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Design and Analysis of Thermoplastic Welded
Stiffened Panels in Post-Buckling

KEVIN S. VAN DOOREN and CHIARA BISAGNI

ABSTRACT

The Clean Sky 2 “SmarT mUIti-fuNctioNal and INtegrated TP fuselaGe"
STUNNING project focusses on the next generation composite fuselage with
emphasis on manufacturing techniques such as thermoplastic welding.

Welded multi-stringer panels are investigated in this paper, with emphasis on the
buckling and skin-stringer separation behavior. The multi-stringer panels are designed
to approximate the structural behavior of the lower half of the MultiFunctional
Fuselage Demonstrator of the STUNNING project. In particular, a section of the
fuselage is analyzed using Abaqus with a dynamic implicit analysis, and the results of
this analysis are used for the design of the multi-stringer panels, taking manufacturing
considerations also into account. The panels have three omega stringers and a length
of 500 mm. The three stringer configuration allows to study the middle stringer in
pristine and damaged configuration with minimal influence of the free edges and
boundary conditions. It is seen that the multi-stringer test panels show very similar
buckling and skin-stringer separation behavior compared to the fuselage section. The
first panels have been manufactured by project partners NLR and GKN Aerospace
Fokker and will be tested at the Faculty of Aerospace Engineering at Delft University
of Technology.

Kevin S. van Dooren, Delft University of Technology, Faculty of Aerospace Engineering,
2629HS Delft, Netherlands.

Chiara Bisagni, Delft University of Technology, Faculty of Aerospace Engineering, 2629HS
Delft, Netherlands.
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INTRODUCTION

In the aeronautical field, composite structures usually consist of stiffened thin-
walled designs which can present buckling under compression and shear loads.
Allowing these structures to operate within the post-buckling field could lead to
weight savings. However, this would require a higher understanding of the post-
buckling behavior of composite structures and more specifically the failure
mechanisms that can occur in the post-buckling field. The failure of composite
structures is considered difficult to predict due to the complexity and catastrophic
nature, leading to conservative designs and heavier structures.

In the post-buckling field it is seen that a common failure mode is skin-
separation, caused by the high out-of-plane deformation of the skin. The research on
skin-stringer separation is executed on several structural levels, with research
conducted on multi-stringer panels [1-3], but also on single-stringer specimens for
quasi-static loads [4-6] and fatigue loads [7-9]. Most of the research reported in
literature is conducted on thermoset composites, which tends to fail more brittle
compared to thermoplastic composites. Up to now thermoplastic composites are
mainly researched in terms of manufacturing processes and design of structures
[10,11], with limited research on predicting the buckling and post-buckling failure
behavior.

The research presented in this paper is part of the Clean Sky 2 “SmarT mUIti-
fuNctioNal and Integrated TP fuselaGe" STUNNING project. This project focusses on
the development of thermoplastic composites for primary aeronautical structures, with
emphasis on the development of a thermoplastic MultiFunctional Fuselage
Demonstrator (MFFD) [12]. The fuselage makes use of thermoplastic welding in
several critical joints.

A combined numerical and experimental methodology is in development to
evaluate the strength of the welded joint between skin and stringer. In this paper test
panels are designed by analysis, where the goal is to approximate the structural
behavior of the lower half of the MFFD in the post-buckling field. To study the
behavior of the welded joints in post-buckling on component level, a section of the
MFFD is analyzed and the resulting structural behavior is used as a reference for the
design process of the multi-stringer panels. The keel section of the fuselage is chosen
as the area of interest, as it has a low skin thickness and is more susceptible to impact
damage, for example due to tool drops. The test panel is then designed in an iterative
manner to show similar structural and failure behavior with manufacturing and testing
constraint also taken into account.
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FUSELAGE SECTION GEOMETRY AND MATERIALS

The fuselage section is modelled to approximate the keel section of the MFFD
up to the lower cargo-beams and with a length of three frame spacings. The keel-
section of the MFFD is shown in Figure 1, and the fuselage section which
approximates the keel section is shown in Figure 2. The frame spacing is 635 mm and
the total length of the section is about 2 m. The outer radius of the skin is 1926 mm
and the stringer pitch is 212 mm. The geometry of the omega stringer is shown in
Figure 3. The total width of the section is 2664 mm. The skin and stringers are made
of LMPAEK, for which information regarding material properties is limited. Therefor,
material properties of a similar material, Toray CETEX TC1225 [13], are assumed
with a ply thickness of 0.182 mm. The material properties of Toray CETEX TC1225
are shown in Table 1. The skin uses a 12 ply layup for the middle 9 bays and the two
outer bays on each side have a 16 ply layup. The layup of the stringers consist of 9
plies. The different layups are shown in Table 2. The skin and stringers are joined
together by conduction welding.

