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ABSTRACT

In this research, conduction welded C-struts, part of a thermoplastic composite fuselage designed
and manufactured in the framework of the Clean Sky 2 STUNNING project, are investigated. Five
specimens made of two C-section profiles are manufactured and welded using conduction weld-
ing in three different configurations with variations in the direction and distance of the two
welded joints. Preliminary numerical analysis using the virtual crack closure technique are con-
ducted to obtain an initial evaluation of the specimens behavior, in preparation of the tests.
Experiments are performed under quasi-static loading conditions to measure the strength of the
welds. Comparisons with the preliminary numerical analyses show a good agreement in terms of
the predicted maximum load, while a clear difference is observed in the initial stiffness, due to the
compliance of the support structure. The numerical model is updated, leading to results that
closely match the experimental behavior. For all the analyzed specimens, the separation occurs
suddenly and no signs of propagation are observed. Experimental and numerical data show no
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relevant difference in the joint strength among the different conduction welding configurations.

1. Introduction

In aeronautics, it is more and more important to explore novel
design approaches and materials that can allow significant
advances toward achieving the targets of increased sustainabil-
ity. One major breakthrough for efficiently addressing this
competing need dwells in the use of thermoplastic composites,
made from a thermoplastic matrix reinforced with fibers
[1, 2]. Compared to traditional thermoset, thermoplastic com-
posites exhibit higher fracture toughness [3], have the ability
to undergo multiple melting cycles while maintaining their
mechanical characteristics rendering them highly sustainable
for recycling [4], and their reversibility enables the reprocess-
ing and repair of parts [5]. Furthermore, there has been a
recent surge of interest among researchers in fabricating these
materials using additive manufacturing technologies [6].

The re-melting capabilities of the thermoplastic matrix
allow for expanded manufacturing and joining possibilities,
such as thermoplastic welding [7-9]. In thermoplastic weld-
ing, two parts are joined by applying heat and pressure to
locally melt the material, which results in much shorter
processing times when compared to other manufacturing
techniques as autoclave-, oven- and press-consolidation. The
most common thermoplastic welding techniques are resist-
ance, induction, and ultrasonic welding [10-12]. However,
another method has arisen in the form of conduction weld-
ing, which is based on using an induction-heated tool to
heat the surface of the part and creating the weld bath
through heat conduction within the laminate. This method

has been developed at GKN Fokker [13, 14] and provides
benefits as it does not require addition of welding specific
materials, such as energy directors or conductive strips,
resulting more suitable and scalable for welding of large
parts, and offering a higher robustness against manufactur-
ing tolerances like gaps.

In the European project Clean Sky 2, “SmarT
mUItifuNctioNal and INtegrated TP fuselaGe” STUNNING,
the development of thermoplastic composites for aircraft
primary structures was explored through the manufacturing
of the lower half of a thermoplastic fuselage demonstrator
[15]. The objective was to validate the effectiveness of com-
bining different structural elements and components using
advanced materials and cutting-edge joining techniques for
the next-generation aircraft [16]. In this context, different
welding and joining methods were used to assemble the
demonstrator, taking into account industrial scalability and
seamless integration with other production process.

The use of fastener-free connection poses significant chal-
lenges. Accurately forecasting the strength of welded joints
requires the need for a comprehensive investigation to ensure
reliable performance in structural applications [17, 18].

The influence of composite lay-up and R-curve on the
mechanical strength of thermoplastic single lap joints have
been experimentally and numerically investigated in [19,
20]. In [21], researchers evaluated the failure behavior of
composite thermoplastic stiffened panels in post-buckling
conditions, revealing a distinct structural response compared
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to thermoset stiffened panels, with a combination of stable
and unstable crack growth. The effect of temperature on the
mechanical characteristics of thermoplastic composites has
been explored in [22], demonstrating significant variations
in the compression and flexural properties with temperature
changes. Furthermore, in [23, 24] the energy-absorption and
dynamic response of thermoplastic materials have been
assessed, indicating improvements in both viscous responses
and energy dissipation.

