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A B S T R A C T

Continuous ultrasonic welding is a promising high-speed and energy-efficient joining technique for ther-
moplastic composite structures. However, in the current state-of-the-art research on the topic numerous
deconsolidation voids could be identified at the welding interface, which results in a strength knock-down. The
aim of this study is, therefore, to improve the quality of continuous ultrasonically welded joints by adding a
consolidation shoe to the welding setup. To determine the required consolidation pressure, the size of the shoe,
and its distance from the sonotrode a stepwise approach was followed based on the static ultrasonic welding
process. The closest consolidation distance, best representing the static welding conditions, did not improve
the weld quality as significant porosity was still found in the weld line and in the adherends. However, for
the furthest consolidation distance high-quality continuous welds were obtained with almost no porosity and
a high strength.
1. Introduction

The interest and the application of thermoplastic composites is
increasing in the aerospace industry due to their advantages over the
currently more common thermoset composites. The main advantages
are that thermoplastics can be re-molten and reshaped upon heating,
they are recyclable, and have a high material toughness. Especially, the
first advantage can lead to major cost benefits, since it makes efficient
forming and welding techniques possible. As a result, different welding
techniques have been developed for joining thermoplastic composite
structures. The most promising welding techniques are resistance, in-
duction, and ultrasonic welding [1]. Ultrasonic welding is currently the
least developed of the three. It however stands out because of its high
heat generation rates, as demonstrated by the comparative evaluation
of the heating times necessary to produce welds of a certain size [2,3],
and hence because of its potential to enable high-speed industrialized
welding processes.

The ultrasonic welding process consists of a heating phase, known
as vibration phase, during which the thermoplastic resin softens and
melts, and a consolidation phase during which the weld cools down
and solidifies. Heat is generated as follows: a metal horn, called a
sonotrode, transversely exerts high-frequency low-amplitude vibrations
to the weld interface, while at the same time applying a static pressure.
Heat is generated at the weld interface due to surface and viscoelastic
friction [4,5]. To focus heat generation at the interface, an energy
director is used [6]. This energy director is a layer of resin, i.e. a
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Fig. 1. Cross-sectional view of the mesh energy director adapted from [10].

resin film or a mesh woven from thermoplastic resin filaments. Due
to its lower stiffness and subsequent higher cyclic straining under the
imposed vibrations, the viscoelastic heating undergone by the energy
director is higher compared to that undergone by the fibre reinforced
adherends [7–9].

Two ultrasonic welding processes can be distinguished, static (i.e.
spot) and continuous welding [6]. During static welding both the
sonotrode and adherends remain stationary during the welding process
(which can be sequentially performed at different locations), while
for the continuous process the sonotrode and the adherends move
relative to each other during the welding process creating a continuous
vailable online 15 January 2022
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Fig. 2. (a) Ultrasonic welder from Herrmann Ultrasonics. (b) Custom-built welding fixture with spring resting sample holder for top adherend. (c) Schematic of adherends and
energy director (ED) in static process.
welded seam. The continuous ultrasonic welding process potentially
has benefits over the static counterpart for certain applications. A
generally larger welded area means a higher load carrying capability
for the continuously welded joints. Continuous ultrasonic welding of
thermoplastic composites is however a relatively new technology that
still requires optimization. One of the important aspects to be optimized
is the quality of the continuous welded joints [10–12]. Indeed, in a
previous study [12] in which we compared the static and continuous ul-
trasonic welding processes for different welding parameters, we found a
significantly lower maximum strength for the continuous welded joints.
The lower strength was attributed to the presence of voids due to a
lack of consolidation during cooling down. In the static process, the
sonotrode itself provides the consolidation pressure during cooling.
In the continuous process, on the other hand, the sonotrode cannot
apply the consolidation pressure, because it continuously moves away
from the area that was just heated up [12]. Up to now, most studies
on ultrasonic welding of thermoplastic composites have focused on
the vibration or heating phase of the static welding process [6,8,13–
22], but not on the consolidation or cooling phase. Nevertheless, the
consolidation is at least as important since it majorly impacts the
void content, the autohesion process and ultimately the strength of
the joint. Deconsolidation is a potential problem that can occur when
processing thermoplastic composites and which significantly increases
the void content reducing the quality of the material [23,24]. It can
occur when insufficient consolidation pressure is applied [25–27] or
when the pressure is not applied for a long enough time during cooling.
For amorphous matrices deconsolidation can occur when the temper-
ature is sufficiently high above the glass transition temperature and
for semi-crystalline matrices above the melting temperature [25,28].
Deconsolidation typically is driven by either one of the following two
2

