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Abstract

Modern aerospace industry demands the union of different Inconel 718 parts ensuring the quality of the joint. Therefore, in the
present work a novel fiber laser welding model that considers wobbling strategy is developed. The heat source model definition
and solid-liquid phase change phenomena are taken into account as bead is considered liquid zone during the melting, getting a
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of
robust-but-simple tool for prediction of bead and heat affected zone geometries depending on process parameters. One of the
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
main drawbacks is the maximum welded bead width, which is limited by the beam spot. In order to overcome this handicap,
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to
wobbling strategy allows covering a wider area by combining elliptical and linear motions. Optimal relation between these
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and
orbital and translation speeds is defined for minimum overlap among consecutive wobble rings. Likewise, temperature rise at
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
welded joint is estimated by existing and modified heat source models after relying on experimental validation.
Abstract

system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
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and physical architecture graph (HyFPAG) is the output which depicts the
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
Keywords: laser welding; Inconel 718; wobbling; simulation
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach.
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Mazumder and Steen [5], Goldak [6], Swifthook [7] or
Dowden [8] have proved the utility of creating heat source
models that help products designing and fabrication processes.
In this work, a predictive model is developed and validated
by experimental results in order to analyse the geometry of
different Inconel 718 seams depending on the input
parameters used in LBW process.
Fig. 2. (a) Result after clamping; (b) Non-clamped and misaligned trial.

2. Materials and Experimental Procedure
Inconel 718 sheets of 2 mm thickness were chosen for this
research as they are used in Tail Bearing Housings (TBH),
which are structural components that both connect the engine
with the wings of the aircraft and redirect the outgoing fuel
from the gas turbine.
Table 1. Chemical composition (wt. %) of Inconel 718 [9]
Al

B

C

Co

Cr

Cu

Fe

0.55

0.004

0.054

0.28

18.60

0.05

18.60

Mn

Mo

Ni

P

S

Si

0.24

3.03

52.40

<0.005

<0.002

0.06

Ti

Nb

Ta

Bi

Pb

Ag

0.98

4.89

<0.05

<0.00003

<0.0005

<0.0002

The trials were executed by a Yb:YAG fiber laser source
with a maximum power of 1 KW and 1070 nm wavelength.
The laser spot on the surface of the workpiece is of 100 m,
so wobbling technique was employed for covering a wider
area and creating a consistent weld seam. This method
combines orbital and linear motions by rapid movements of
the optical glasses that are located in the scanner.
In this work, a 900 m diameter wobbling (dw) was
selected, which added to the laser spot diameter (ds) gives a 1
mm heat source. Different powers from 350 W to 500 W were
combined with 3 mm·s-1 and 5 mm·s-1 advancing speeds
along x axis.

Fig. 1. Analysed test samples.

The thermal dilatations and contractions during the melting
process may cause misalignment distortions in the weld zone.
This defect could enhance the static stress concentration factor
(kt) at the limits of the weld bead, rising the stress that a piece
should handle with. This factor is defined as the ratio between
the maximum stress and the nominal stress at a specfic zone,
thus, kt=σmax/σnom. The test samples were clamped for the
trials in order to prevent stress peaks due to sudden geometry
changes at the weld crown and root.

For the purpose of avoiding excess energy supply for weld
formation, a relation between feeding speed (vf) and
peripherical speed (vp) was established. In this way, minimum
overlap and no space between consecutive rings were
obtained by equalizing the time spent for describing a ring
(tloop) and the one for advancing a ring width distance (twidth)
(equations 1-3).

Fig. 3. Wobbling method schematic view.

𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ
𝑣𝑣𝑝𝑝

𝑡𝑡𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ =
𝑣𝑣𝑝𝑝 =

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ
𝑣𝑣𝑓𝑓

𝑣𝑣𝑓𝑓 ∗(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ

(1)

(2)

(3)

In order to create a protection atmosphere against oxidation
and stabilize the laser welding process [10] , argon shielding
gas was used. The protective gas flow rate was of 24 L·min-1
and introduced as it is shown in the scheme in Figure 4.
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Table 2. Temperature dependent material properties of Inconel 718 [14]
Temperature
Density
Specific heat
Thermal
conductivity
(K)
(kg m-3)
(J kg-1 K-1)
(W m-1 K-1)

Fig. 4. (a) Argon shielding scheme; (b) Argon shielding tooling.

3. Analytical Model
The temperature distribution T(x,y,z)[K] induced by a
moving laser heat source over a surface is defined in
equation (4) [11] [12] .
∞

∞

𝑇𝑇(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = ∫ ∫ 𝐴𝐴𝐴𝐴(𝑥𝑥 ′ , 𝑦𝑦 ′ )𝑊𝑊(𝑥𝑥 − 𝑥𝑥 ′ , 𝑦𝑦 − 𝑦𝑦 ′ , 𝑧𝑧)𝑑𝑑𝑑𝑑′𝑑𝑑𝑑𝑑′

(4)

−∞ −∞

𝑊𝑊 =

𝑒𝑒

[

−𝑣𝑣
(𝑥𝑥−𝑥𝑥 ′ +𝑅𝑅)]
2𝛼𝛼

2𝜋𝜋𝜋𝜋𝜋𝜋

1
𝑅𝑅 − 𝑣𝑣𝑣𝑣
𝑅𝑅 + 𝑣𝑣𝑣𝑣
∗ [1 − erf (
) + 𝑒𝑒 𝑅𝑅𝑅𝑅/𝛼𝛼 (1 − erf (
))] (5)
2
2√𝛼𝛼𝛼𝛼
2√𝛼𝛼𝛼𝛼