Different approaches have been employed in literature to
predict the strength of thermoplastic welded joints using
finite elements [25, 26]. The Cohesive Zone Model (CZM)
has been successfully adopted in [27] to evaluate the failure
behavior and to characterize the crack propagation of con-
duction welded joints in single lap shear specimens.
However, the numerical cost of employing the CZM is high,
as it requires small element sizes in the process zone to
accurately analyze crack propagation, limiting its applicabil-
ity to small specimens. On the other hand, within the
STUNNING project, the Virtual Crack Closure Technique
(VCCT) approach has been proved to be effective in investi-
gating the strength of welded joints in larger components.
In [28], the VCCT has been adopted to analyze the struc-
tural performance and the failure load of thermoplastic

composite stiffened panels in post-buckling loading condi-
tions where the skin and the stringer were joined using con-
duction welding.

The majority of research on thermoplastic welding avail-
able in the literature has been conducted on small coupons,
with limited experimental and numerical data available on
elements or sub-components. In this paper, conduction
welded specimens used in the STUNNING fuselage are
studied to characterize the strength and failure behavior.

The objective is to investigate the conduction welding
strength of a critical component in the lower fuselage sec-
tion, the vertical strut, which connects the fuselage frame
with the horizontal floor structure. Quasi-static experimental
tests are performed and Digital Image Correlation (DIC) is
employed to capture the deformation field during the load
application. The structural behavior is analyzed using finite
element analysis where the welding separation is modeled
using the VCCT approach. In Section 2, the specimens are
described in terms of geometry, material and different

Table 1. LM-PAEK Toray Cetex TC1225 elastic material properties [30].

E, E,=E; G2 = Gy3 Gas Vi2 = V13 P
[GPa] [GPa] [GPa] [GPa] [ [kg/m3]
110.00 9.00 430 3.00 0.363 1540.0

a)
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Figure 2. Specimen dimensions: (a) isometric view; (b) cross-section of C-profile (dimensions in mm).



Figure 3. Test specimens.

{eVoi- 6

cw=To

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES . 3

-2t eny - o6

Lo- tenngiza - oS

<201t g o

© toleny -03

s epti iy e

tusttioiny ot

Figure 4. Geometry and nominal dimensions of the welded strips for the three configurations: (a) vertical; (b) horizontal; (c) horizontal (joined) (dimensions in mm).

Table 2. Specimen characteristics: weight and average measurements.

Specimen Welding configuration Weight [g] Average thickness [mm] Distance between welds [mm]
1 Vertical 276.3 217 13.0
2 Vertical 2776 2.22 13.6
3 Horizontal 277.9 2.18 12.6
4 Horizontal 276.8 2.20 125
5 Horizontal (joined) 277.1 2.20 0.0

Lw-20 n.l%'loq

‘G 2021008 -03

Figure 5. Test specimen with resin tab and holes for attachment to support
structure (dimensions in mm).

welding characteristics. Section 3 presents the results of pre-
liminary numerical analyses performed in preparation of the
experimental tests. In Section 4, the test set-up is described

Table 3. Properties of casting Resin RenCast® CW 2418-
1 hardened with ren® HY 5160-1 [31].

E v P
[GPa] -] lkg/m’]
5.0 0.3 2300

and the experimental results are presented for each welding
configuration, in terms of load-displacement curves and
DIC images, and are compared with the preliminary numer-
ical outcomes. Finally, in Section 5, the numerical model is
updated and validated using the experimental data.

2. Welded C-struts

The specimens investigated in this study consist of two C-
section profiles, identical in term of geometry, material and
welding process to the profile used in the STUNNING fusel-
age demonstrator. Figure 1 shows the lower half of this
fuselage demonstrator, where the main structural features, as
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Figure 7. FE model with applied boundary conditions.

the omega-stiffened skin, frames, vertical struts, and cargo
beams can be seen. The areas highlighted in red indicate the
regions objective of this study. The behavior of these joints
is critical to the overall aircraft performance, both in terms
of strength under normal operation conditions as well as in
the event of a crash.