factors: fibre decompaction due to the release of internal stresses [25–
27,29,30] especially for fabrics; and the expansion of already existing
voids and moisture [25,26,31].

The aim of this study is to investigate how the quality of con-
tinuous ultrasonically welded joints can be improved by adding a
consolidation shoe (hereafter referred to as consolidator) to the welding
setup. To determine the required consolidation pressure, the size of
the consolidator, and its distance from the sonotrode the following
steps were followed. Firstly, the effect of consolidation pressure on
the weld quality was studied in the static ultrasonic welding process
for a constant and sufficiently long consolidation time. Secondly, the
effect of the consolidation time on the weld quality was studied on the
static welding process by keeping the consolidation pressure constant
and by using different consolidation times defined with the assistance
of temperature measurements at the welding interface. Finally, those
results were used to determine the consolidation pressure and the size
of the consolidator in the continuous ultrasonic welding process. The
effect of the distance between the consolidator and the sonotrode on
the quality of the weld was lastly investigated. The weld quality was
assessed through the presence of voids in the weld line and within the
adherends, and through the single-lap shear strength and fractographic
analysis of the welded joints.

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
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Composites, the Netherlands. The laminates were stacked according to
a [0∕90]3𝑠 sequence and subjected to a consolidation process in a hot
platen press for 20 min at 320 ◦C and 1 MPa pressure, which, based on
previous experience, results in void-free laminates. The consolidated
laminates had a size of 580 mm by 580 mm and a thickness of
approximately 1.85 mm. Rectangular adherends measuring 25.4 mm
𝑥 101.6 mm and 220 mm 𝑥 101.6 mm were cut from the consolidated
laminates for the static and continuous welding experiments, respec-
tively. For both adherend sizes the main apparent fibre orientation was
in the 101.6 mm direction. A 0.20 mm-thick woven PPS mesh (PPS100,
supplied by PVF GmbH, Germany) was used as energy director in all
experiments to focus heat generation at the welding interface [10,12].
The mesh, shown in Fig. 1, has a plain weave, an 37% open area, and
a mesh count of 39 per cm for both the warp and weft.

2.2. Static ultrasonic welding

The ultrasonic welder (HiQ DIALOG 6200, Herrmann Ultrasonics)
shown in Fig. 2(a) was used for all static ultrasonic welding experi-
ments. The operating frequency of the welder is 20 kHz. The welding
train consists of a converter, booster and sonotrode. A rectangular
sonotrode with a 15 mm 𝑥 27 mm contact area was used in these
experiments. A custom-built fixture, shown in Fig. 2(b), was used to
clamp the adherends in a single-lap configuration (Fig. 2(c)) with an
overlap area of 12.7 mm 𝑥 25.4 mm. In this fixture, the top adherend
is kept in place by a sample holder resting on springs to minimize
potential bending of the top adherend as the energy director melts and
is squeezed out during the welding process. These springs apply a 18
N upward force (0.056 MPa) on the sample holder once fully pressed
down by the sonotrode during the welding process.

For the vibration phase of the static process the following parame-
ters were used: a peak-to-peak vibration amplitude of 80 μm, a welding
force amounting to 500 N (1.6 MPa on the welding overlap), and a
vertical sonotrode displacement of 0.07 mm defined according to the
methodology described in [16,20]. Note that the vertical displacement
of the sonotrode was used to indirectly control the duration of the
vibration phase and, hence, the onset of the subsequent consolidation
phase. The consolidation pressure and consolidation time were varied
independently of each other to understand their effect on the weld qual-
ity. Firstly, the effect of the consolidation pressure was studied by using
different consolidation pressure values, while keeping the consolidation
time fixed at 10 s to exclude influences of time on the results. Secondly,
the effect of the consolidation time was studied by selecting different
consolidation times based on exploratory temperature measurements at
the weld interface while keeping the consolidation pressure constant at
1.6 MPa (500 N). An overview of the welding parameters used in this
study is shown in Table 1.