The fuselage section also includes other components such as the clips, brackets
and frames among others. These components are simplified in the numerical model, as
these will have less of an influence of the results and are not the main focus of this
work.

@ !
Figure 1. Lower half of the MultiFunctional Fuselage Demonstrator, highlighting the
keel section.
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Figure 2. Fuselage section, with area of interest in red: (a): Top-view; (b): Iso-view.
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Figure 3. Omega stringer geometry.

TABLE |. LMPAEK TORAY CETEX TC1225 MATERIAL PROPERTIES [13].

Ell Egg V12 GlZ
(MPa) (MPa) () (MPa)
116800 9100 0.36 4100

TABLE 2. LAYUPS OF FUSELAGE SECTION.

NAME LAYUP THICKNESS
(mm)
Skin 12 [-45,+45,0,90,-45,+45]s 2.12
Skin 16 [-45,+45,0,90,0,90,-45,+45]s 2.944
Stringer [45,0,-45,0,90]s 1.656

MULT-STRINGER PANEL

The multi-stringer panels are designed to show similar structural behavior as the
keel section of the MFFD, with the main focus on the buckling and failure behavior,
and manufacturing constrains are also taken into account. The panels have three
stringers, as shown in Figure 4, which allows to study the weld in both pristine and
damaged condition with minimal influence of boundary conditions. A total of six flat
panels will be manufactured and tested in three different configurations. The first
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configuration is pristine, while the second and third configuration will have a damaged
welded interface of the middle stringer with different damage locations.

The stringer geometry and pitch are the same as for the lower half of the MFFD,
shown in Figure 3 and Figure 4 respectively. The panels have a width of 556 mm and
a length of 500 mm. The length of the panels is according to the maximum welding
length possible at the start of the design process. The panels are made of LMPAEK,
for which the material properties are shown in Table 1. The layup of the stringer is the
same as used in the lower half of the MFFD, but the skin layup is changed for a more
conservative stress field in post-buckling. The layups are shown in Table 5.

The skin is manufactured by project partner NLR using automatic fiber
placement followed by consolidation in an autoclave. Multiple skins are cut from a
larger laminate to a size slightly larger than the final size. The stringers are joined to
the skin by project partner GKN Fokker using conduction welding. After welding, the
panels are cut to their final size. The last manufacturing steps consist of casting potting
to both ends of the panels for load introduction and a final trim in a milling machine to
minimize loading imperfections.

Figure 4. Multi-stringer panel.

TABLE 5. LAYUPS OF MULTI-STRINGER PANEL

NAME LAYUP THICKNESS
(mm)
Skin [-45,+45,0,90,-45,+45]s 2.12
Stringer [45,0,-45,0,90]s 1.66

NUMERICAL METHODOLOGY

The numerical methodology uses the commercial software package Abaqus
2019 [14]. The fuselage section and multi-stringer panels are analyzed using dynamic
implicit analysis. The load case for the panel consist of pure compression, which is
applied by a displacement boundary condition. The fuselage section is loaded in
bending by a linear displacement field boundary condition. The neutral bending axis
runs parallel to the horizontal cargo-beams of the fuselage section and it goes through
the center of the fuselage radius. Bending is applied such that the fuselage section is in
compression, with the maximum compression being at the bottom of the section. The
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free edges of the skin and free ends of the frames have the circumferential degree of
freedom constraint, while the radial degree of freedom is not constraint.

The test panel uses a structured 2.5 mm mesh size for the laminated parts, while
the potting material uses a variable mesh size between 2.5 and 10 mm to improve the
computational efficiency. The mesh of the fuselage section is constructed such that
the area of interest, which are the middle three bays in between the two middle frames
as shown in Figure 2, are meshed with 2.5mm and the adjacent areas have a courser
mesh of 5 mm where possible to improve computational efficiency. The cargo-beam
and vertical strut have a mesh-size of 10 mm, and the brackets and clips have a mesh-
size of 5 mm.

