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Continuous ultrasonic welding is a promising high-speed and energy-efficient joining method for thermoplastic
composite structures. Our aim was to identify and understand differences between the static and continuous
ultrasonic welding process for thermoplastic composites. In particular, melting of the interface, consumed
power and energy density, temperature evolution at the weld interface, and optimum welding conditions
for both types of processes were investigated. This was done for three combinations of welding force and

vibrational amplitude, parameters which are known to have a significant effect in both welding processes. Our
results showed that for the continuous process the amount of non-welded area under the sonotrode remains
constant, while for the static process the amount of non-welded area gradually decreases to zero. Additionally,
the optimum vibration times and welding speeds in both processes are similar.

1. Introduction

Aircraft manufacturers are constantly aiming to reduce manufac-
turing and operational cost. Therefore, aircraft manufacturers are in-
creasing their interest in fibre-reinforced polymer matrix composites.
They allow tailoring of the mechanical properties, and they can have a
higher specific strength and stiffness compared to metals. This makes
it possible to reduce the weight of the aircraft structure. The lower
structural weight typically reduces the operational cost of aircraft by
for example a lower fuel consumption.

The matrix of the composites consists of either a thermoplastic or
a thermosetting polymer. Especially fibre-reinforced polymer matrix
composites with a thermoplastic matrix system can significantly reduce
cost during part manufacturing and assembly as compared to fibre-
reinforced thermosetting composites. The main contributing factors
are the ease of manufacturing (e.g. hot press forming), the reduction
in the cycle time, the high material toughness, the recyclability of
entire components and scraps produced during manufacturing, and the
possibility to weld the thermoplastic composite components together.

The use of resistance welding to assemble the fixed leading edge
of the A380 [1], and the use of induction welding to assemble the
rudder and elevators of the Gulfstream G650 [2], demonstrate the
applicability of welding techniques in the aerospace industry. Another
promising welding technique is ultrasonic welding. This technique is
fast, energy efficient, and can potentially be monitored and controlled
in situ. Especially with the expectation that for next generation aircraft
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large structural components will be made from carbon fibre-reinforced
thermoplastic composites, the need for a high-speed, and low-cost
welding technique increases.

During the ultrasonic welding process, a sonotrode exerts high
frequency, low amplitude vibrations to the to be welded parts, while,
at the same time, applying a static force. These vibrations heat up the
interface through frictional and viscoelastic heating [3,4]. Zhang et al.
showed that the heating of the interface is initiated by surface friction,
after the glass transition temperature of the thermoplastic material has
been reached at the interface, the main heating mechanism becomes
viscoelastic heating [4]. To focus heat generation at the interface a
relatively thin resin-rich layer, called energy director is used [5,6].
The relatively low-stiffness energy director experiences a higher cyclic
strain due to the vibrations and therefore heats up faster than the stiff
adherends.

Most research in the field of ultrasonic welding of thermoplastic
composites so far has focused on static welding of simple single lap
shear samples [5-15]. Villegas et al. showed that during the static
welding process different stages can be identified corresponding to
heating up and melting of the interface [8]. Feedback data from the
welder, more specifically power and vertical sonotrode displacement,
could be used to identify these stages and in situ monitor and control
the welding process [5,7]. Villegas et al. showed that by identifying
stages in the welding process, it is possible to find combinations of
parameters that consistently result in high strength joints [5,7].
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Recently, continuous ultrasonic welding has shown to be a promis-
ing high-speed welding technique for carbon fibre-reinforced
polyphenylene sulphide (CF/PPS) thermoplastic composites. For the
continuous welding process the sonotrode moves over the to be welded
overlap, while it applies the mechanical vibrations and static welding
force [16]. Senders et al. demonstrated the possibility of welding two
composite adherends together by using zero-flow welding with a 80
microns-thick flat energy director, i.e. a flat resin film, at the interface
to focus the heat generation [16]. As a step forward, we continued to
use the same composite material and experimental set-up and showed
that the weld uniformity and quality could be improved by using a
woven polymer mesh as energy director [17]. Additionally, continuous
ultrasonic welding has been demonstrated as an efficient technique for
tacking and, potentially, consolidating thermoplastic composite tapes
during automated fibre placement (AFP) [18,19] and filament winding
(FW) [20,21] processes. Such processes are however relatively different
to the welding process subject of the present paper, since they deal
with flexible pre-impregnated or semi-impregnated tapes instead of stiff
composite adherends or parts.