The specimens are made by joining perpendicularly,
through conduction welding, two C-section profiles in a T
shape, as shown in Figure 2a. The horizontal and vertical
profiles have an identical cross-section, with dimensions
specified in Figure 2b, and different lengths, 200 and 400 mm,
respectively. The components consist of 12 unidirectional
plies with a nominal ply thickness of 0.184 mm of T700/LM-
PAEK Toray 194 gsm thermoplastic composite with layup
[45/—45/0/0/90/45/—45/90/0/0/—45/45], yielding a nominal
total laminate thickness of 2.208 mm. The material properties
of the T700/LM-PAEK thermoplastic composite are taken
from [30] and are reported in Table 1.

Five specimens were manufactured and welded by GKN
Fokker, attaching one end of the short profile to the web of
the 400 mm profile at its center. A photo of the five speci-
mens is reported in Figure 3.

The conduction welding process developed by GKN
Fokker [13, 14] operates by locally heating the surface of the
part, producing the weld bath via heat conduction. Pressure
is applied simultaneously with heating, with the opposing
anvil reacting to this force. Both stamps and heatsinks

Table 4. LM-PAEK Toray Cetex TC1225 interface material properties [30].

Gy Gyic=Giic n
[N/m] [N/m] [-]
969.0 1719.0 2.284

constitute the weld tooling, designed to adapt to changes in
laminate thickness along the welding direction. The main
advantages of this process are that it can be scaled up to
large aerospace components and does not require the use of
additional welding-specific materials, like energy directors or
conductive strips. However, the technology at the time of
this research was limited to a weld interface width of
approximately 20 mm. For this reason, welding of wider
areas had to be performed using multiple strips. In this
work, the five specimens were joined using three different
welding configurations, with variations in the direction of
the welds and in the distance between the two weld strips.
Each weld strip is 60mm long and 19 mm wide, and the
two strips are placed so that the center of the combined
welded area is at the center of the contact region between
both profiles. An example of each welding configuration is
shown in Figure 4. Figure 4a shows the configuration
referred to as “Vertical”, with the strips placed vertically at a
nominal distance of 13mm, used for specimens 1 and 2.
The configuration named “Horizontal” can be seen in
Figure 4b, where the weld strips are rotated 90 degrees
respect to the previous configuration, but still spaced 13 mm
apart. This configuration is used for specimens 3 and 4. The
third configuration, shown in Figure 4c, is the “Horizontal
(joined)” with the weld strips placed horizontally but with-
out any separation between them. This configuration is used
for specimen 5.

The specimen number and welding configuration are pre-
sented in Table 2, together with the weight, the average
thickness and the distance measured between the weld
strips. The average thickness is calculated by taking six
measurements per profile at different locations. Values show
a good consistency between all specimens with a maximum
deviation from the nominal values of 1.4% for the thickness
and 4.6% for the distance between welds.
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a) b)
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Figure 8. Position of the welding in the numerical model for the three configurations: (a) vertical; (b) horizontal; (c) horizontal (joined).
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Figure 9. Load-displacement curves obtained from the preliminary analyses for
the three welding configurations.

To ensure a uniform application of the load and reduce
stress concentrations at the profile upper edge during the
tests, the last 30 mm of the shorter C-profile are embedded
in a tab of metal-filled casting resin RenCast® CW 2418-1
hardened with Ren® HY 5160-1, as shown in Figure 5. The
outermost face from the tab is then machined to ensure that
the axial load is evenly distributed along the edge. The resin
density and elastic properties are taken from the manufac-
turer material datasheet [31] and are reported in Table 3.

Four holes are then drilled to the long C-profile, two at
each end, so that the specimens can be attached to the sup-
port structure during testing. The centers of the holes are
39mm apart and 30mm from the edge, as shown in
Figure 5.

The components are then painted and speckled for the
digital image correlation (DIC), as shown in Figure 6. First,
three layers of matte white paint are sprayed over the com-
ponents to provide a homogeneous background color. Then,
the specimens are painted with black speckles, approxi-
mately 1 mm in diameter providing around 40% of coverage
over the white base.

