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Continuous ultrasonic welding is an attractive welding technique for thermoplastic composite structures. In this
process, a metallic sonotrode connected to a piezoelectric transducer and to a press moves along the parts to be
welded applying ultrasonic vibrations and a static welding force on the welding overlap. Thus far, the research
carried out on this topic makes use of sonotrodes featuring a flat contact surface with the parts to be welded,
which limits the use of the process to the welding of overlaps with no curvature in the welding direction. With
the final aim of assessing whether this process can also be applied to curved structures, this paper explores the
feasibility of using a rounded sonotrode for continuous ultrasonic welding of thermoplastic composites. The main
conclusions drawn from the results obtained in this research is that it is indeed possible to continuously weld
thermoplastic composite panels with a rounded sonotrode and that high-quality welds can be obtained from such
a process. Furthermore, the use of a rounded sonotrode has the positive effect of lowering the temperatures at the
welding interface as well as the temperatures within the adherends. On the other hand, the use of such sonotrode
leads to a decreased, although still competitive, welding speed and, potentially, an increased welding force,

thereby setting boundary conditions that need to be considered for each specific application.

Introduction

The increasing demands for more sustainable aircraft, reduced costs
and high cycle times, encourage the fast introduction of thermoplastic
composites in aircraft structures. A perfect example of this is the
Multifunctional Fuselage Demonstrator (MFFD) within the framework
of the Clean Sky 2 Joint Undertaking (Clean Aviation, 2022; Gardiner).
The MFFD, with a length and diameter of 8.5 m and 4.0 m, respectively
is the first and largest fully thermoplastic composite aircraft structure
ever built. This demonstrator showcases precisely those technologies
that make thermoplastic composites so versatile and cost effective like,
press forming, continuous compression moulding, injection moulding,
and welding. These technologies rely on the characteristic of the ther-
moplastic matrix to melt upon heating, and solidify when cooled down.

The most interesting welding technologies for thermoplastic com-
posites are induction, resistance, and ultrasonic welding (Ageorges
et al., 2001; Benatar and Gutowski, 1986; Yousefpour et al., 2004). The
latter is typically regarded as the fastest and most energy efficient pro-
cess of all of them (Villegas et al., 2013). Ultrasonic welding relies on the
introduction of high-frequency, low-amplitude mechanical vibrations

into the composite parts to be welded by means of a sonotrode (Grewell
et al., 2003). Using of a so-called energy director (ED), e.g. a polymer
film or mesh, helps focus heat generation at the welding interface
(Benatar et al., 1989; Villegas, 2019). Heat is generated by means of
frictional heating between the surfaces of the ED and the parts and
through viscoelastic heating (Potente, 1984; Zongbo Zhang et al., 2010).
Due to its typically lower stiffness, the ED undergoes higher cyclic
straining under the ultrasonic vibration and hence has a higher visco-
elastic heat generating capacity than the composite parts.

Two ultrasonic welding processes can be used for welding of ther-
moplastic composite structures, namely sequential spot welding and
continuous welding. Sequential spot welding produces multi-spot wel-
ded joints (Zhao et al., 2018; 2019) and hence a discontinuous welded
seam. On the contrary, in continuous ultrasonic welding a continuous
seam is established by continuously moving the sonotrode along the
welding overlap (Senders et al., 2016). Both processes consist of a vi-
bration phase and a consolidation phase. During the vibration phase
heat is generated by means of the application of the ultrasonic vibra-
tions. During the consolidation phase the joint cools down and solidifies
under pressure. In the spot welding process the sonotrode itself provides
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the consolidation pressure from the end of the vibration phase. In the
continuous process, however, a separate consolidation shoe, referred to
as consolidator hereafter, is required to apply the consolidation pressure
and ensure high weld quality (Jongbloed et al., 2022). State-of-the-art
continuous ultrasonic welding typically makes use of a rectangular
sonotrode with hence a flat contact surface with the parts to be welded
(Jongbloed et al., 2020a,b, 2021, 2022). Using this type of sonotrode
enables significantly high welding speeds (e.g., about 35 mm/s welding
speed for fabric carbon fibre reinforced polyphenylene sulfide, CF/PPS
Jongbloed et al., 2020a). However, this solution is only applicable to
overlaps with no curvature in the welding direction, i.e., the direction of
movement of the sonotrode.