In contrast to the static ultrasonic welding process of thermoplastic
composite parts, the phenomena happening at the interface during the
continuous ultrasonic welding process are not fully understood yet.
As a result, the process of, for instance, finding an optimum welding
speed (i.e. a speed that results in welded joints with the highest
strength), is based on labour- and material-intensive trial-and-error
procedures [16]. Contrarily, finding of optimum vibration times in
static ultrasonic welding can be efficiently defined with the aid of in
situ monitoring of the welding process [5]. Current understanding of
the static ultrasonic welding process has been attained by studying a
number of aspects of the process, among others:

+ the melting phenomena of the interface. Fractography and cross-
sectional microscopy were used by Villegas et al. to visualize the
melt fronts to get insight into the melting of triangular energy
directors [7,22] and to understand the melting process for film
energy directors [5].

the feedback data of the welder, e.g. time, power, energy and
vertical sonotrode displacement. The welding energy and the
vertical sonotrode displacement have been related to the weld
quality [5,8,23].

the effect of the welding parameters, i.e. among others welding
force, vibrational amplitude, and vibration time, on the welding
process. In the static welding process, changing the welding pa-
rameters force and vibrational amplitude was found to influence
the optimum weld duration significantly [5,8,23]. The welding
force affects the degree of hammering of the sonotrode on the top
adherend [11,24]. A high welding force reduces the hammering,
which makes the process more energy efficient en hence faster.
The vibrational amplitude is directly linked to the viscoelastic
heat generation Q,, through the following Eq. (1) [25],

0, = - EZ’ I g2
where w is the frequency of the vibrations, E" the loss modulus
of the material, and e the cyclic strain imposed on the material
due to the mechanical vibration. Therefore, the amplitude has a
major impact on the duration of the welding process.

(€Y

With the aim of identifying how to benefit from existing knowledge
on static ultrasonic welding of thermoplastic composite parts to boost
the development of the continuous version of the process, the present
paper focuses on identifying and understanding differences and similar-
ities between both processes. To this end, we experimentally compared
melting of the interface, the consumed power, temperature at the weld
interface, and the optimum welding conditions. This was done for three
combinations of welding force and vibrational amplitude which are
known to have a significant effect in both welding processes.
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2. Experimental procedures
2.1. Materials

The thermoplastic composite laminates used for the welding ex-
periments in this study were made out of carbon fibre fabric (five
harness satin weave) impregnated with polyphenylene sulphide powder
(CF/PPS semipreg), CF 0286 127 Tef4 43% from Toray Advanced
Composites, the Netherlands. The laminates were stacked according
to a [0/90];, sequence and subjected to a consolidation process in a
hot press for 20 min at 320 °C and 1 MPa pressure, which based on
previous experience results in defect- and void-free laminates. The con-
solidated laminates had a size of 580 mm by 580 mm, and a thickness of
approximately 1.85 mm. Adherends measuring 220 mm by 101.6 mm
were cut from the consolidated laminates for the continuous welding
experiments. For the static welding process 15.0 mm by 101.6 mm
adherends were cut from the laminates. For both adherend sizes the
main apparent fibre orientation was in the 101.6 mm direction. A
0.20 mm-thick woven PPS mesh energy director with 37% open area
was used for all experiments to focus heat generation at the welding
interface [17]. The PPS woven mesh (product name PPS100) was
supplied by PVF GmbH, Germany.

2.2. Ultrasonic welding

The continuous ultrasonic welding machine, shown in Fig. 1a, was
developed in-house. This machine was used for all the static and
continuous ultrasonic welding experiments. It consists of a stiff frame
with a X-Y table on a guiding system allowing automatic translation
in its x-direction and an off-the-shelf ultrasonic welder from Herrmann
Ultrasonics of the type VE20 SLIMLINE DIALOG 6200. The operating
frequency of the welder is 20 kHz. The welding train consists of the
converter, booster and sonotrode. The maximum operational amplitude
of the sonotrode was defined to be 80 um (peak-to-peak) by the manu-
facturer. A rectangular sonotrode was used. The contact surface of the
sonotrode was 15 mm-wide and 30 mm-long. In all the experiments
carried out in this research, the sonotrode was oriented with its shorter
side parallel to the direction in which the X-Y table automatically
moved during the welding process (x-direction in Fig. 1a). The ultra-
sonic welder records feedback data (such as time, power consumption,
energy, vertical sonotrode displacement, and amplitude) at a 1 kHz
frequency.

Fig. 1b shows a close-up of the continuous ultrasonic welding set-
up during the welding process. The CF/PPS top and bottom adherends
were kept in place by two aluminium bar clamps placed 70 mm apart
from each other. The mesh energy director was placed in between the
two adherends. In order to consistently ensure a fixed overlap width of
12.7 mm between the two adherends, alignment pins were used. During
the welding process the X-Y table moved underneath the sonotrode in
x-direction over a welding distance of 205 mm as shown in Fig. 2,
while the sonotrode applied the static welding force and the high-
frequency vibrations. The resulting relative movement of the sonotrode
with respect to the adherends is indicated in Fig. 1b. The parameters of
the continuous welding process were force, amplitude and translational
speed.

Fig. 3 shows how the top and bottom adherends for the static weld-
ing process were clamped. The same welding machine and clamping
tools were used as in the continuous welding set-up (see Fig. 1). For
the static welding process, the adherends had the same width as the
sonotrode (15 mm). The static welding process was controlled using
the vibration time i.e. the welder was set to vibrate for a set amount
of time. The welding force and the vibrational amplitude were kept
constant for each weld. After the vibration phase a consolidation force
equal to the welding force was kept on the adherends by the sonotrode
for 4000 ms.