A support structure, shown in Figure 6, is used to con-
strain the movement and rotation of the ends of the hori-
zontal beam so to reproduce the behavior of the remaining
part of the passenger floor during the application of the ver-
tical load. The support structure consists of a steel flat plate

of 500 x 150 mm with a thickness of 10 mm, used as a base,
to which two mounting brackets of 60x 90mm are
attached.

3. Preliminary analysis

Before performing the tests, preliminary Finite Element (FE)
analyses are conducted to obtain an initial evaluation of the
stiffness, maximum loads and maximum displacements as
prediction of the experimental results. In this section, the FE
model developed for the preliminary analysis is described
and the numerical results are compared among the three
different welding configurations.

3.1. Finite element models

The pretest numerical models are developed using the
Abaqus 2021 software [32]. Three different models are con-
sidered to account for the three different welding configura-
tions: Vertical, Horizontal, and Horizontal (joined). The
discretization of the two C-profiles is done using 8-node
continuum shell elements with reduced integration and
hourglass control (SC8R). An element size of 1.75mm is
selected after performing a mesh sensitivity analysis, result-
ing in a total of 27,405 elements and 55,820 degrees of free-
dom. Particular care is taken to have regular coincident
nodes where the C-profiles overlap. For the resin tab, 1872
8-node hexahedral 3D elements (C3D8R) with an average
size of 5mm are used; whereas the loading plate at the top
is modeled as an analytical rigid. The FE model of the speci-
men is shown in Figure 7.

Boundary conditions are applied to the end regions of
the horizontal C-profile of the specimen, highlighted in red
in Figure 7, where all degrees of freedom are fixed to mimic
the effect of the support structure used in the tests. The load
is introduced by vertically displacing the loading plate fol-
lowing the arrow directions in Figure 7 and fixing all other
degrees of freedom. The contact properties between the
loading plate and the specimen resin tab are set to hard
contact for the normal direction, and with a friction coeffi-
cient of 0.2 for the tangential direction.
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Table 5. Results from the preliminary numerical analyses for the three welding configurations.

Specimen Welding configuration Initial stiffness Welding separation load Maximum load Displacement at maximum load
[kN/mm] [kN] [kN] [mm]
1-2 Vertical 259 129 225 0.95
3-4 Horizontal 259 13.9 241 0.98
5 Horizontal (joined) 25.0 13.5 224 0.96
W [mm] Weld state
-0.6 0 0.6 Joined Separated

c) i
Figure 10. Out-of-plane displacements and weld state of the “vertical” configuration at: (@) F=122kN - d=045mm; (b) F=17.1kN - d=0.65mm;
(c) F=21.0kN - d =0.85mm; (d) F=22.5kN - d = 0.94 mm.

W [mm] Weld state
-0.6 0 0.6 Joined Separated

c)
Figure 11. Out-of-plane displacements and weld state of the “horizontal” configuration at: (@) F=124kN - d=048mm; (b) F=174kN - d=0.68 mm;
(c) F=20.9kN - d=0.82mm; (d) F=24.1kN - d =0.98 mm.

W [mm] Weld state
-0.6 0 0.6 Joined Separated

©)

Figure 12. Out-of-plane displacements and weld state of the “horizontal (joined)” configuration at: (@) F=12.0kN — d =0.48 mm; (b) F=17.3kN - d =0.70 mm;
() F=20.6 kN — d =0.84 mm; (d) F=22.4kN - d =0.95 mm.
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Figure 14. Ultrasonic C-scan system.

The interlaminar behavior of the welding is simulated
using the virtual crack-closure technique (VCCT), imple-
mented within the FE code Abaqus. The nodes of the two
surfaces in contact in the welded regions are initially tied.
Their connection is released when the energy release rate is
higher than the critical fracture toughness, evaluated accord-
ing to the criterion proposed by Benzeggangh and Kenane
[33], reported in Eq. (1).

G + Gur 1

G. =G G — G P — 1

[4 Ic + ( IIc Ic) <GI + GII + GIH) ( )

The used interface material properties are reported in

Table 4. It is assumed that the mode III fracture toughness
is equal to the mode II fracture toughness.

