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The aim of this work is to determine the influence of Yb:YAG laser beam power distribution on the
formation of a fusion zone in a laser-arc hybrid welded plate made of S355 steel. The laser beam heat
source is modeled based on the geostatistical kriging interpolation method. The electric arc is modeled
using classic Goldak’s heat source power distribution. The hybrid heat source energetic parameters
are assumed with respect to experimental research on Yb:YAG laser beam characteristics as well as on
electric arc current and voltage obtained during the real heating tests.
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1. Introduction

Changes of focusing in the optical system of
a laser beam change a laser spot diameter as well as
a laser beam power intensity distribution. A part of
the pumped laser energy converts to a heat that acts
as the heat source inside a laser material. This heat
source contributes to the non-uniform temperature
distribution in the gain medium which is dependent
on the gain medium configuration and cooling ge-
ometry [1]. This, in turn, contributes to the radial
heat dissipation and induces no desirable thermal
lensing effects influencing the beam shape, quality
and output power stability [2]. The above and many
other issues concerning the energetic characteristic
of a laser beam are currently under particular inves-
tigation in the field of mathematical modeling and
experimental research [3, 4].

A laser thermal load transferred through the
material generates high temperature gradients and
rapid cooling of steel which has the impact on the
structural composition and mechanical properties of
the processed material. Therefore, hybrid laser-arc
processing is used to reduce drawbacks of a single
laser beam acting on a material [5].

The aim of this work is the numerical analysis of
the influence of Yb:YAG laser beam power distri-
bution in the function of laser beam caustics on the
temperature distribution in laser-arc hybrid heating
of flat elements made of S355 steel.

2. Experimental research

The research on laser beam power distribution
as well as on current and voltage of the electric
arc in the hybrid laser-arc material processing is

performed using a Trumpf D70 laser head combined
with a TruDisk 12002 disk laser and a MIG torch.
Energetic laser beam parameters are obtained using
a Prometec UFF100 beam analyzer for measuring
of a high power laser beam profile (Fig. 1).

The measurement is made for different beam fo-
cal points from z = 0 (at the top surface of the
heated element) up to z = 10 mm, with the ac-
curacy of 1 mm. Distributions of the laser beam
heat source for the chosen focusing are presented
in Fig. 2.

Fig. 1. Laser beam analyzer UFF100.

Fig. 2. Percentage laser beam power distribution
for focusing (a) z = 0 and (b) z = 5 mm.
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Fig. 3. Measured (a) current and (b) voltage of the
electric arc.

Electric arc parameters (current and voltage)
are measured during the experiment (Fig. 3).
These parameters are further used in computer
simulations.

3. Heat source model

The kriging interpolation method at the point
(x, y) is a linear combination of observations. The
estimate is a function of the weighted average:

f̃ (x, y) =

n∑
i=1

wif (xi, yi) , (1)

where wi are the weight coefficients assigned to par-
ticular observations, f (xi, yi) is the real value of the
function (variable) at the measured point and n is
the number of sampling points that are considered
in estimating of the variable within the circle of ra-
dius rk from the estimated point.

The coefficients wi are calculated on the basis
of the kriging system of equations [6], where the
theoretical semivariogram is unknown and typically
approximated by analytical functions. One of the
main functions used in the approximation is a lin-
ear function γ(h) = C0 + hS (Fig. 4), in which the
semivariogram tends to sill S at h→∞, while C0 is
a function discontinuity (nugget effect).

The double ellipsoidal power distribution of the
electric arc heat source [7] is used in modeling of
hybrid processes. This heat source is described by
the following system of equations:

Q1 =

{
q1(x, y, z) =

6
√
3
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f1QA

abc1
exp

(
− 3x2

c21
− 3y2
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)
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6
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exp

(
− 3x2
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)
for x ≥ x0,

(2)

where a, b, c1 and c2 are the set of axes defining
the front ellipsoid and the rear ellipsoid, f1 and f2
(f1+f2 = 2) represent the distribution of the source
energy at the front and rear section of the source.
Thus, the resultant distribution of the source en-
ergy is the total sum described as Q1(x, y, z) =
q1(x, y, z) + q2(x, y, z). The parameter QA = ηAIU
reads as the arc heat source power, where I is the
current intensity, U is the voltage and ηA is the ef-
ficiency of the electric arc.

Arc + laser hybrid heat source distribution
(Fig. 5) is considered as a product of “double ellip-
soidal” Goldak’s model and Yb:YAG interpolation
model (Q1 +Q2).

4. Numerical modeling of temperature field

The governing equation describing the tempera-
ture field in a laser heated material is numerically
solved using the finite element method (FEM) in the
Petrov–Galerkin formulation. The weak form of the
heat transfer equation is expressed as follows:∫

Ω ′

dΩ φ
(
∇ ·
(
λ∇T

)
+ Q̃

)
=∫

Ω ′

dΩ Cefφ

(
∂T

∂t
+∇T · v

)
, (3)

Fig. 4. Characteristic of the linear function used in
the approximation of the theoretical semivariogram.