Three combinations of welding force and vibrational amplitude
were used for both static and continuous welding processes, shown



B. Jongbloed et al.

E Ultrasonic welder

Fy

Vo‘i . Sonotrode

)

=

= Fixture

Composites Part B 203 (2020) 108466

" Top adherend (CF/PPS)

-

b

Fig. 1. (a) In-house developed continuous ultrasonic welding machine and (b) a close-up of the to be welded parts together with the sonotrode and the bar clamps.

Sonotrode width: 15 mm

Weld distance: 205 mm

Width of plate: 220 mm

e
ion

Overlap

Fig. 2. Schematic overview of start and end position of the sonotrode with respect to the to be welded overlap together with the welding distance.

Table 1

Test matrix for the static and continuous ultrasonic welding experiments for the three parameter
combinations with different welding forces (F) and (peak-to-peak) vibrational amplitudes (A).

Parameters combination

Continuous welding

Static welding

F [N] A [pm] Speed [mm/s] Vibration time [ms]

25 160, 200, 240, 290, 315,
500 80 35 340, 365, 390, 415, 440,

45 465, 515, 565

35 110, 135, 160, 185, 210,
1500 80 45 235, 260, 285, 310, 335,

55 385, 435

15 500, 600, 675, 800, 865.
500 60 ;: 915, 940, 965, 1000

in Table 1. For each combination of force and vibrational amplitude
several welding speeds (continuous process) and several vibration times
(static process) were used as listed in Table 1.

2.3. Melt front analysis

To understand how the interface melts and to identify the location
of the melt front for the continuous welding process a fractographic
analysis was performed around the melt front. The location of the melt
front was defined as the location from where the melted ED connected
to the adherends. The continuous welding process was stopped pre-
maturely at three different weld distances of 56 mm, 100 mm and
144 mm of the leftmost end of the overlap to check for consistency
over the length of the plate (see Fig. 2 for reference). For each weld
distance one continuous weld was made on an individual set of (top
and bottom) adherends until that weld distance was reached. This was
done for each combination of welding force and vibrational amplitude
(see Table 1) at the optimum welding speed. The welding speed used

was defined as optimum from the results of regular single lap shear
tests, as explained later on in Section 3.1. For each weld distance a
50 mm-wide sample was cut from the location were the process was
stopped. Each of these samples were mechanically separated, and the
resulting fracture surfaces were analysed using a ZEISS Discovery.V8
SteREO microscope. For the close-up image of the mesh a Keyence VR
one-shot 3D (VR-5000) microscope was used.

To visualize the melting process during the static ultrasonic welding,
four welds in a single lap shear configuration were welded for each
combination of welding force, vibrational amplitude, and vibration
time indicated in Table 1. These welds were then mechanically tested,
and their fracture surfaces were analysed using the ZEISS Discovery.V8
SteREO microscope.

2.4. Energy and power consumption

The areal energy density and average consumed power were deter-
mined based on the feedback data from the welder. For the continuous
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Fig. 3. Clamping situation of adherends in static ultrasonic welding set-up.

process the optimum welding speed was used, and for the static welding
process the optimum vibration time was used. For both processes the
power curve was integrated with respect to time in order to obtain the
consumed energy. The energy density per unit area was determined by
dividing the total consumed energy by the total welded area. For the
static welding process an average was taken over four welds. For the
continuous process the consumed energy and the average power were
determined based on the entire welded seam minus the first 15 mm
since this area contained non-welded ED.

2.5. Temperature measurements

Fig. 4 shows where the thermocouples were placed for (a) the
continuous and (b) the static welding process. The thermocouples
were placed in between the bottom adherend and energy director.
The temperature at the weld interface was measured using K-type
thermocouples supplied by Tempco (product number 2-2200-0004 and
description GG220-2K-0). An analog output K-type thermocouple am-
plifier was used from Adafruit with product number AD8495 sampling
the temperature at 1 kHz. The thermocouples had a wire diameter
of 0.10 mm. A 25 moving average filter (using the filter function in
matlab) was applied to the measured temperature data in order to filter
high frequency fluctuations.

For the continuous process 5 evenly spaced thermocouples were
placed along the overlap as indicated in Fig. 4. The same welded
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Fig. 5. Average single lap shear strength values obtained after mechanical testing
for the continuous ultrasonic welding process. The bars represent plus and minus the
standard deviation around the average (n = 6).

adherends were used for mechanical testing. For the static welding
process, 5 additional welds with thermocouples were made for each
combination of force and vibrational amplitude, on top of the welds
used for mechanical testing. The temperature of the weld interface
was measured from the start of the welding process until the optimum
vibration time. Per weld two thermocouples were placed, one (TC1) in
the middle of the overlap and a second one (TC2) approximately 3 mm
from the edge as shown in Fig. 3b.