The size and location of the welding strips are taken

from Figure 4. Each welding strip is assumed to be a
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rectangle 60mm in length and 19mm in width. The pos-
ition of the welded strips in the numerical model is dis-
played in Figure 8, where the areas in blue are the regions
where the coincident nodes of the horizontal and vertical
profile are initially connected to represent the welding
interface.

Quasi-static analyses are performed under displacement-
controlled conditions, to predict the structural behavior of
the experimental tests, using the dynamic implicit solver to
regularize the unstable behavior of the model and improve
the convergence rate during the failure of the welding.

3.2. Preliminary numerical results

The load-displacement curves resulting from the pretest
numerical analyses are reported in Figure 9, with a summary
of the most relevant obtained values presented in Table 5.
The table reports the initial stiffness evaluated between 5
and 10kN, the load when the welding separation initiates,
the maximum load and the corresponding displacement. It
can be seen that the differences in the behavior of the com-
ponents are minor among the different configurations. The
specimen with the two horizontal weld strips, specimens 3
and 4, outperforms the other two configurations showing
the highest welding separation load and withstand a max-
imum load around 7.5% higher. Specimen 5, with the hori-
zontal joined weld strips, shows a stiffness
approximately 3.5% lower than the other
configurations.

Figures 10-12 report the out-of-plane displacements and
the state of the welded regions for specimens 1-2, 3-4 and
5, respectively. Regarding the direction of the out-of-plane

value
welding
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e)

Figure 15. Ultrasonic C-scans of specimens before testing: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4; (e) specimen 5.

Table 6. Results from the tests.

Specimen Welding configuration Initial stiffness [kN/mm] Maximum load [kN] Displacement at maximum load [mm]
1 Vertical 16.75 234 1.72
2 Vertical 16.62 22.8 1.62
3 Horizontal 17.25 225 1.60
4 Horizontal 17.01 237 1.69
5 Horizontal (joined) 17.25 24.5 1.70
25 - results are presented and compared with the results of the
— preliminary numerical analysis.
—— Specimen 3
201 Specimen 4
—— Specimen 5
4.1. Test set-up
= 151
f The tests are performed under displacement-controlled con-
S 104 ditions in the MTS 810 Material Testing System shown in
Figure 13, with the upper machine plate fixed and the bot-
5 tom plate moving upwards at a loading rate of 0.1 mm/min.
| The servo-hydraulic testing machine is equipped with a dis-
o l placement sensor and a 500kN load cell, which provides
0.0 05 1.0 15 2.0 displacement and load data during the tests. A PC is used to

Displacement [mm]

Figure 16. Load-displacement curves from the tests.

displacements, positive values correspond to displacements
toward the viewer. The regions fully welded correspond to
the blue color, while separated regions are represented
in red.

A common behavior is noticed among all specimens, in
which the separation of the welded regions begins in the
upper part of the weld (seen in Figures 10b, 11b, and 12b).
This may be caused by the small out-of-plane displacement
of the upper flange of the horizontal profiles, which introdu-
ces mode I interface stresses in the weld. As the load
increases, the lower flange of the horizontal profile also
begins to separate from the vertical profile, although not so
much as the upper flange. This in turn fosters that the lower
corners of the welds also begin to separate (Figures 10c, 1lc,
and 12c). Figures 10d, 11d, and 12d report the status before
the complete separation of the two parts.

4, Experimental tests

In this section, an overview of the test set-up adopted in the
experimental campaign is illustrated. Then, the experimental

control the testing machine and manage data acquisition,
another PC is used to control the DIC equipment, and a
laptop is used to record test logs and partially post-process
data during the tests. Before the tests, the specimens are
measured to determine the center of mass from the encased
cross-section disregarding the resin tabs, so to align the cen-
ter of mass with the center of the loading plates to reduce
any non-axial loads on the component.

For all the tests one three dimensional DIC system
(VIC3D [34]) is used to measure the in-plane and out-of-
plane displacements capturing images every 3s.