With the goal of eventually applying ultrasonic welding to single-
curved structures, e.g., circumferential joints in a fuselage structure,
we explored in this research the feasibility of using of a rounded sono-
trode for the continuous ultrasonic welding of thermoplastic composites.
As part of this exploration we looked into the weld quality (voids,
squeeze out, weld strength) and the welding process itself (temperature
evolution at the weld line and within the adherends, energy and power).
We then compared these results to those obtained with a state-of-the-art
rectangular sonotrode and published in our earlier paper (Jongbloed
et al., 2021b). As a first step in this novel line of research, the adherends
were kept flat, nevertheless the results obtained contain valuable in-
formation about the feasibility of using a continuous process for the
ultrasonic welding of curved adherends.

Methodology
Material

Carbon fibre reinforced polyphenylene sulfide (CF/PPS) thermo-
plastic composite laminates were used in this study as material for the
welding adherends. The laminates were produced by press consolidating
stacks of 6 layers of powder-impregnated CF/PPS semipreg material (5
harness satin CF fabric, CF 0286 127 Tef4 43% from Toray Advanced
Composites, The Netherlands) at 320 °C and 1 MPa for 20 min. The
laminates had a [0/90],, stacking sequence, measured 580 mm x 580
mm and had an approximate thickness of 1.85 mm upon consolidation.
Adherends measuring 220 mm x 101.6 mm were water-jet cut from the
consolidated laminates and degreased with isopropyl alcohol prior to
the welding process. The main apparent fibre orientation was parallel to
the short direction of these adherends. A 0.20 mm-thick plain woven
PPS mesh with 37% open area (PPS100, PVF GmbH, Germany) was used
as energy director in order to focus heat generation at the welding
interface (Jongbloed et al., 2020b).

Fig. 1. Welding setup.
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Welding setup and welding process

Fig. 1 shows the entire welding setup featuring a stiff frame to which
the ultrasonic welder and the consolidation unit are connected, and a X-
Y table on a guiding system able to move in the x and y directions at both
constant and variable speed. A VE20 SLIMLINE DIALOG 6200 ultrasonic
welder (Hermann Ultrasonics, Germany) operating at 20 kHz and with
maximum power of 6.2 kW is used in this setup. Next to it, a custom-
built consolidator is used to allow cooling down of the material under
pressure after the welding process. It consists of a 1.5 kN servo press kit
(YJKP, Festo, The Netherlands), a stabilization guide unit to avoid
sideways deflections and a 40 mm x 30 mm consolidation block made
out of copper. Note that the front of the 40 mm-long copper block is
rounded (2 mm radius) on the front to ensure a smooth sliding process.
The sonotrode used in this study was custom-built by Aeson (The
Netherlands) and made from titanium. On the plane defined by the
perpendicular axis of the sonotrode and the welding direction (Fig. 2),
the cross-section of the lower portion of the sonotrode is an approxi-
mately 15 mm-wide rectangle with a 15 mm diameter rounded tip
attached to it. On the plane containing the perpendicular axis of the
sonotrode and normal to the welding direction, the sonotrode features a
30 mm-wide rectangular cross section (Fig. 3). The distance between the
consolidation unit and the shaft of the sonotrode was kept as short as
possible (i.e., 2.5 mm, see Fig. 2) for the setup to operate safely. Finally,
the adherends were clamped to and aluminium base using bar clamps.
The aluminium base was located and fixed to the X-Y table so that the
sonotrode would mainly make contact with the 12.7 mm-long welding
overlap (Fig. 3).

The welding force and amplitude of vibration were set to 1000 N and
80 um (peak-to-peak), respectively. For such welding force, the welding
pressure was approximately 43-53 MPa, with the contact area between
sonotrode and material measured using carbon paper and amounting to
approximately 19 mm? (~1.5mm x 12.7 mm). The welding speed was
set at 12 mm/s based on preliminary experiments in which, within a
range between 25 and 8 mm/s, 12 mm/s was found to provide welds
with fully molten ED and no signs of thermal degradation (observations
on fracture surfaces). In most of the experiments, the consolidation force
was set to 800 N. This resulted in 1.6 MPa consolidation pressure, which
in our previous study (Jongbloed et al., 2022) was found to be sufficient
to fully consolidate the same material. Some experiments were however
carried out without the use of a consolidator. Their goal was to quali-
tatively identify regions in the material (adherends and weld line) which

welding direction )

Fig. 2. Close-up of the welding setup showing the rounded sonotrode and the
consolidation block.
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Fig. 3. Schematic placement of clamps and sonotrode.

had reached temperatures above melting, in the assumption that they
would develop deconsolidation voids upon cooling.