2.6. Mechanical testing

The continuously welded 220 mm-long adherends were cut into
six 25.4 mm-wide single lap shear samples for mechanical testing to
obtain their LSS (lap shear strength), after discarding the two edges
(28.8 mm-wide each). For the static welding process four welds were
made per vibration time for LSS-testing. The obtained single-lap shear
samples from both the continuous and static welding processes were
mechanically tested with a Zwick/Roell 250 kN universal testing ma-
chine with a cross-head speed of 1.3 mm/min. The grips were given
the necessary offset to ensure parallelism between the load introduction
and the overlap. The LSS was calculated by dividing the maximum load
by the overlap area.

Overlap |

b

Fig. 4. (a) Bottom adherend in the continuous ultrasonic welding set-up together with five thermocouples. (b) Side view of adherends for static welding with thermocouple

locations.
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Fig. 6. Fracture surfaces of adherends welded at the optimum welding speeds for the three combinations of welding force and vibrational amplitude. The arrow indicates a resin
rich area containing voids. The dashed rectangular boxes indicate examples of failures that occurred in between the first and second layer of the bottom adherend. The circle
combinations indicate where the first layer of the top adherend separated from the top adherend and remained adhered to the bottom adherend.

3. Results
3.1. Mechanical tests

Fig. 5 shows the results of the single lap shear tests of the welded
joints obtained by means of the continuous welding process. It should
be noted that each point in the graph represents the average strength
of six samples cut from a panel welded under a specific combination
of force, amplitude and welding speed values. It can be seen that the
highest strength values obtained were around 28 MPa for all three
force and amplitude combinations. It can also be seen that the optimum
welding speed for the 500 N and 80 pm combination was approximately
35 mm/s, which was hence considered as the optimum welding speed
for these conditions. A significant drop in strength occurred at either
25 mm/s and 45 mm/s. Increasing the welding force to 1500 N, while
maintaining the amplitude constant (80 pm) resulted in the highest
lap shear strength being reached at both 35 and 45 mm/s. It should
be noted that according to ANOVA statistical analysis the average lap
shear strength values obtained for those two speeds are not statistically
different (p-value = 0.0709 being not significant at p < 0.05, F =
4.08). However, since degradation of the top adherend was observed
when welding at 35 mm/s, 45 mm/s was chosen as the optimum
speed for this force and amplitude combination. When increasing the
speed to 55 mm/s the strength decreased slightly. For the 500 N and
60 pm combination the optimum welding speed was approximately
15 mm/s. Above a welding speed of 15 mm/s the strength dropped.
Below 15 mm/s severe thermal degradation of the top adherend was
observed, and thus 15 mm/s was chosen as the lower limit for the speed
in this case.

Fig. 6 shows representative fracture surfaces of welds obtained at
the optimum welding speed for each one of the three force and ampli-
tude combinations. The fracture surfaces have a uniform appearance
and no non-welded energy director was present for any of the welds.
However, whitish resin-rich areas containing voids could be observed
for all welds. Failure at the weld interface was the most frequent failure
type for the 500 N and 80 pm and 1500 N and 80 pm combinations.

However, some of the failure partially occurred in between the first
and second layer of the bottom adherend. For the lowest vibrational
amplitude (500 N and 60 pm combination), the failure most frequently
occurred within the adherends with most of the first ply of the top
adherend remaining adhered to the top adherend after failure.

Fig. 7 shows the lap shear strength values corresponding to the static
welding process. For the 500 N and 80 pm combination, the strength
gradually increased to an interval of high strength values (around 36
MPa) for vibration times between 415 ms and 565 ms. When increasing
the welding force to 1500 N and keeping the vibrational amplitude at
80 pm, the high strength interval (also around 36 MPa) was achieved
within a shorter vibration time, between 260 ms and 435 ms. When
lowering the vibrational amplitude to 60 pm while keeping the welding
force at 500 N, the high strength interval (around 38 MPa) was reached
significantly later, at vibration times between 860 ms and 960 ms. The
optimum vibration times were determined within these high strength
intervals based on fractographic analysis. The optimum vibration time
was identified as the shortest vibration time within the said interval
for which no non-welded energy director could be observed anymore:
440 ms for 500 N and 80 pm, 335 ms for 1500 N and 80 pm, and 940 ms
for 500 N and 60 pm.

3.2. Power and displacement curves

Fig. 8 shows the power and displacement curves in the continuous
ultrasonic welding process at the optimum welding speeds. For all
combinations of welding force and vibrational amplitude the power
quickly increased at the start of the welding process. Throughout the
welding process the power fluctuated around an average power value
of approximately 1600 W for 500 N & 80 pm (Fig. 8a), 1900 W for
1500 N & 80 pm (Fig. 8b), and 900 W for 500 N & 60 pm (Fig. 8c).
The power fluctuations near the start and end of the weld were bigger
compared those in the middle. Overall, the power fluctuations were
less pronounced for the 500 N & 60 pm case (Fig. 8c). The vertical
displacement of the sonotrode did not show a consistent behaviour.