2.3. Continuous ultrasonic welding

The custom-built ultrasonic welding machine shown in Fig. 3(a) was
used for the continuous ultrasonic welding experiments. It consists of
a stiff frame with a X-Y table on a guiding system, an off-the-shelf
20 kHz ultrasonic welder from Herrmann Ultrasonics (VE20 SLIMLINE
DIALOG 6200), and a custom-built consolidation unit. Similar to the
static ultrasonic welding process, a rectangular sonotrode with a 15 mm
𝑥 27 mm contact area was used in the welding setup. The consolidation
unit (Fig. 3(b)) consisted of a servo press kit YJKP of 1.5 kN from
Festo, a stabilization guide unit to avoid sideways deflections, and a
copper block (Fig. 3(c)) in charge of applying the consolidation pressure
on the material. The width of the copper block was 30 mm. Copper
was chosen to promote heat dissipation away from the overlap as
a result of its high thermal conductivity. The length of the copper
block as well as the consolidation pressure were defined based on the
results from the static tests. The placement of the consolidator with
respect to the sonotrode could be changed via the adjustment wheel
3

Fig. 3. (a) In house developed continuous ultrasonic welding machine, (b) close-up of
the consolidation device and the welder, (c) close-up of consolidator placement.

(Fig. 3(b)). The consolidation distance was defined as the distance
between the sonotrode and the consolidator, as indicated in Fig. 3(c).
Three consolidation distances were considered in this study: 18.4 mm,
63 mm, and 86.4 mm. Additionally, a continuous weld obtained with
the use of no consolidator was produced and used as a reference.
An overview of the continuous welds made in this study is shown in
Table 1.

During the welding process the X-Y table was translated by an
servo motor underneath the sonotrode in X-direction (see Fig. 3(a)).
The resulting relative movement of adherends with respect to the
sonotrode and consolidator is indicated in Fig. 3(b). The sonotrode
was oriented with its 15 mm-wide side parallel to the direction of
translation (Fig. 3(c)). A welding force amounting to 500 N (2.6 MPa
on the welding overlap), a peak-to-peak amplitude of 80 μm, and a
constant welding speed of 35 mm/s were used based on the results of
a previous study [12]. Note that the resulting pressure from the 500
N welding force in the continuous process was higher compared to
the static process. The top and bottom adherends (Fig. 4(a)) were kept
in place by two aluminium bar clamps located at 130 mm from each
other (Fig. 4(b)). Note that the configuration used in this study, which
we found to provide a more uniform temperature distribution across
the overlap (Fig. 5), differs slightly from the one used in our previous
study [12] both in distance between bar clamps and in the position of
the sonotrode relative to the overlap (Fig. 5). Each clamp was secured
with two M8 bolts tightened at a torque of 14 N/m.
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Fig. 4. Schematic of (a) dimensions of the adherends, and (b) sonotrode and clamps placement for the continuous ultrasonic welding process.
Fig. 5. Temperature profiles during the continuous welding process for thermocouples placed at the weld interface approximately 2 mm from the edges for (a) 70 mm clamping
distance as used in [10,12], and (b) 130 mm as used in the current study as shown in Fig. 4a. The angle between the top adherend and energy director has significantly been
over-exaggerated. The red shaded areas indicate when a pair of thermocouples was located under the sonotrode. Welding force was 500 N, vibrational amplitude was 80 μm,
welding speed was 35 mm/s, and without consolidator.
Fig. 6. Bottom adherends for (a) the static and (b) the continuous ultrasonic welding setup together with the locations where thermocouples (TCs) were placed. The dotted lines
indicates the end of the 12.7 mm overlap.
2.4. Temperature measurements