An ultrasonic through-transmission C-scan system,
shown in Figure 14, is used before the tests to detect any
manufacturing defects and to assess the extension of the
weld in each specimen.

The system consists of a 5MHz Olympus OmniScan SX
ultrasonic emitter and a receiver. The specimens are placed
in a water basin between the emitter and the receiver so
that the signal dampened by the component can be meas-
ured. This allows to detect possible delamination or areas
which are not properly welded. The pretest C-scans of all
five specimens are shown in Figure 15, where the colors rep-
resent the percentage of the ultrasound waves damping. The
areas in green are representative of regions where there is
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U [mm] V [mm] W [mm]
-0.3 0 03 01 0.9 1.7 01 0.5 11

SO N R

Figure 17. Displacement components measured on specimen 1 (vertical welding configuration) at: (@) F=12.2kN - d=0.75mm; (b) F=17.1kN - d =1.10 mm;
() F=229kN -d=1.72mm.

Figure 18. Out-of-plane displacement measured at the maximum load: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4; (e) specimen 5.
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1) — ) om—

Figure 19. Welded interface after separation: (a) specimen 1; (b) specimen 2; (c) specimen 3; (d) specimen 4; (e) specimen 5.

25

e Specimen 1-2 - Num
----- Specimen 3-4 - Num
- Specimen 5 - Num

—— Specimen 1 - Test
20 4 — specimen 2 - Test
—— Specimen 3 - Test
— Specimen 4 - Test
—— Specimen 5 - Test

\.

Load [kN]

T

0.0 0.5 1.0 1.5 2.0
Displacement [mm]

Figure 20. Preliminary numerical and experimental load-displacement curves
for the three welding configurations.

limited or no attenuation, indicating the absence of disconti-
nuities through the thickness. In the areas in orange and
red, where the overlap of both profiles occurs in the not
welded regions, the signal damping is maximum indicating
the unconnected areas. The welded regions can be easily
identified within the overlap area, as the welded zones pro-
mote a better signal propagation thus yielding a color
between green and orange.

4.2. Experimental results

A summary of the data obtained from the tests of the five
specimens is reported in Table 6. Since the use of the DIC
software allows to accurately characterize the actual displace-
ments of the specimen without the compliance of the
machine or of the supporting structure, load-displacement
curves are evaluated in which the displacement is taken
from the DIC measurements while the force is retrieved
from the machine load cell. The resulting curves are
reported in Figure 16.

Although some scatter can be noted, the differences are
small. In the case of the initial stiffness, values fluctuate
around 4%, ranging between 16.62kN/mm for specimen 2
and 17.25kN/mm for specimens 3 and 5. It can also be seen
that the specimens with the vertical welding, specimens 1
and 2, exhibit stiffness values that are on average 3% lower
than those with the horizontal welds. This difference is

more visible in the curves in the range between 10kN and
20KkN. Regarding the maximum loads, they range between
22.5kN for specimen 3, and 24.5kN for specimen 5 with a
difference of about 8%. As already noted from the results of
the preliminary numerical analyses, no relevant differences
can be observed between the analyzed welding configura-
tions in terms of maximum force and displacement. For all
specimens, the separation occurs suddenly and no signs of
propagation are observed, except for small drops in the
load-displacement curves for specimens 2, 3 and 4, right
before the collapse.

Figure 17 offers the in-plane (U, V) and out-of-plane
(W) displacements of specimen 1 measured using DIC at
different loads. The progression of the in-plane horizontal
displacements (U, positive values indicate displacement to
the right), shown in the first column of Figure 17, reveals
how the four corners of the horizontal C-section move
slightly due to the bending of the support structure, with a
maximum displacement of 0.3 mm (Figure 17¢).

The in-plane vertical displacements (V, positive values
indicate displacement upwards) are shown in the second
column of Figure 17. It can be seen how the upper part of
the specimen stays fixed, while the sides where the specimen
is bolted to the support progressively move upwards. The
symmetry between the displacements at both sides of the
support structure demonstrates that the specimen is uni-
formly loaded, successfully constraining any rotation of the
lower C-profile. The maximum displacement of the speci-
men is around 1.7 mm (Figure 17c), approximately 0.5 mm
lower than the value measured from the machine data,
which can be partially attributed to the compliance of the
testing machine.