All laminated sections consist of the SC8R continuum shell element. The potting
material of the test panel consists of the C3D8R solid element and the clips and
brackets of the fuselage section use the C3D10 tetrahedral element.

Three different techniques are adopted to model joints between different

geometries, namely rigid body ties, shared nodes and the Virtual Crack Closure
Technique (VCCT). Rigid body ties are applied only in the fuselage section, to join
parts which have mismatching meshes such as the cargo-beam, vertical strut, frame,
clips and brackets.
The welded joint between the skin and stringer is modelled by either shared nodes or
VCCT. VCCT is used for the two stringers in the main area of interest of the fuselage
section as shown in Figure 2, and the adjacent areas use share nodes. The test panel
utilizes VCCT in all three stringers in between the potting, while inside of the potting
material all geometries are joined with shared nodes. VCCT is used in combination
with the Benzeggagh-Kenane (BK) law model for mode-mixity. The mode | fracture
toughness is based on preliminary material characterization within the STUNNING
project, while the mode 11, mode 11l and BK parameter are based on a similar material
[15].

VCCT was chosen as it allows for a courser mesh to be used compared to other
methods to model skin-stringer separation. The downside of VCCT is that it requires a
pre-crack and is thus normally limited to damaged structures. However, the welded
joint has a small unwelded area on each side of the joint which can be modelled as a
pre-crack, as shown in Figure 5. This allows VCCT also to be applicable for pristine
welded joints, and result in relatively computational efficient models for large
structures.

First ply failure criteria are included in the analysis to check if material failure
occurs before skin-stringer separation. The included criteria are Tsai-Hill, Tsai-Wu
and Hashin. The strength properties are reported in Table 6 [13].

Unwelded
Figure 5. Weld between skin and stringer.
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TABLE 6. LMPAEK TORAY CETEX TC1225 STRENGTH PROPERTIES [13].

FlT FlC FZT FZC I:12
(MPa) (MPa) (MPa) (MPa) (MPa)
2442 1250 94 212 198

STRUCTURAL BEHAVIOR OF THE FUSELAGE SECTION

The global structural behavior of the fuselage section is investigated with
emphasis on how the section buckles and on the evolution of the buckling shape till
failure. Contour plots are shown at different levels of longitudinal bending, according
to the maximum longitudinal displacement. Buckling starts in the middle bay between
the two middle frames with a five half-wave buckling shape, see Figure 6(a), when the
maximum longitudinal displacement is 5.35 mm. The buckling shape continuously
evolves, with most bays showing a three half-wave buckling shape which evolves into
a five half-wave buckling shape, see Figure 6(b). This evolution continues till almost
all bays show a five half-wave buckling shape as shown in Figure 7(a). It is also seen
that the side free edges are starting to show larger radial displacement, which might be
caused by only constraining the circumferential degree of freedom. Failure due to
skin-stringer separation in the area of interest occurs at a maximum displacement of
9.66 mm, for which the final buckling shape is shown in Figure 7(b).

(a) (b)
Figure 6. Fuselage section top-view contour plot showing radial displacement at
different levels of bending: (a) Maximum displacement of 5.35 mm; (b) Maximum
displacement of 7.01 mm.
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(a) (b)
Figure 7. Fuselage section top-view contour plot showing radial displacement at

different levels of bending: (a) Maximum displacement of 8.96 mm; (b) Maximum
displacement of 9.66 mm.

To analyze the failure of the weld due to skin-stringer separation, the radial
deformation and interface state in the area of interest, as shown in Figure 2, before
failure and slightly into failure is studied in more detail. The area of interest is shown
for the skin only with the stringers hidden, such that the buckling shape of both the
bays and the skin underneath the stringer can be seen, with the outline of the stringer
flanges shown in black. The radial displacement of this area just before failure is
shown in Figure 8(a). The half-waves with the large radial displacement are in the bay
area, while the smaller waves are underneath the stringers. It is seen that the half-
waves underneath the stringer and in the bay have a similar half-wave length but the
adjacent waves in circumferential direction do have opposite signs of radial
displacement. Then, failure occurs due to skin-stringer separation first in the bottom
stringer closely followed by the top stringer, which can be seen by the tunnels forming
between outwards half-waves as shown in Figure 8(b). Both stringers show crack
growth from underneath the stringer towards the bay, as shown by the skin-stringer
interface in Figure 9, with an elliptical crack front. Once separation starts the growth is
unstable and the stringer totally separates in one growth event.