Temperatures were measured at the welding overlap using K-type
thermocouples (GG220-2K-0, product number 2-2200-0004, Tempco
B.V., Bodegraven, the Netherlands). The sleeved thermocouples had a
total diameter of 0.70 mm, while the diameter of the thermocouple
wires was 0.10 mm. Note that the sleeve was locally peeled off so
that only the naked thermocouple wires were placed at the welding
interface. An analog thermocouple output amplifier (Adafruit AD8495)
was used to simultaneously sample temperature readings at 1 kHz from
a maximum of five thermocouples. A moving average filter (10 points
for the static process and 40 points for the continuous process) was
4

applied in MATLAB to filter out high frequency fluctuations from the
temperature data. Fig. 6 shows where the thermocouples were placed
for (a) the static and (b) the continuous process. Table 1 provides
information about which temperature measurements were performed
in which experiments.

2.5. Mechanical testing and fractography

The statically welded joints could directly be mechanically tested to
obtain their single-lap shear strength (LSS). The continuously welded
joints were cut into six 25.4 mm-wide single lap shear samples after
discarding approximately 28.8 mm-wide bands of material at both
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Table 1
Overview of static (SUW) and continuous (CUW) ultrasonic experiments. (Note that the amplitude values are peak-to-peak.)

Process Parameters vibration phase
(welding pressure (force),
amplitude, displacement/
welding speed)

Consolidation pressure
(and force)

Consolidation time /
consolidator distance

Adherend size
[mm]

Remarks

SUW

1.6 MPa (500 N), 80 μm,
0.07 mm

0 MPa (0 N)
0.4 MPa (130 N)
0.6 MPa (200 N)
1.6 MPa (500 N)
3.1 MPa (1000 N)
4.7 MPa (1500 N)

10000 ms 25.4 x 101.6 6 welds per pressure value
of which 5 for LSS and 1 for
cross-sectional microscopy
No temperature measurements.

1.6 MPa (500 N), 80 μm,
0.07 mm

1.6 MPa (500 N) 10000 ms 25.4 x 101.6 Only temperature measurements:
5 welds with TC2 (Fig. 6(a));
1 weld with TC1, TC2, TC3,
TC4, and TC5;
1 weld with TC centre

1.6 MPa (500 N), 80 μm,
0.07 mm

1.6 MPa (500 N) 0 ms, 100 ms,
600 ms, 1000 ms
2500 ms, 4000 ms,
5000 ms, 10000 ms

25.4 x 101.6 7 welds per consolidation time
of which 5 for LSS, 1 for
cross-sectional microscopy,
and 1 for micro-CT.
Note: no micro-CT
performed for 0 ms, 100 ms,
and 2500 ms
No temperature measurements.

CUW
2.6 MPa (500 N), 80 μm, 35
mm/s

1.6 MPa (800 N) No consolidator,
18.4 mm, 63 mm,
86.4 mm

220 x 101.6 1 weld per consolidation
distance with all TC’s shown in
Fig. 6(b) and used for LSS.
o
m
p
v
t
w
g
b
r
f
t
t
H

Fig. 7. Average lap shear strength with standard deviation error bars (n=5) for static
ltrasonic welds consolidated under different consolidation pressure values.

dges of the joint. Five of these samples were used for mechanical
esting, and one sample was used for cross-sectional microscopy. One
f the five mechanically tested samples was used for micro-CT prior
o mechanical testing. Note that for the static process, samples used
or temperature measurements were not used for mechanical testing.
owever, as shown in Table 1, all the continuously welded plates con-

ained thermocouples at the welding interface according to Fig. 6(b).
herefore, some of the samples for mechanical testing cut from the
ontinuously welded plates contained a thermocouple. The presence of
his thermocouple, being very thin, is however not expected to signif-
cantly influence the lap shear strength results. The welded single-lap
hear samples from both the continuous and static welding processes
ere mechanically tested using a Zwick/Roell 250 kN universal testing
achine under a cross-head speed of 1.3 mm/min. The grips were given

he necessary offset to ensure parallelism between the load introduction
nd the weld line. The LSS was calculated by dividing the maximum
oad by the overlap area. After mechanical testing, a Keyence VR
ne-shot 3D (VR-5000) microscope was used to analyse the fracture
urfaces.