The out-of-plane displacements (W, positive values indi-
cate displacement toward the viewer) are shown in the third
column of Figure 17. It can be noted that the upper flange
of the horizontal C-profile progressively moves toward the
viewer, and the maximum out-of-plane displacement
recorded by the DIC system is 1.1 mm.

Despite the different welding configurations, the in-plane
behavior of all five specimens is similar, both qualitatively
and quantitatively. However, there are slight differences in
the out-of-plane behavior, as can be seen in Figure 18,
where the distribution of the out-of-plane displacements is
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Figure 21. Comparison of out-of-plane displacements between numerical simulation and test before the complete separation: (a) specimen 2; (b) specimen 3;

(c) specimen 5.

g
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Figure 22. Boundary conditions of the updated FE model.

shown for the five specimens just before the complete separ-
ation of the welded regions.

While for all the specimens the lower part of the horizon-
tal C-profile moves slightly toward the viewer, between 0.4
and 0.5mm, for specimen 1 (Figure 18a) and specimen 4
(Figure 18d) the same region displaces away from the viewer
of approximately 0.1 mm.

The welded regions of the specimens are inspected after
the C-profiles completely separate. The photos, taken from
both sides of the weld, are presented in Figure 19, where for
each specimen the upper photo corresponds to the vertical
profile, and the bottom photo to the horizontal profile. The
images reveal that the welded regions are not of a rectangu-
lar shape, as numerically simulated and as seen from the
imprint of the welding tooling on the outside in Figure 4,
but rather an elliptical shape. Moreover, it can be seen that
some fiber pullout occurred, more noticeable on specimens
1, 2, and 3.

4.3. Numerical - experimental comparison

The load-displacement curves obtained from the preliminary
numerical simulations are compared to the curves measured
during the tests and are presented in Figure 20, where dot-
ted lines refer to the numerical simulations and continuous
lines correspond to the experimental results.

The load-displacement responses show a clear difference
between the numerical and experimental initial stiffness val-
ues, with the experimental values up to 35% lower than the
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Figure 23. Numerical and experimental load-displacement curves for the specimens with the three welding configuration: (a) vertical; (b) horizontal; (c) horizontal

(joined).

Table 7. Results from the updated numerical analyses for the three welding configurations.

Specimen Welding configuration Initial stiffness [kN/mm] Maximum load [kN] Displacement at maximum load [mm]
1-2 Vertical 17.4 21.7 1.41
3-4 Horizontal 17.2 21.2 138
5 Horizontal (joined) 16.9 20.7 1.33

numerical prediction. However, the maximum load is accur-
ately predicted by the numerical simulations, as the differ-
ence between experimental and numerical values is between
3 and 9%.

Moreover, it is noticeable that the experimental results
indicate specimen 5 as the best performing component, both
in terms of initial stiffness and maximum load, while the
simulations predict the opposite. This could be caused by a
certain interference during the conduction welding process
due to the fact that both welded strips are next to each other
and some interaction between welds is expected. In the
numerical model, the welding of specimen 5 is simulated as
a single rectangular weld strip with double width.

A comparison of the out-of-plane displacements between
the numerical model and the experimental results for each
configuration is reported in Figure 21. It can be seen that,
although there is a difference in the magnitude of the out-
of-plane displacement values, which are about half in the
numerical model respect to the experimental data, the
deformed shape is accurately predicted with the upper flange
of the horizontal profile moved toward the viewer.