Fig. 9 shows the power and displacement curves of the static ultra-
sonic welding process for the three different combinations of welding
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Fig. 8. Power and vertical sonotrode displacement curves of the continuous ultrasonic welding process for the three combinations of force and vibrational amplitude welded at

the optimum welding speed.

force and vibrational amplitude. As seen in Fig. 9a, b, and c, in all
cases the power steeply increased within the first 100 ms. The steepest
power increase occurred for the 1500 N & 80 pm combination (Fig. 9b),
followed by the 500 N & 80 pm (Fig. 9a) and the 500 N & 60 pm
combinations (Fig. 9¢). After the initial increase the power remained
between approximately 800 W and 1500 W for the 500 N & 80 pum
combination (Fig. 9a), between 1200 W and 1800 W for the 1500 N &
80 pm combination (Fig. 9b), and between 500 W and 800 W for the
500 N & 60 pm combination (Fig. 9c).

The vertical displacement in Figs. 9a, 9b, and 9c increased steeply
within 130 ms (500 N & 80 pm), 50 ms (1500 N & 80 pm), and 220 ms
(500 N & 60 pm) respectively. This initial steep increase was followed
by a plateau in displacement, lasting approximately 80 ms for 500 N &
80 pm, 60 ms for 1500 N & 80 pm, and 240 ms for 500 N & 60 pm.

3.3. Melt front analysis

Fig. 10 shows representative fracture surfaces where the continuous
welding process was prematurely stopped at 100 mm from the leftmost

edge of the overlap for the three combinations of force and vibrational
amplitude and optimum welding speeds. As shown in Fig. 10a, b, and
¢, in all three cases the melt front was underneath the sonotrode, was
relatively straight, parallel to the back and front edge of the sonotrode
and closer to the latter. Behind the melt front (i.e. the welded area),
rough resin-rich surface with occasional broken fibres (see Fig. 10a, b,
and c) could be observed. The whole energy director and presumably
the resin on the outer surface of the adherends had been melted. Ahead
of the melt front non-welded energy director was present. Fig. 10d
shows a close-up of a part of the non-welded energy director under and
ahead of the sonotrode. It can be seen that close to the melt front the
ED was significantly deformed and flattened, the degree of deformation
and flattening decreased towards fully pristine ED far ahead of the
sonotrode.

In Fig. 10 the position of the melt front was dependent on the
process parameters. Table 2 shows the position of the melt front relative
to the front edge of the sonotrode (referred to as melt front distance)
and the position of the melt front relative to the pristine ED at three
different positions in the overlap for each combination of processing
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T
melt front

Deformed and flattened mesh ED

Pristine ED

Non-welded ED

d

Fig. 10. Representative fracture surfaces showing the melt front positions at optimum welding speeds after stopping the welding process at 100 mm from the leftmost edge of the
overlap for (a) 500 N, 80 pm and 35 mm/s, (b) 1500 N, 80 pm, and 45 mm/s, (c) 500 N, 60 pm, and 15 mm/s. The white dashed rectangles mark the position of the sonotrode
when the welding process was stopped. The front edge and the back edge of the sonotrode are also indicated. (d) Close-up of mainly the non-welded energy directing mesh ahead
of sonotrode. The distance between the pristine ED and the melt front is shown.

parameters (see Section 2.3). It can be seen that the melt front dis-

tance remained relatively constant during the welding process with the

largest standard deviation found for the 500 N and 60 pm combination.

Fig. 11 shows representative fracture surfaces of adherends stati-
cally welded under different vibration times for the three combinations
of welding force and vibrational amplitude used in this study. It can
be seen that for each combination of welding parameters the centre of
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Average melt front distances with respect to the front edge of the sonotrode and position of melt front
relative to the pristine ED for the three combinations of welding force (F) and vibrational amplitude (A)

welded at the optimum welding speeds (S).

Parameters Avg. melt front Avg. position melt front
distance to front edge relative to pristine ED
sonotrode [mm] [mm]

F [N] A [pm] S [mm/s]

500 80 35 3.2+ 0.6 6.2 + 0.4

1500 80 45 0.5 + 0.5 43+ 0.7

500 60 15 6.0 + 0.9 82+ 1.7

500 N, 80 pm

240 ms

Bottom
adherend £4§

Bottom
adherend

500 N, 60 pm

500 ms

Top 3
adherend

Bottom' §

~ 940 ms

Fig. 11. Representative fracture surfaces of statically welded adherends at multiple different vibration times for the three combinations of welding force and vibrational amplitude:
500 N and 80 pm, 1500 N and 80 pm, and 500 N and 60 pm. The white dashed areas indicate the presence of non-welded energy director.

the overlap melted the latest. The area of non-welded energy director
material decreased for increased vibration times. The first vibration
times for which the welds contained no non-welded energy director
are 440 ms for 500 N and 80 pm, 335 ms for 1500 N and 80 pm, and
940 ms for 500 N and 60 pm. For most of the welds obtained under
vibration times beyond those values fibre distortion could be observed
at the edges of the overlap.