.6. Cross-sectional microscopy, and void content determination

To obtain cross-sectional views from the welded adherends, spec-
mens were cut parallel to the longitudinal orientation of the welded
5

samples and embedded in epoxy resin. They were ground and polished
with a Struers Tegramin-20 polisher. A Keyence 3D laser scanning
confocal (VK-X1000) microscope was used for obtaining the cross-
sectional micrographs. A Phoenix Nanotom Micro-CT scanner (180 kV
maximum voltage, and 15 W maximum power) was used to quantify the
volumetric void content within the welded overlap with a resolution of
14 μm. Avizo CT software from ThermoFisher Scientific was used to
determine the volumetric void content based on the total volume of
the material in the welded overlap.

3. Results

3.1. Effect of consolidation pressure for the static ultrasonic welding process

Fig. 7 shows the lap shear strength values for static ultrasonic welds
consolidated under different consolidation pressure values. The cor-
responding representative fracture surfaces obtained after mechanical
testing are shown in Fig. 8. Representative cross-sectional micrographs
are shown in Fig. 9.

3.2. Effect of consolidation time for the static ultrasonic welding process

Fig. 10(a) shows a representative temperature profile of a static
ultrasonic weld of both the vibration and consolidation phase. The
temperature distribution at the weld interface during the consolida-
tion phase is shown in Fig. 10(b) together with the glass transition
temperature (𝑇𝑔 , 97 ◦C) and the melting temperature (𝑇𝑚, 280 ◦C)
btained from a DSC test. Fig. 10(c) shows the temperature profiles
easured at the location of TC2 (Fig. 6(a)) for only the consolidation
hase of five welds together with the average single-lap shear strength
alues of welds consolidated for the selected consolidation times. The
emperature measured at TC2, being overall the hottest (Fig. 10(c)),
as chosen as the representative temperature to ensure that, at a
iven consolidation time, the temperatures in the entire overlap would
e equal or below that value. Note the differences in temperature
eadings between TC2 and TC4, both located at equidistant corners
rom the centre, can be attributed to the heat conducted away from TC4
owards the relatively colder material outside of the overlap since the
hermocouples were placed in direct contact with the bottom adherend.
ence cooling is faster at TC4 compared to TC2, which on the other
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Fig. 8. Representative fracture surfaces of static ultrasonic welds consolidated under different pressure values. The top adherends are shown left, and the bottom adherends are
shown right. Some white circled areas are enlarged to show representative details of the fracture surfaces. The red arrows indicate areas containing voids.

Fig. 9. Representative cross-sectional micrographs of static ultrasonic welds consolidated under different pressures. The black arrows indicate the weld lines. The grey circled areas
indicate fibre squeeze-out. The black coloured zone in (a) indicated by the arrows contains air.
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Fig. 10. Temperature profile(s) for the static welding process for (a) both the vibration and the consolidation phase at TC2 location (Fig. 6(a)), and only the consolidation phase
(b) at multiple TC locations obtained from 2 welds and (c) at TC2 location for five welds together with their average temperature. Additionally in (c), average lap shear strength
values with standard deviation error bars (n=5) are shown for welds consolidated for different consolidation times.
Table 2
Selected consolidation times, corresponding average interface temperature with standard deviation from Fig. 10(c) (n = 5)
(rounded to nearest integer 5), corresponding single lap shear strength (LSS) with standard deviation shown (n = 5), and
volumetric void content from static welds.

Consolidation
time [ms]

Temperature
[◦C]

Explanation LSS [MPa] Void
content [%]

0 680 ± 45 No consolidation 0.0 NA
100 485 ± 25 Interface above T𝑚 2.5 ± 0.7 NA
600 240 ± 15 Interface just below T𝑚 18.7 ± 6.0 0.61
1000 190 ± 10 Interface in the middle

of T𝑚 and T𝑔

32.3 ± 1.7 0.05

2500 125 ± 10 Interface just above T𝑔 33.9 ± 1.5 NA
4000 95 ± 10 Interface approximately

at T𝑔

34.7 ± 1.2 0.05

5000 80 ± 10 Interface just below T𝑔 34 ± 1.4 0.07
10000 45 ± 5 Interface well below T𝑔 34 ± 1.5 0.06
hand is close to the free edge of the adherend and practically thermally
insulated by the surrounding air. Table 2 summarizes the interface
temperature until which the welds were consolidated, the average
single-lap strength, and when available the volumetric void content for
the selected consolidation times. Fig. 11 and Fig. 12 shows correspond-
ing representative fracture surfaces and cross-sectional micrographs,
respectively, of the welds obtained at different consolidation times.