Temperature measurements

Thin K-type thermocouples (GG220-2K-0, Tempco B.V., The
Netherlands) were used to measure the temperature evolutions at the
welding interface and within the adherends, while minimizing their
effect on the welding process. The diameter of the thermocouple wires
was 0.10 mm, while the total diameter of the sleeved wires was 0.70
mm. An analogue thermocouple signal amplifier (Adafruit AD8495) was
used to simultaneously sample temperature readings at 1 kHz from a
maximum of five thermocouples. A MATLAB moving average filter (10,
20 or 25 points, depending on the individual case) was used to filter out
high-frequency fluctuations from the temperature data. Thermocouples
placed between the bottom adherend and the energy director were used
to measure the temperature evolution at the welding interface. For the
measurements within the adherends, the thermocouples were inserted
into 0.7 mm diameter holes drilled approximately midway through the
thickness of the laminate. Note that the diameter of the hole and of the
sleeved thermocouple were the same to ensure a press fit. Fig. 4 sche-
matically shows the locations of the thermocouples used to measure
temperatures at the welding interface (Configuration A), within the top
adherend (plus welding interface, Configuration B) and within the
bottom adherend (plus welding interface, Configuration C).

Configuration A Top adherend
30 mm 40 mm 40 mm 40 mm 40 mm 30mm ,

Side view 3 3 <«ED

Boltom'vad herend

TC1 TC2 TC3 TC4 TC5

Top view overe®
Bottom adherend

Configuration B

?fcn;m 40 ;n(;nz 150 mm Top adherend
N\ \
Side view s <ED

Bottom'radherend

£
e
<

TC4 TCS

Top view

Configuration C Top adherend

30 mm 40 mm 150 mm

Side view _= _:R <ED

¢4 “re1 165 Moo

Bottom,vadherend
€

TOp VieW beotrreomseemmoossmesommesmseossommss

12.7m

Fig. 4. Different thermocouple configurations used in this study. Configuration
A: temperature evolution at five different locations at the welding interface;
configuration B: temperature evolution at two locations within top adherend
and welding interface; configuration C: temperature evolution at two locations
within bottom adherend and welding interface.
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Microscopy and mechanical tests

The welded panels were cut into six 25.4 mm-wide coupons dis-
carding 28.8 mm at each edge of the panel. A water-cooled diamond
grinder was used for this purpose. One of these coupons (coupon #3,
located approximately at the centre of the welded panel) was used for
cross-sectional microscopic analysis of the welded overlap. For this, the
specimen was further trimmed, embedded in epoxy resin, and finally
ground and polished with a Tergramin-20 polisher (Struers, Denmark).
A 3D laser scanning confocal microscope (Keyence VK-X1000, Belgium)
was used for inspecting the cross sections. The other five coupons were
single-lap shear tested using a 250 kN Zwick/Roell universal testing
machine. The grips of the testing machine were offset to minimize sec-
ondary bending. Based on the ASTM D 1002 standard, a cross-head
speed of 1.3 mm/min was used in the tests and the apparent single-lap
shear strength (LSS) of the welded joints was calculated as the
maximum load divided by the overlap area (i.e., 25.4 x 12.7 mm?).
Fracture surfaces underwent naked-eye observation. Note that some of
the coupons subjected to mechanical tests contained a thermocouple in
the weldline. Our assumption is that, owing to its small dimensions, the
effect of the thermocouple on the weld strength can be considered as
negligible.

Test matrix

Table 1 shows an overview of the different welded joints produced in
this study and the types of tests they were used for.