3.4. Power, energy and temperature measurements

Table 3 shows the areal energy density and the average consumed
power for both the static and continuous welding processes at the
optimum vibration time and welding speed, respectively. It can be seen
that energy and power were significantly higher for the continuous
welding process. The difference was most pronounced for the 500 N
and 80 pm parameter combination, where both the average power and

the energy density in continuous ultrasonic welding were almost twice
as high as those of the static welding process. The smallest difference
occurred for the 1500 N and 80 pm parameter combination, with the
power and energy being 1.4 times higher in continuous than in static
welding.

Fig. 12 shows the temperatures measured during the continuous
welding process at five different locations in the welding interface
(see Section 2.5). The grey shaded areas indicate the time span during
which a specific thermocouple was located under the sonotrode. It
can be seen that the temperature measured by all the thermocouples
increased almost instantly to values between 100 °C and 200 °C at
the beginning of the welding process. Afterwards, the temperature
started to increase more steeply well before the sonotrode reached the
thermocouple until a maximum value was reached coinciding with the
point where the sonotrode moved away from the thermocouple. The
maximum temperatures were 474 °C + 45 °C, 512 °C = 41 °C, and
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Table 3
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Average power and average areal energy density and corresponding standard deviation for the three combinations of force
and vibrational amplitude welded at the optimum static vibration times and optimum continuous welding speeds.

combination Technique Optimum Areal energy density Average power [W]
[J/mm?]
Static 440 ms 1.9 + 0.1 843 + 41
500 N, 80 pm Continuous 35 mm/s 3.6 +£03 1605 + 131
Static 335 ms 2.4 +0.1 1352 + 60
1500 N, 80 pm Continuous 45 mm/s 3.3+ 02 1869 + 135
Static 940 ms 29+ 0.3 588 + 54
500 N, 60 ym Continuous 15 mm/s 4.8 + 0.4 916 + 76
500 N & 80 pm, speed = 35 mm/s 1500 N & 80 pm, speed = 45 mm/s
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Fig. 12. Representative temperature measurements for the continuous ultrasonic welding process at the optimum welding speeds for the three parameter combinations. The grey
areas indicate the time span during which a specific thermocouple was located under the sonotrode.

433 °C + 17 °C for 500 N & 80 pm (Fig. 12a), 1500 N & 80 pm
(Fig. 12b), and 500 N & 60 pm (Fig. 12c), respectively.

Fig. 13 shows representative temperature measurements at the
welding interface for the static ultrasonic welding process. Temperature
measurements both at the centre and at one of the edges of the overlap
(see Section 2.5) are represented in this Figure. As seen in Fig. 13a, b,
and c, in all cases the temperature evolution showed a first stage in
which it increased quickly from room temperature to over the melting
temperature of PPS (280 °C [26]) within the first 50 to 100 ms of the
process (50 ms for 1500 N & 80 pm and 100 ms for 500 N & 80 pm and
500 N & 60 pm). After that, a second stage could be observed in which
the temperature increase rate slowed down significantly. The duration
of this second stage was also between 50 and 100 ms. Temperatures
at the centre and at the edge of the overlap were similar during these
first and second stages. After that, the temperatures at both locations
still showed increasing trends but tended to diverge from each other.
While for the 1500 N & 80 pm (Fig. 13b) and the 500 N & 60 pm
(Fig. 13c) combinations, the temperature at the edge of the overlap was
generally higher than at the centre, for the 500 N & 80 pm combination
(Fig. 13a) the opposite behaviour was observed. For the 500 N &
80 pm combination the maximum temperature amounted to around
450 °C (centre of the overlap). For the 1500 N & 80 pm combination
the maximum temperature was around 550 °C (edge of the overlap).
Finally, for the 500 N & 60 pm combination the maximum temperature
was around 500 °C (edge of the overlap).

4. Discussion

The aim of this paper was to identify and understand differences
and similarities between the static and continuous ultrasonic welding
processes for thermoplastic composites. In particular, melting of the
interface, consumed power and energy density, temperature evolution
at the weld interface, and optimum welding conditions for both types
of processes were investigated. This was done for three combinations
of welding force and vibrational amplitude, parameters which are
known to have a significant effect in both welding processes. Our
interpretation of the results obtained in this study is provided in what
follows.

