front

experimental result [2] showing clearly an elongated key-
hole shape and a hump formation.

From Figs. 8 and 9, one can conclude to some simili-
tude between the experimental observation and the numeri-
cal simulation.

Finally, as the main result of our modeling, we present in
Figs. 10a and 10b from different angles of observation the

sample with the molten bath and the resolidified region. We
can see the growth appearing behind the molten bath, which
suggests humps formation.

4 Conclusion

We have developed a modeling that allowed us to make
evident the humps formation at high welding speeds. We
have used calculation procedures to insert the main physical
mechanisms, the dynamic mesh technique and the specific
boundary conditions in the calculation process using a CFD
Fluent code.
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