𝑅𝑅 = √(𝑥𝑥 − 𝑥𝑥 ′ )2 + (𝑦𝑦 − 𝑦𝑦 ′ )2 + 𝑧𝑧 2

(6)

Each point has a concrete temperature according to its
absorptivity (A), applied power intensity (I), thermal
conductivity (λ), thermal diffusivity (α) and the laser
advancing speed (v).
The model used in this work is based on Matlab Laser
Toolbox [13], which considers constant thermo-physical
properties. Applying two-dimensional Fourier transform, the
temperature field described in equation (4) is defined as in
equation (7).
̃
𝐹𝐹2 {𝑇𝑇} = 𝐹𝐹2 {𝐴𝐴𝐴𝐴 ∗ 𝑊𝑊} ↔ 𝐹𝐹2 {𝑇𝑇} = 𝐴𝐴𝐹𝐹2 {𝐼𝐼}𝐹𝐹2 {𝑊𝑊} ↔ 𝑇𝑇̃ = 𝐴𝐴𝐼𝐼̃𝑊𝑊

(7)

The temperatures estimation was fixed by taking into
account variable conductivity, diffusivity and absorptivity of
the material depending on obtained temperature increments
through the thermal conduction process. The model represents
the temperature field at each time step, and it finishes its
calculus when there is no difference between two consecutive
temperature fields (steady state). The properties of each point
are heritated from its temperature of the previous time step.
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The absorbed laser power and its consequent effects on the
materials final shape can be fairly predicted [8], so the
absorptivity of a material is the basis for any heat transfer
modeling [15]. While the absorptivity of Inconel 718 at room
temperature is close to 0.3 [2], the absorption at the keyhole
can be considered as complete, thus, it works as a blackbody
[16]. For this reason, the model also considers a progressive
absorptivity rise from 293 K (A=0.3) to the pure nickel
vaporization temperature, thus, 3100 K (A=1).
Moreover, forced convection phenomena at top and bottom
surfaces was applied for simulating the argon supply
influence.
Regarding the laser power, the model simulates a circular
heat source, so a relation between the power supplied in the
wobbling experiments (Preal) and the model input (Psim)
must be fixed considering the wobble ring and the circle areas
(Areal and Asim, respectively). Whereas the trials are carried
out by advancing rings that combine orbital and linear
motions, the simulation introduces a single advancing circular
filled surface. This assumption can be introduced when the
intensity supplied by a ring and a circle are connected by a
geometrical relation of their respective areas. This allows to
make the problem less complex as the orbital movement is
neglected.
Equalizing the laser beam surface intensity for both cases,
Psim=Preal*(Asim/Areal). In this case, Asim/Areal=2.78,
thus, Psim=2.78*Preal.

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

𝜋𝜋(𝑑𝑑𝑤𝑤 + 𝑑𝑑𝑠𝑠 )2
4
𝜋𝜋(𝑑𝑑𝑤𝑤 +𝑑𝑑𝑠𝑠 )2
4

−

(8)

𝜋𝜋(𝑑𝑑𝑤𝑤 −𝑑𝑑𝑠𝑠 )2
4

= 𝜋𝜋𝑑𝑑𝑤𝑤 𝑑𝑑𝑠𝑠

(9)
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The transience that the welding process has to deal
with until reaching the stable stage relies on the
properties change as the keyhole is generated and moved
through the substrate. In this sense, it must be known
that the steady state will be achieved if there is a
minimum laser feeding speed that produces enough
vapor able to get through the melting material in its
pathway [17]

677

Therefore, it is concluded that the power supplied for a
simulated circular heat source and the one supplied for a real
wobbling method is dependent on the relation between the
circle and the wobble rings areas. Consequently, less power is
needed for welding if wobbling technique is applied, avoiding
problems as power limitation or too little laser spots. To sum
up, the model used for this work has a direct industrial
application as it allows to determine the magnitude of the
seams generated by laser welding for Inconel 718 sheets.

Fig. 5. Steady state temperatures for 500 W and 3 mm/s feeding speed.

The criterium for predicting the melted material
dimensions is based on the Inconel 718 solidus temperature,
thus, 1533 K. All the zones over this temperature are therefore
considered as part of the weld seam.

Fig. 6. Surface weld seam for 450 W and 5 mm·s-1 feeding speed.

4. Results and Discussion
The widths of the weld seams were measured on the
surface and then compared with the temperature fields
obtained by the analytical model. The results showed a less
than 5% error between the trials and the simulations.
Table 3. Seam width measurements for different process parameters
Power
(W)

Feeding
speed
(mm·s-1)

Simulated
width (mm)

Measured
width (mm)

Error (%)

350

3

2.224

2.202

1.00

350

5

2.024

1.951

3.74

400

3

2.464

2.473

0.36

400

5

2.142

2.043

4.85

450

3

2.704

2.662

1.58

450

5

2.424

2.365

2.49

500

3

2.944

3.001

1.90

500

5

2.584

2.509

2.99

5. Conclusion
The present research demonstrates that a high accuracy is
obtained by comparing the real trials and the simulated seams
from the used analytical model when the material properties
as the absorptivity, the conductivity or the diffusivity change
along the welding process up to the steady state consolidation.

Fig. 7. Simulated weld cross section for 500 W and 3 mm·s-1feeding speed.
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