Fig. 5. Hybrid heat source power distribution at
the top surface (z = 0) of the welded joint.
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where T = T (xi, t) is the temperature [K] at the
point xi, v is the velocity vector [m/s], λ = λ(T )
is the thermal conductivity, Cef = Cef(T ) is the
effective heat capacity with the latent heat of fusion.
In turn, the evaporation expressed as φ = φ (xα) is
the spatial weight function in the Petrov–Galerkin
formulation.

Temperature in every node of finite element mesh
is a time function Tj = Tj (t). The integration of (3)
over the time leads to the following form:∑

e

∫
dt ϑ(t)

[ (
Ke
ij + V eij

)
Tj(t) +Me

ij∂tTj

]
=

∑
e

Seij

∫
dt ϑ(t)Qej(t)−

Γ∑
e

SΓ
ij

∫
t

dt ϑ(t)q̃ej (t).

(4)
Here, ϑ (t) is the time weight function, Ke

ij is the
local thermal conductivity matrix, V eij is the local
convection matrix, Me

ij is the local heat capacity
matrix, Seij is the local coefficients matrix, Qej is
the local vector of internal sources efficiency and
q̃ej is the local vector of boundary fluxes. Each term
in (4) can be given separately, namely

Ke
ij =

e∫
Ω ′

dΩe λe
∂wi
∂xα

∂φj
∂xα

, (5)

V eij = Ceef

e∫
Ω ′

dΩ wi
∂φj
∂xα

vα, (6)

Qei = SeijQj =

e∫
Ω ′

dΩ wiφjQ
e
j , (7)

Me
ij = (ρC)

e
Seij , (8)

q̃ei = SΓe

ij q̃
e
j =

e∫
Γ

dΓ ′
e
wΓ ′

i φΓ
′

j q̃
e
j (9)

with the finite element number e, and i and j —
the nodes numbers.

5. Results and discussion

Computer simulation of a single laser beam and
hybrid processing is performed for sheets made of
S355 steel in the system with a leading laser beam
heat source in the tandem. The dimensions of the

Fig. 6. Scheme of the considered system.

sheets are 150 × 40 × 5 mm3. Simulations are per-
formed with different laser beam focusing z = 0 and
z = 10 mm. The scheme of the considered system
is presented in Fig. 6.

5.1. Interpolated heat source

Results of a laser beam heat source interpolation
for beam focusing z = 0 are presented in Fig. 7
in the form of the comparison between the real
measured beam distribution and the interpolated
model. Figure 8 illustrates the interpolated laser
beam heat source power distribution for beam fo-
cusing z = 10 mm.

Fig. 7. Percentage distribution of laser power
described by the interpolation model for
∆h = 0.02 mm. Beam focusing z = 0.

Fig. 8. Percentage distribution of laser power
described by the interpolation model for
∆h = 0.02 mm. Beam focusing z = 10 mm.
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5.2. Single laser beam heating

Temperature distributions in the longitudinal
section of the laser heated element for y = 0 (in the
heating line) are presented in Fig. 9. Now, in
Fig. 9a, the temperature field simulation results
obtained using the analytical Gaussian laser beam
power distribution are shown. In turn, the temper-
ature field simulations obtained using the interpo-
lated heat source model are shown in Fig. 9b. Each
simulation is made for the same process parameters
and beam focusing z = 0.

Fig. 9. Temperature distribution in the longitudi-
nal section of the heated element (y = 0) for beam
focusing z = 0 using (a) analytical (Gaussian) heat
source and (b) interpolated heat source.

Fig. 10. Temperature distribution in the cross sec-
tion of the heated element for beam focusing (a)
z = 0 and (b) z = 10 mm.

Fig. 11. Temperature distribution in the longitu-
dinal section (y = 0) of the heated element for beam
focusing (a) z = 0 and (b) z = 10 mm.

Figure 10 shows the temperature field in the cross
section of the heated and melted element. Simu-
lations are made for the interpolated heat source
model and two different beam focusing: (a) z = 0
and (b) z = 10 mm.

In Figs. 9 and 10, the melted zone geometry is
marked by a solid line, while the heat affected zone
geometry — by a dashed line.

5.3. Hybrid laser-arc beam heating

Figure 11 presents temperature distributions in
the longitudinal section of the hybrid laser-arc
heated element for y = 0 (in the heating line).
In Fig. 9a, we show the simulated temperature field
obtained for beam focusing z = 0, and in Fig. 9b
— the temperature field obtained for beam focusing
z = 10 mm.

6. Conclusions

From the data analysis in Fig. 9 it can be ob-
served that the interpolated heat source model af-
fects the temperature field and thus the predicted
characteristic zones in the heated element (the melt-
ing zone and the heat affected zone). The com-
parisons in Figs. 10 and 11 show differences in the
melting zone and the heat affected zone at different
focusing of Yb:YAG laser beam. For beam focusing
z = 0, the synergy effect of heat sources is visi-
ble in Fig. 11. In the case of the defocused beam
(Fig. 11b), there is no through material melting ef-
fect.

The significant impact of the heat source power
distribution on the temperature distribution and
melted pool as well as the heat affected zones is no-
ticeable. This distribution depends on the focusing
of Yb:YAG laser beam (other technological param-
eters are the same).
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