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Abstract. Manufacturing of stiffened aeronautical structures requires the joining of stringers to thin skin. Structures
targeted in this work are composed by Ti-6Al-4V (Grade 5) stringers and commercially pure Ti (cp-Ti, Grade 2) skin. The
stringers are laser beam welded (LBW) to the skin in T-joint configuration. Despite the highly concentrated and relatively
low heat input of the laser source, the reduced thickness of the skin (0.8 mm) leads to significant angular distortion and socalled “Zeppelin effect”. Moreover, buckling distortion is observed in medium size panels (500 x 500 mm) including
several stringers. Within this study, laser straightening (LS) process has been developed to mitigate as-welded distortion.
The process is applied on the reverse of the skin and is based on the temperature gradient mechanism (TGM). The same
welding source (disk laser) and optic head were employed for both LBW and LS. Consequently, the complete
manufacturing of the structure can be done in just one working station. Different LS strategies were applied with the aim
of removing welding induced distortion. They included both constant and variable laser power runs, single and multiple
runs and different scanning sequences. After optimization of LS process, medium size panels with maximum distortion of
less than 2.6 mm were obtained. Initial distortion was higher than 11 mm, meaning that approximately 80% of welding
induced distortion was effectively removed.
List of abbreviations: Laser beam welding (LBW), laser straightening (LS), temperature gradient mechanism (TGM),
hybrid laminar flow control (HLFC), angular distortion (αb).

INTRODUCTION
The International Air Transport Association (IATA) expects more than 8 billion passengers to travel in 2037, this
means a twofold increase in air travelers flying in 2018 [1]. The continuous growth of worldwide air transport demand
makes necessary to improve its environmental impact and reduce CO2 footprint. Reduction of fuel consumption and
air pollutant emissions can be achieved by both reducing weight of fuselage structures and optimizing their
aerodynamic performance. In this sense the introduction of high strength lightweight Titanium alloys, the replacement
of conventional riveting joints as well as the implementation of advanced aerodynamic concepts like HLFC at the
leading edges can decisively contribute to develop greener aircrafts [2-3].
Titanium alloys are promising materials for aircraft structures due to their excellent mechanical properties,
strength-to-density ratio and outstanding corrosion resistance. Structures targeted in this work are composed by Ti6Al-4V (Grade 5) stringers and commercially pure titanium (cp-Ti, Grade 2) skin. Ti-6Al-4V alloy has a significantly
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higher strength but reduced formability in comparison with cp-Ti. The stringers are LBW to the skin in T-joint
configuration (Fig. 1). Despite the highly concentrated and relatively low heat input of the laser source, the reduced
thickness of the skin (0.8 mm) leads to significant angular distortion (αb) and so-called “Zeppelin effect”. “Zeppelin
effect” is a geometrical effect which is observed in welded stiffened thin panels due to the accumulation of angular
distortion. Angular distortion is originated due to an inhomogeneous distribution of residual stresses along the skin
thickness caused by high temperature gradient between upper and lower sides of the skin during LBW [4]. This gives
rise to localized distortion and sharp transition lines are observed on the reverse of the skin parallel to the welded
stringers. The final geometry reminds a Zeppelin airship. The avoidance of “Zeppelin effect” is critical to ensure
optimum aerodynamics in aircraft structures. Moreover, buckling distortion can be also activated in flat stiffened
structures due to compressive stresses.

FIGURE 1. Scheme of LBW and LS of T-joint based welded stiffened structures.

The goal of this work was to reverse and remove LBW induced distortions by applying subsequent LS process on
the reverse of the samples (Fig. 1). LS process relies on the TGM and involves the scanning of the parts by defocused
laser beam [4]. It is basically a non-contact laser forming process that has been previously implemented for bending,
spatial forming and shape corrections in thin sheets [5-8]. This paper compares performance of different LS strategies
that were applied with the aim of removing welding distortion in medium size stiffened panels made of titanium alloys.