Regarding melting of the interface, the fracture surfaces in Figs. 10
and 11 show a fundamental difference between the continuous and
the static welding process. While in the static process the amount
of non-welded area gradually decreases until it becomes zero, in the
continuous process the amount of non-welded area under the sonotrode
remains constant. In other words, in static welding the condition of
the material under the sonotrode gradually changes, as it sequentially
undergoes all the stages in the welding process. Contrarily, an unchang-
ing condition (a simultaneous combination of the different stages the
material goes through during the welding process, as schematically
represented in Fig. 14) can be found under the sonotrode in the
continuous welding process. The amount of non-welded area under
the sonotrode in the continuous process is reduced when either the
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Fig. 13. Representative temperature measurements for the static welding process until the optimum vibration time for the three parameter combinations. TC1 was located in the
centre of the overlap and TC2 was located on the edge of the overlap as indicated in Fig. 4b.

welding force or amplitude increase (Fig. 10). This is consistent with
faster heat generation and hence a shorter time for the non-welded
energy director to turn into a welded joint. When it comes to the power
dissipated during the welding process, the morphology of the power
curves is similar in both processes (Figs. 8 and 9). They feature an
initial rapid increase followed by fluctuations around a certain value,
which are believed to represent the different phases undergone by the
material. However, the overall dissipated power as well as the energy
density are significantly higher in the continuous process (see Table 3).
We believe this is related to the differences in adherend size since, as
widely acknowledged in literature, the power or energy in ultrasonic
welding is not only invested in creating the weld but also dissipated in
its surroundings. As a matter of fact, additional experiments in which
a 15 mm-wide static weld was made at the centre of 220 mm-wide
adherends (same adherend and energy director configuration as in
continuous welding) showed power dissipation levels comparable to
those observed in continuous welding (Fig. 15).

Higher power dissipation when the adherends are wider than the
sonotrode (i.e. continuous versus static welding situations in this study)
may be explained by two phenomena. Firstly, by the vibrations being
transmitted beyond the material directly underneath the sonotrode. As
shown in Fig. 12, all the thermocouples registered a rather simulta-
neous temperature increase to a temperature level between 100 and
200 °C at the beginning of the continuous process. Such phenomenon
can be interpreted as resulting from the occurrence of vibration and
hence friction between the thermocouples and adherends all along
the overlap and not only at the specific location of the sonotrode.
Secondly, by the initial phases of the welding process occurring be-
yond the boundaries of the sonotrode. As seen in Fig. 10, the mesh
energy director experiences local melting and flattening ahead of the
sonotrode in the continuous process. Additionally, the temperature at
each thermocouple location starts the ramp-up associated with the
welding process before the sonotrode arrives at that location (Fig. 12).
Therefore, owing to pressure distribution and amplitude transmission
beyond the sonotrode, the effective area undergoing the different stages
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of the welding process can be said to be bigger than the actual imprint
of the sonotrode, which results in higher power needs.

As mentioned earlier, in continuous welding the temperature starts
ramping up beyond the pseudo-initial 100-200 °C level before the
sonotrode reaches each location. This is obviously not the case in static
welding. However the maximum temperatures reached in both types
of process are roughly within the same 150 °C -wide range as seen in
Fig. 16. Despite the higher thermal energy input derived from longer
exposure to high temperatures in continuous welding, both the contin-
uous and static process show similar melting kinetics at the welding
interface. Firstly, the time to transform pristine ED into melted ED
connected to the adherends, represented by the distance between the
melt front and pristine ED in continuous welding (Fig. 10) and by the
time until the end of the displacement plateau in static welding [17],
are similar as shown in Table 4. Secondly, the optimum vibration times
(static welding) and optimum welding speeds (continuous welding)
are also similar (Table 4). This indicates that in the particular case
studied here, results from the static process can be used to determine
the optimum welding speed in the continuous process. This is an
important result since it could lead to a considerable reduction of
the effort needed to define optimum welding conditions in continuous
ultrasonic welding by making use of the relatively simple and efficient
methods available in literature to define the optimum vibration time
in the static process [5,8]. Nevertheless, the obvious differences in
temperature evolution between the two processes and their potential
impact on the validity of the relation between vibration time (static)
and welding speed (continuous) need to be further understood. In
particular, changing the thermal properties of the adherends and/or
the melting behaviour of the energy director by, for instance, welding
a different composite material, might challenge the aforementioned
relation. On the contrary, introducing changes in the welding setup
(ultrasonic welder, clamping jig) could likely result in different absolute
values for both the vibration time and welding speed but not in the
relation between them. This is supported by the fact that the three
force and amplitude combinations used in this study showed a similar



B. Jongbloed et al.

Sonotrode

Welding direction
—_—

Melt front

top plate

bottom plate

Fully welded Melting of Deforming  Pristine ED
interface interface  and flattening
of mesh ED ,
Non-welded ED
a

Composites Part B 203 (2020) 108466

Sonotrode

top sample

bottom sample

ED

b

Fig. 14. (a) Schematic exaggerated interpretation of the CUW process at the interface. (b) Schematic situation for the static welding process.
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Fig. 15. Power curves for the 500 N & 80 pm combination for a normal static weld on 15 mm-wide coupons as shown in Fig. 3, and a static welds made in the middle of
220 mm-wide adherends normally used for continuous welding.
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Table 4
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Time to transform pristine ED into melted ED for static (time values at the end of the displacement plateaus in Fig. 9) and
CUW (calculated by dividing the distance from the pristine ED to the melt front in Table 2 by the corresponding welding
speeds). Translation of optimum welding speeds into vibration times for CUW (by dividing the sonotrode width of 15 mm by
the optimum CUW speed), and optimum vibration times in static welding identified in Section 3.1.