(a) (b)
Figure 8. Area of interest top-view contour plot showing radial displacement at failure:
(@) Just before failure; (b) During failure.
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Figure 9. Stringer-interface in area of interest during failure, with intact interface in
blue and separation in red.

PANEL STRUCTURAL BEHAVIOR

The structural behavior of the multi-stringer test panels is then analyzed in
pristine condition and compared to the reference behavior of the fuselage section. First
the load-displacement behavior is analyzed, followed by the buckling and failure
behavior. The load-displacement graph of the multi-stringer panel is shown in Figure
10. The panel has a stiffness of 248.2 kN/mm until buckling at a load of 192 kN and
displacement of 0.78 mm, which causes a reduction of stiffness. At a load of 341 kN
and displacement of 1.48 mm another drop in stiffness is seen due to a small change in
the buckling shape. The panel fails due to skin-stringer separation at a load of 389 kN
and displacement of 1.76 mm.

The buckling shape consists of three half-waves, as shown in Figure 11(a), with
two half-waves in outwards direction and one in inwards direction, while the fuselage
section shows five half-waves for each frame spacing. The lower amount of half-
waves is caused by the relatively short panel length, but the average half-wave length
of both the test panel and the fuselage section is very similar. At a load of 341 kN the
buckling shape changes underneath the stringer, with an increase in amount of half-
waves as shown in Figure 11(b).

400

300 1§

200 |

Load, kN

100 |

. Buckling
“ Buckling shape change
x Stringer separation
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Displacement, mum

Figure 10. Load-displacement of the multi-stringer panel in pristine condition.
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(a) (b)
Figure 11. Buckling shapes of the panel at: (a) 0.78 mm; (b) 1.48 mm.

Two main aspects of the failure behavior as seen in the fuselage section and in
the multi-stringer panel are compared: the out-of-plane deformation during failure and
the shape and location of the crack front. Red dashed squares are used to highlight the
areas with similar size and amount of half-waves in the bay. The out-of-plane
deformation for the area of interest of the fuselage section and the test panel are shown
in Figure 12(a) and 12(c) respectively. During failure both show a similar tunneling
behavior underneath the stringer between inwards half-waves, as highlighted by the
red squares. The fuselage section has one tunnel per red square, while the test panel
has two tunnels forming. This is also seen on the interface in Figure 12(b) and 12(d)
for the fuselage section and test panel respectively. The test panel exhibits the same
crack growth behavior starting from underneath the stringer with an elliptical crack
front as seen in the fuselage section. The number of failure locations is higher for the
test panel, which seems to be caused by the difference in boundary conditions.

(<) (d)

Figure 12. Comparison of failure behavior: (a) Buckling shape fuselage section; (b)
Interface fuselage section; (c) Buckling shape panel; (d) Interface panel.
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CONCLUDING REMARKS

In this paper a methodology is shown to investigate the strength of welded
interface of thermoplastic stiffened structures, with the focus on the stiffened skin of
the lower half of the MultiFunctional Fuselage Demonstrator of STUNNING. This
study investigates the welded interface on sub-component level, for which multi-
stringer test panels are designed. The keel section of the MFFD is considered to be the
most critical section. A fuselage section representing the keel section is analyzed to
determine the structural behavior, with emphasis on the buckling shape and skin-
stringer separation behavior, which is used as a reference for the design of the multi-
stringer panels.

The multi-stringer panels present a three stringer configuration, such that the
welded interfaces of the middle stringer can be studied in both pristine and damaged
condition, and have a length of 500 mm.

It is seen that the fuselage section shows a final buckling shape of five half-
waves in each bay per frame spacing and fails due to skin-stringer separation. Crack
growth starts from underneath the stringer causing tunneling between the outwards
half-waves in the bay and underneath the stringer. The panel shows a buckling shape
with a lower amount of half-waves, due to its shorter length, with similar half-wave
length as seen in the fuselage section. The failure due to skin-stringer separation shows
a high level of similarity compared to the fuselage section, but with a higher number
of failure locations. The analysis of both the fuselage section and test panel show that
similar structural behavior can be achieved on a lower structural level.

Manufacturing of the multi-stringer test panels has started by STUNNING
project partners NLR and GKN Fokker and the panels will be tested at TU Delft.
These tests allow to further study the welded interface with more detail, and validate
the numerical methodology for both the buckling behavior and skin-stringer separation
behavior.
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