EXPERIMENTAL PROCEDURE
The same welding source (disk laser Trudisk 5002 (6C)) and optic head (Trumpf – BEO D70) were employed for
both LBW and LS. The head was mounted on a Gantry KUKA RLP60-60 robot. Main characteristics of the laser
source and head are included in Table 1.
TABLE 1. Main characteristics of laser system
Characteristic

Value

Diameter of laser beam delivery fiber (µm)
Collimation lens (mm)
Focal lens (mm)
Focal spot diameter (µm)
Center wavelength (nm)
Beam parameter product (BPP) (mm·rad)

400
200
200
400
1030
8

LBW was done with fully focused beam configuration, i.e., 400 µm spot diameter. Details of the rest of LBW
process parameters, shielding setup and metallographic characterization are given elsewhere [2,4,9]. Resulting welds
complied with EN 4578:2011 and AWS D17.1:2001 quality standards. After LBW process optimization, several flat
panels were welded. Each panel was composed by 500 x 500 mm cp-Ti skin and five Ti-6Al-4V stringers. Both
components had 0.8 mm thickness. Some of the panels had L-shape stringers (20 x 19 mm), whereas others had
straight stringers (19 mm). The edge of the stringers was milled before welding. Reference and geometrical details of
each panel are included in Table 2.
After LBW, the panels were turned around and placed on a flat table. As-welded distortion was measured by
scanning the skin surface on the reverse face with laser optical sensor. The optical sensor relied on laser triangulation
concept to automatically calculate real distance from the sensor to the sample surface. In this way, the Z component
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of distortion was measured in each point. This distortion was measured along 10 profiles that were perpendicular to
the stringer welding direction (black lines in Fig. 2a). Distortion profiles were captured at
25/75/125/175/225/275/325/375/425/475 mm from the edge of the panels. Within each profile, Z component of
distortion was captured every 0.2-0.3 mm. These distortion data were stored as structured grid.
Then, LS process was completed. As explained before this was applied on the reverse of the panels by scanning
with highly defocused laser beam. The scanning was performed exactly under each stringer and along welding path.
A defocus length of +27 mm was introduced leading to a spot diameter of 4.5 mm. The travelling speed was similar
to LBW (3.5 m/min) and the incidence angle was 90º. A trailing shielding nozzle was employed with 15 l/min Ar flow
and run-on and run-off plates were attached to the panels to avoid oxidation of the surface and edges.
Different LS strategies were tested to analyze the efficiency in removing welding induced distortion. They included
both constant and variable laser power runs, single and multiple runs and different scanning sequences. Full details of
LS strategies cannot be given, since the optimized strategy is under patent pending process. After LS, distortion of
panels was measured again by the procedure described above. It must be noted that the same laser triangulation sensor
(TH6i-150-CF from SCANSONIC) was used both for seam tracking during LBW and distortion measurement before
and after LS.

a)

b)

FIGURE 2. a) Experimental setup for LS process implementation. b) Analysis of measured distortion data by Best Fit method.
Originally measured surface in blue, determined best fit plane in grey and the surface rotated and moved in green.

Distortion analysis and visualization
Best Fit method was applied to evaluate flatness and visualize distortion of panels. The Best Fit method fits a plane
through a set of points by an equation as follows:

Ax + By + Cz + K = 0

(1)

The constants A, B, C and K can be found applying Least Squares Method. The Best Fit in the least-squares sense
minimizes the sum of squared residuals (being a residual the difference between an observed value, and the fitted
value provided by the equation). Once the best fit plane has been determined, the next step is to rotate jointly this
plane and the surface to level the plane. Finally, the surface is moved to locate the minimum height point on the XY
plane (Z=0). In this way, every Z distortion will be positive. Figure 2b shows the grid (plane XY), the measured
surface in blue, the best fit plane in grey and the surface rotated and moved in green.
Best Fit method was implemented in R code. Distortion data were represented in three ways: 2D plots of Z
distortion profiles using function plot, colour map representation using mainly function image and 3D representation
through functions of rgl package from R software.

RESULTS AND DISCUSSION
Distortion after LBW
Before comparing distortion results of initially flat panels, it must be noted that due to the buckling phenomena
induced by LBW, demo panels nested or remained in two stable positions. Position 1 refers to the case of applying a
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slight force at the edge of the panels where the LBW of stringers started, whereas position 2 is obtained by slightly
pressing the panel at opposite edge (end of LBW).

FIGURE 3. 3D distortion plots of Panel 6 measured in two nesting positions.