500 N and 80 pm

1500 N and 80 pm 500 N and 60 pm

Time to transform pristine Static 200 ms 100 ms 490 ms
ED into melted ED CUW 180 ms 100 ms 550 ms
. Time based on CUW 429 ms 333 ms 1000 ms
Optimum
speed
Time static 440 ms 335 ms 940 ms

Fig. 17. Representative fracture surfaces of continuous welds for the 500 N and 80 pm parameter combination obtained at welding speed (a) below and (b) above the optimum
welding speed. (a) displays distorted fibre bundles and discoloured resin at the edges of the overlap, (b) shows areas of non-welded ED. Top adherend is shown on the left and

bottom adherend is shown on the right.

relation between vibration time and welding speed despite the very
different absolute values in each combination.

Finally, the maximum lap shear strength of continuous welded joints
is significantly lower than that of statically welded joints. We believe
this to be related to the presence of voids weakening the welding
interface (main failure location as seen in Fig. 6) and, potentially, the
adjacent layers in the adherends (secondary failure location as also
seen in Fig. 6). These voids, which could be distinctly observed on
the fracture surfaces of the continuous welds (Fig. 6), are believed to
be caused by lack of consolidation during the welding process, i.e. no
pressure applied during cooling. Lack of consolidation could result
from: (i) the continuous welding set-up missing a consolidation shoe
which would enable the welded areas to cool down under pressure; (ii)
uneven thickness and resulting uneven pressure caused by the presence
of non-welded ED under the sonotrode (as indicated in Fig. 14). Owing
to the fact that welded joints obtained at 1500 N and 80 pm featured the
same maximum LSS as the other welded joints despite the fact that the
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melt front was aligned with the front edge of the sonotrode (Fig. 10)
points at the absence of a consolidation shoe as the main cause in the
LSS knock down. We therefore expect that adding a consolidation shoe
to the continuous welding setup will decrease the amount of voids in
the weld line and the adherends and will hence increase the strength
of the continuous ultrasonic welds to values similar to those of static
welds. We however do not expect the optimum welding speeds defined
in the present study to be significantly affected by the addition of a
compaction shoe to the welding setup. This is based on the fact that the
fracture surfaces of samples welded at welding speeds below and above
the optimum featured initial signs of overheating (fibre distortion,
discoloured resin) and areas of not completely molten ED, respectively
(see e.g. Fig. 17). Both overheating and non-molten ED are majorly
related to the heating phase of the welding process and, consequently,
we do not expect them to be affected by whether consolidation pressure
is applied or not during the cooling phase.
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5. Conclusions

The objective of this paper was to investigate similarities and dif-
ferences between the static and continuous ultrasonic welding process
for thermoplastic composites in order to identify how we can benefit
from the available knowledge in static welding to further develop and
understand the continuous process. The two processes were compared
experimentally with respect to the melting of the interface, the required
areal energy density and consumed power, the temperature at the
interface, and the effect of changes in welding parameters welding force
and vibrational amplitude on the optimum welding conditions. The
main conclusions from this study are the following:

« For the continuous process the amount of non-welded area under
the sonotrode remains constant, while for the static process the
amount of non-welded area gradually decreases until it becomes
zero. In other words, for the continuous process there is a constant
coexistence of different phases the material goes through. In
the static process, on the other hand, the material sequentially
undergoes all phases of the welding process.

The morphology of the power curves is similar for both processes.
Both featuring a rapid increase at the beginning followed by fluc-
tuation around a certain value. However, the overall dissipated
power for the continuous process is significantly higher. This is
most likely caused by the larger adherend size in the continuous
process.

For the continuous welding process the temperature measured at
each thermocouple location starts to ramp before the sonotrode
arrives at that specific location. Therefore, the effective area
undergoing the different stages of the welding process can be
said to be bigger than the actual imprint of the sonotrode, which
results in higher power needs. Despite the higher power needs
for the continuous process both the static and continuous process
resulted in maximum temperatures within the same range.

The optimum vibration times and welding speeds in both pro-
cesses are similar, indicating that the kinetics of the melting
process were not sensitive to whether the process was performed
in a static or continuous manner. This similarity has the potential
to significantly reduce the labour and material effort invested
in defining optimum welding conditions in continuous ultrasonic
welding by making use of the relatively simple and efficient meth-
ods available in literature to define the optimum vibration time
in the static process. Further work is however needed to identify
the sensitivity of this conclusion to changes in, for instance, the
nature of the composite material being welded.

The maximum lap shear strength of the continuous welded joints
is significantly lower than that of the statically welded joints. This
is most likely related to the presence of voids at the continuous
welded interface. The voids are believed to be caused by a lack
of consolidation during cooling. Therefore, we expect the weld
quality and the lap shear strength to increase once a consolidation
shoe is implemented into the welding process.
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