5. Updated numerical model

From the comparison between the results of the preliminary
numerical analyses and the experimental measured data, it is

evident that, while the maximum load withstood by the test
specimens is accurately predicted, the stiffness and conse-
quently the displacement at the separation are significantly
different. The main reason for this discrepancy is identified
in the compliance of the support structure used in the
experimental campaign. Indeed, in the preliminary numer-
ical analyses, the support structure has been modeled as
rigid, however, as it can be noted observing the horizontal
displacements measured by the DIC during the experimental
tests, shown in the first column of Figure 17, the horizontal
profile rotates along the Z-axis. Using the values of the hori-
zontal displacements measured at the four corners of the
horizontal profile, a rotation of 0.57° is estimated. In order
to verify this assumption, the numerical model is updated
by modifying the boundary conditions. A rigid body is
defined to constraint the motion of the nodes in the areas
in contact with the support structure to the motion of two
reference points. All the degree of freedoms of the reference
points are blocked except for the rotation around the Z-axis,
for which a maximum inward rotation of 0.57° is allowed.
The updated boundary conditions are schematically repre-
sented in Figure 22.

The load-displacement curves resulting from the updated
numerical model are compared with the experimental tests
in Figure 23, with a summary of the most relevant updated
numerical data reported in Table 7.



When comparing these results with those from the pre-
liminary numerical simulations with the fully fixed boundary
conditions shown in Table 5, it can be seen that the dis-
placement at the separation is increased by around 50%
when rotation is allowed, while maximum load values are
reduced by 8% on average. However, the updated simula-
tions match significantly better the experimental results,
with almost identical initial stiffness values, and a discrep-
ancy in the maximum load values between 6 and 15%.

The updated numerical analyses are able to well repro-
duce the experimental observed behavior before the welds
begin to separate, especially for the horizontal welding con-
figurations in Figures 23b and 23c. A slight discordance is
seen for the case with the vertical welds (Figure 23a), with
the stiffness of the updated numerical model being higher
than the experimental one after a load of 10 kN.

Numerical and experimental results obtained in this work
suggest that variations in welding configurations have min-
imal impact on the failure load for this particular compo-
nent. The tested specimens demonstrate consistent structural
behavior, with minor variations in the deformed shapes, and
failure occurring suddenly with limited or no signs of
propagation. The strength of the joint appears to be influ-
enced by the total welded area, which remains consistent
across all configurations, rather than by the orientation and
positioning of the welding strips.

6. Conclusions

The behavior and performance of conduction welded speci-
mens have been investigated considering three different
welding configurations. The specimens are representative of
the vertical C-struts which connect the frame to the passen-
ger floor in the STUNNING thermoplastic fuselage. The
investigated welded C-struts featured two welded strips of
60 by 19 mm. The nominal area of the welded regions is the
same across all configurations, although the alignment varies
between specimens: two specimens have vertical welded
areas with a 13mm gap between them, another two speci-
mens have horizontal welded areas also 13mm apart, and
the last specimen presents the horizontal welded areas side
by side. The specimens are subjected to vertical load to
investigate the structural behavior and the strength of the
welding.

Preliminary numerical analyses have been performed
using finite element analysis in combination with the virtual
crack-closure technique to simulate the failure of the weld-
ing. The results have shown minor differences in the per-
formance in terms of stiffness and maximum load
and displacement among the three different welding
configurations.

From the numerical-experimental comparison, it has
been observed that the stiffness obtained by the preliminary
numerical analyses is up to 35% higher than the experimen-
tal tests. This discrepancy has been attributed to the compli-
ance of the support structure, which was assumed rigid in
the preliminary analyses. Therefore, an updated numerical
model has been developed introducing appropriate boundary
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conditions to follow the deformations of the support struc-
ture observed during the tests. The updated numerical
model has allowed to obtain better simulation with a max-
imum deviation in term of stiffness of 3.5%, although the
difference in maximum load is between 6 and 15%.

Experimental tests indicate that the total welded area
plays a predominant role in determining joint strength, with
minimal differences observed across different orientations
and placements of the welding strips. Additional research is
required to explore how the ply orientation at the weld
interface affects the failure load and to evaluate the energy-
absorbing capabilities of thermoplastic welds under dynamic
loading conditions. Overall, this research has contributed in
providing valuable experimental and numerical insights to
fully unlock the potential of thermoplastic welded joints in
aeronautical applications.
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