Being the “Zeppelin effect” evident in both positions, it is clear that the distribution of buckling induced distortions
differs. In fact, there was a kind of belly which moved from one to another side depending of the nesting conditions.
A comparison has been made to analyse influence of buckling in maximum induced distortion. Thus, maximum Z
distortion values have been compared in both nesting positions. Difference between these maximum values was
always lower than 1.1 mm, therefore, it was concluded that there was not a significant influence on maximum
distortion between the two nesting positions (different buckling distortion distribution).
However, the distribution of buckling distortion did affect the angular distortion which was measured around each
stringer. Figure 4 compares distortion angles which were measured for the same scanning profile (profile 1 at 25 mm
from the edge) in both nesting positions. Distortion angles around each stringer are depicted beside vertical dotted
lines.
Measured as-welded distortion of different panels in nesting position 1 and according to Best Fit method are
included in Table 2. 2D plots of profiles, colour maps and 3D plots of distortion were also determined for each panel.
Despite there were differences in the distortion magnitude between panels, the overall distortion distribution was
comparable in all cases. This is better shown in colour maps and 3D plots.
TABLE 2. Geometrical details, as-welded distortion and final distortion (after LS) measured in stiffened panels
Panel
reference

Panel 3
Panel 5
Panel 6
Panel 7
Panel 8
Panel 11

Skin (cpTi) size
(mm x mm)

500 x 500
500 x 500
500 x 500
500 x 500
500 x 500
500 x 500

Nº of
stringer
s (Ti
Gr.5)
5
5
5
5
5
5

Span
distance
(mm)
90
90
90
90
90
90

Shape of
stringers
L-shape
I-shape
L-shape
I-shape
L-shape
I-shape
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Max.
distortion
after LBW
(mm)
+11.6
+14.4
+7.4
+9.8
+9.5
+11.2

Max.
distortion
after LS
(mm)
+7.1
+3.9
+7.6
+8.8
+2.6

Reduction
(%)
51
47
22
7
77

FIGURE 4. 2D distortion profiles including angular distortion measured in two nesting positions of Panel 6 (position 1 at the
right left side and position 2 to the right).

LS strategy development
A deep investigation on the effect of LS parameters and strategy on final distortion was performed with the panels
listed in Table 2. The goal was to achieve panels as flat as possible. With this aim, several trials were performed with
different straightening strategies, including different laser powers, single and multiple runs and different scanning
sequences.

FIGURE 5. Photos and 3D distortion plots of Panel 11 in as-welded and after first and second LS runs.

Best scanning strategy was achieved for double run condition for Panel 11 (Fig. 5). It must be noted that the
optimization of LS strategy and parameters was not only carried out analysing maximum distortion, but looking at the
shape of distortion profiles (2D profiles). Using this visualization tool, authors realized that the parameters that were
able to effectively remove angular distortion in small coupons (100 x 100 mm and 1 stringer) were not so efficient in
stiffened panels. Note that distortion are still more than evident in Panel 5 after LS with nominal parameters obtained
from small coupons (Table 2). In this panel LS power was modified along each stringer according to the local angular
distortion. Despite a reduction of almost 50% was achieved, it was not enough to avoid subsequent LS runs.
In the case of Panel 6 and looking only to the maximum distortion value (Table 2), it seems that the effectiveness
of straightening process was also limited (47% distortion reduction). However, a closer look at the 3D plots and 2D
profiles leads to the conclusion that distortion was completely removed in the entire surface and the observed
maximum distortion was due to an excessive upwards bending at the stringer located close to the edge (especially
stringer 5).
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FIGURE 6. 2D distortion profiles including angular distortion measured in Panel 6 in as-welded (left hand side) and after
straightening conditions (right hand side).

Main advantages of developed LS process are related to its implementation using the same laser system suitable
for LBW, its non-contact nature, the avoidance of oxidation, the lack of special forming tools (dies or presses) and its
high flexibility and automation possibility in comparison with other existing mechanical and thermal straightening
processes (f.e., flame straightening). Despite laser forming of titanium sheets has been previously studied for shaping
and bending applications [6,10], to the author’s best knowledge there are no previous studies targeting the removal of
LBW induced distortion in so thin titanium sheets.

CONCLUSIONS
•
•

•
•

LBW of stiffened aeronautical structures made of thin Ti sheets led to significant angular distortion, “Zeppelin
effect” and buckling distortion. Therefore, flatness and aerodynamics of the structure were lost after LBW.
Different LS strategies have been analyzed with the aim of removing welding induced distortion. The best
strategy based on a double run with specific laser power and scanning sequence led to a significant reduction
of distortion. Approximately 80% of initial LBW induced distortion was effectively removed and both
“Zeppelin effect” and buckling were mostly eliminated.
The implementation of 2D and 3D distortion visualization tools was essential to optimize LS strategy.
The same welding source (disk laser) and optical head were employed for both LBW and LS. Additionally
the same optical sensor was used for seam tracking and triangulation sensor. Consequently, the complete
manufacturing process, including LBW, LS and metrology inspection can be done in just one working station.
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