Results
Weld quality

Fig. 5 presents a representative cross-section micrograph of the
welded joints obtained in this study showing the general state of the
material at the weld line and adjacent areas in the adherends as well as
the regions from which material is squeezed out at the edges of the
overlap (weld line primarily). Fig. 6 shows a representative cross-sec-
tion micrograph of a welded joint obtained with the absence of a
consolidator to help identify the areas where enough heat was generated
to melt the PPS matrix during the welding process, mostly the weld line
and the first layer adjacent to the weld interface in the top adherend.
From the single-lap shear strength tests on five coupons cut from a single
welded panel, a weld strength of 33.5 MPa was obtained with 1.4 MPa
standard deviation. The corresponding fracture surfaces are shown in
Fig. 7. Fig. 8 shows a close-up from one of the coupons.

Welding process

The average power consumed by the ultrasonic welder during the
welding process was approx. 270 W and the energy density, approx. 1.8
J/mm?. The temperature evolution at the interface between bottom

Table 1
Test matrix.

TC Number Adherend Weld Remarks

configuration ( of welds size [mm x length

Fig. 4) mm] [mm]

A 1 220 x 185 T measurements, LSS

101.6 tests & cross-sectional
microscopy.

A 1 220 x 101.6 185 T measurements, &
cross-sectional
microscopy. No
consolidator.

B 1 220 x 101.6 78 T measurements only.

C 1 220 x 101.6 78 T measurements only.
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2000pm

Fig. 6. Cross-sectional micrograph of continuous ultrasonic weld made using rounded sonotrode and no consolidator. Top adherend shown on top. Deconsolidation
voids can be seen at the weldline as well as the first layer of the top adherend adjacent to the welding interface indicated by arrows.

Bottom adherend

Fig. 7. Fracture surfaces of continuous ultrasonic weld made using rounded sonotrode. Welded in the direction left to right.

Fig. 8. Fracture surface detail from Fig. 7 of continuous ultrasonic weld made using rounded sonotrode.

adherend and energy director at five different locations along the weld is Discussion

shown in the graph in Fig. 9. Likewise, for the same welding conditions

Figs. 10 and 11 show the temperature evolution within the top and the The results obtained in this study show that it is indeed possible to
bottom adherends, as well as at the weld interface, at two locations use a rounded sonotrode to weld flat thermoplastic composites and
along the weld. hence suggest the potential of successfully applying continuous ultra-

sonic welding to curved parts. The welding process, as shown in this
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paper, provides fully welded overlaps (Fig. 7) featuring first-ply failure
(Fig. 8) with abundant occurrence of fibre bundle breakage. This, as
acknowledged in literature, is the type of failure characteristic of high-
quality welded joints in thermoplastic composites (Shi et al., 2013). It
also results in adherends free from welding-induced porosity as well as
minimal squeeze out (Fig. 5). Finally, the average weld strength
amounts to 90% that of the highest-quality CF/PPS continuous welded
joints we obtained using a rectangular sonotrode (referred to as refer-
ence continuous welds hereafter) (Jongbloed et al., 2021b) and 98%
that of CF/PPS static welds (Jongbloed et al., 2022), see Table 2. Note
that the reference continuous welds featured fully welded overlaps,
first-ply failure and minimal material squeeze out from the adherends
(Jongbloed et al., 2021b), similarly to the results shown in this paper for
the rounded sonotrode (Figs. 5, 7 and 8). The reference continuous
welds were obtained using the same CF/PPS material as in the present
paper and a 15 mm-wide rectangular sonotrode. The process parameters
were 500 N welding force, 70 um peak-to-peak vibration amplitude, 35
mm/s welding speed and 1.6 MPa consolidation pressure (Jongbloed
et al., 2021b). Note that for the experiments with the rounded sonotrode
in the current study a 1000 N welding force, 80 ym peak-to-peak vi-
bration amplitude, and 12 mm/s welding speed were used.

The present study uncovers, however, two downsides of using a
rounded sonotrode. One of them is a significant decrease in welding
speed, i.e., from 35 mm/s in the case of the reference welds obtained
with a rectangular sonotrode (Jongbloed et al., 2021b) to 12 mm/s. This
is consistent with the also significant reduction in the footprint of the
sonotrode on the welding overlap, i.e., from 190 mm? (15 mm x 12.7
mm) to approximately 19 mm? (1.5 mm x 12.7 mm). A reduced
sonotrode footprint accounts for a double effect on the process speed.
The most straightforward one is that it reduces the area that is heated at
once under the sonotrode, i.e., the heat footprint, and it therefore line-
arly decreases the time it takes to weld a prescribed length. Taking solely
that effect into account we would predict a drop in welding speed from
35 mm/s to around 3.5 mm/s when transitioning from the 15 mm-wide
rectangular sonotrode to the rounded one. However, decreasing the
sonotrode footprint also has the effect of increasing the welding pres-
sure. In this study the welding pressure was approximately 52 MPa,
which was 20 times higher than the welding pressure in the reference
continuous ultrasonic welding process (Jongbloed et al., 2021b).
Increasing the welding pressure has been empirically shown to increase
ultrasonic heat generation rates (Villegas, 2014). This second effect
could hence be responsible for the welding speed in the process with the
rounded sonotrode being 12 mm/s instead of just 3.5 mm/s, as predicted
when only considering the reduction of the heat footprint. A decrease in
the welding speed when using a rounded sonotrode is certainly a
disadvantage of the process. And even though 12 mm/s is still very
competitive when compared to other welding processes (Gardiner,
2022; Nicassio et al., 2022), it is expected that the speed will drop to
lower values for continuous ultrasonic welding of unidirectional com-
posite materials, given the more efficient heat dissipation provided by
the unidirectional fibres (Kohler et al., 2021). The second downside is
the apparent necessity to increase the welding force for the welding
process to be successful, which however needs to be further investigated
and understood. Increasing the requirements for the welding force is a

Table 2
Overview of single lap shear strength values for ultrasonic welding with rect-
angular and rounded sonotrode.

Type of weld Sontrode LSS =+ stdev. Remarks
type (MPa)
Continuous Rounded 335+ 1.4
weld
Continuous Rectangular 372+ 25 Taken from Jongbloed et al.
weld (2021b)
Static weld Rectangular 34.0+ 1.5 Taken from Jongbloed et al.,

2022

Journal of Advanced Joining Processes 7 (2023) 100144

downside since it would demand the use of heavier and more powerful
robots in industrialised processes.

Opting for a rounded sonotrode comes nevertheless with some
interesting advantages apart from paving the road for continuous ul-
trasonic welding of curved parts. Firstly, a significant decrease in the
maximum temperatures registered during the welding process, from
450 °C-550 °C in the reference welds to 350 °C-400 °C (Fig. 9), which
casts away potential doubts about thermal degradation risks (which we
believe are, nevertheless, minimum due to the very short exposure
time). More interestingly, this decrease is also observed in the temper-
atures measured within the adherends, which stay below the melting
temperature of PPS (Figs. 10 and 11). This is also evidenced by the fact
that signs of melting (in the form of deconsolidation voids in welds that
did not undergo consolidation) are only observed at the weld line and
adjacent layer of the top adherend in Fig. 6. Furthermore, Fig. 5 shows
only a modest resin squeeze out coming out from the weld line at the
edges of the overlap despite the very high welding pressure. Conse-
quently, using a rounded sonotrode provides a solution to the substantial
material (fibres and resin) squeeze-out from the top adherend identified
in our previous work (Jongbloed et al., 2021, 2022) as an issue of
continuous ultrasonic welding. This is an important issue since it can
negatively affect the structural integrity of the adherends through phe-
nomena such as porosity and local fibre misalignment. Finally, lower
temperatures during the welding process, at the interface and, especially
within the adherends, enables faster cooling to temperatures below so-
lidification. Because of this, the requirements imposed on the consoli-
dation block regarding position (see Jongbloed et al., 2022) and size can
be relaxed. When plotting the effect of the consolidation block on tem-
perature readings on the cooling phase (Fig. 12) one can indeed predict
that a consolidator approximately half the size of the one used in this
study would still deliver properly consolidated welds. Note that ac-
cording to our findings in Jongbloed et al., 2022, properly consolidated
welds are obtained when the consolidation pressure is applied until the
temperature at the weld line has dropped below the temperature for
maximum crystallization rate, which for PPS is around 170 °C (Chung
and Cebe, 1992; Furushima et al., 2018).

We believe the reason why temperatures are overall lower in
continuous ultrasonic welding with a rounded sonotrode is related to the
time during which each location is directly under the sonotrode. Indeed
taking into account the width of the sonotrode’s footprint and the pro-
cess speed one can see that in the process with the rounded sonotrode
each location is approximately 0.16 s under the sonotrode (1.5 mm/12
mm/s), whereas this time increases to 1.6 s (15 mm/12 mm/s) in the
reference case with a rectangular sonotrode. Fig. 13 shows that the
temperature read by each thermocouple at the welding interface as the
sonotrode first gets to their location is already approximately 300 °C and
it continues to increase during all the time the sonotrode is above that
location. Consequently, there is a direct relationship between the width
of the sonotrode’s footprint and the maximum temperature reached
under the sonotrode. This is also consistent with the lower energy
density and lower maximum power values measured for the process
with the rounded sonotrode namely ~1.8 J/mm? and ~270 W compared
to ~2.5 J/mm? and ~1140 W for the rectangular sonotrode. Finally, one
might take this explanation to mean that, by significantly increasing the
welding speed in continuous ultrasonic welding with a rectangular
sonotrode, we should be able to obtain similar results to those obtained
with the rounded sonotrode. Indeed, by increasing the welding speed in
Jongbloed et al. (2021b) from 35 to 65 mm/s we did observe a decrease
in the maximum temperatures reached during the welding process.
However the weld strength was low and fracture surfaces did not have a
uniform appearance, with the presence of unwelded areas. The reason
why this does not occur in the present study might be the ability of the
rounded sonotrode to provide a significantly higher and more uniform
pressure due to its significantly smaller footprint and hence more uni-
form heat generation and higher weld quality.



B. Jongbloed et al. Journal of Advanced Joining Processes 7 (2023) 100144

400 T —TC1 - interface
—TC2 - interface
—TC3 - interface
O'3001 T TC4 - interface
2. TC5 - interface
0}
Ei
®© 200 1
o
Q- N
GE.) N N
© 100} '\Z\‘E - :
2 «:.//\ N | \,-—j\\ l
oLl 1 | |

0 5 10 15 20
Time [s]

Fig. 9. Interface temperatures of continuous ultrasonic weld made with round sonotrode and the use of the consolidator. Vertical lines indicate when the middle of
the round sonotrode is above the specific thermocouple.
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Fig. 10. Interface and top adherend temperature of continuous ultrasonic weld made with round sonotrode and with the use of the consolidator. Welding length was
78 mm. Vertical lines indicate when the middle of the round sonotrode is above the specific thermocouple.
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Fig. 11. Interface and bottom adherend temperature of continuous ultrasonic weld made with round sonotrode and with the use of the consolidator. Welding length
was 78 mm. Vertical lines indicate when the middle of the round sonotrode is above the specific thermocouple.
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Fig. 12. Superimposed temperature profiles for the cooling phase only corresponding to the measurements shown in Fig. 9. The grey shaded area indicates the time

span during which the consolidator applied the consolidation pressure.
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Fig. 13. Superimposed temperature profiles for the reference welds (Jongbloed et al., 2021b) and welds with a rounded sonotrode taken from Fig. 9.

Conclusions

The goal of this paper was to experimentally assess the feasibility of
using a rounded sonotrode in continuous ultrasonic welding of ther-
moplastic composites. The main conclusions drawn from the results
obtained in this research are that it is indeed possible to continuously
weld thermoplastic composite panels with a rounded sonotrode and that
high-quality welds can be obtained from that process. Furthermore, the
use of a rounded sonotrode has the positive effect of lowering the tem-
peratures at the welding interface as well as the temperatures within the
adherends due to a shorter direct local exposure of the material to the
vibrating sonotrode. As a consequence, issues that tend to occur in
continuous ultrasonic welding with a rectangular sonotrode such as
porosity or fibre/resin squeeze out, both of them caused by excessive
bulk heating in the adherends, were eliminated in this study by using a
rounded sonotrode. Furthermore, the cooling rates are faster potentially
enabling the use of a smaller consolidator. As the main shortcoming the
use of such sonotrode leads to a decreased welding speed, which how-
ever, thanks to a significantly increased welding pressure, was not as
severe as could have been expected. All things considered, the results of
this research show that using a rounded sonotrode is not only a viable
but also an attractive option for continuous ultrasonic welding, which

unlocks the possibility of using this process for the welding of curved
thermoplastic composite structures in the future.
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