3.3. Consolidation in continuous ultrasonic welding

Fig. 13 shows the interface temperatures measured at five locations
in the overlap during the continuous welding process without the use
of the consolidator. The red shaded areas indicate the time span during
which a specific thermocouple was located under the sonotrode. The
moment the sonotrode completely passed a specific thermocouple was
defined as the start of the consolidation phase for that specific thermo-
couple location. Fig. 14 shows the superimposed temperature profiles of
the consolidation phase for the continuous ultrasonic welding process
7

(Fig. 14(a)) without consolidator and (Figs. 14(b), 14(c) and 14(d)) for
Table 3
Average lap shear strength (LSS) with the standard deviation (SD) (n = 5), and
volumetric void content of continuous welds for different consolidation distances.

Consolidation
distance [mm]

LSS [MPa] Void content [%]

No consolidator 15.1 ± 2.6 7.80
18.4 mm 9.5 ± 2.9 8.32
63.0 mm 38.6 ± 2.7 N/A
86.4 mm 39.6 ± 2.3 1.01

consolidation distances 18.4 mm, 63 mm and 86.4 mm, respectively.

The grey shaded area indicates the time span during which the consol-

idator applied the consolidation pressure. The obtained strength and

the volumetric void content for these four cases is shown in Table 3

and representative fracture surfaces and cross-sectional micrographs
are shown in Fig. 15 and Fig. 16, respectively.
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Fig. 11. Fracture surfaces of mechanically tested static ultrasonic welds consolidated for different consolidation times. The top adherends is shown left, and the bottom adherends
is shown right. The white circled areas are enlarged to show details of the fracture surfaces. The red arrows indicate areas containing voids.
4. Discussion

Low consolidation pressure values (0.4 MPa and 0.6 MPa) during
the static welding process resulted in the presence of voids at the weld
line as observed on the fracture surfaces (Figs. 8(b) and 8(c)) and
cross sections (Figs. 9(b) and 9(c)). The pressure was most likely not
sufficient to eliminate the initial air present within the open areas of
the energy director. The resulting voids contributed to the observed
reduction in strength at low consolidation pressures (Fig. 7). For the
higher consolidation pressure values (1.6 MPa, 3.1 MPa, and 4.7 MPa),
on the other hand, the pressure was sufficient to minimize the number
of voids (Figs. 8(d), 8(e), 8(f), 9(d), 9(e), and 9(f)). Consequently, a
higher strength, similar for all these high consolidation pressure values
(Fig. 7), was obtained.

For consolidation times of 1000 ms or longer in the static process a
similar high weld quality was obtained in terms of practical absence
of voids (Figs. 11(d) to 11(h), 12(d) to 12(h), and Table 2) and
8

high strength (Fig. 10(c)). Regarding the temperature evolution within
the welding overlap (Fig. 10(b)), at 1000 ms consolidation time the
temperature was found to be within 200 ◦C and 135 ◦C, with the
highest temperatures measured at the longitudinal edge, TC2 location.
Temperatures at all locations were found to drop below Tg of the PPS
resin only after 5000 ms consolidation time.

It is interesting to note that the maximum rate of crystallization of
PPS falls within the temperature range measured at 1000 ms consoli-
dation time. Indeed, Chung and Cebe [32] and Furushima et al. [33]
reported it to be between 170 ◦C to 190 ◦C and at 160 ◦C, respec-
tively. Consequently, the crystallization of the polymer in the weld
line is believed to play an important role in the development of weld
strength during consolidation. Extra DSC experiments were conducted
on polymer material extracted from the weld line by sandwiching
the energy director in between two kapton films during the welding
process, as described by Koutras et al. [21]. This resulted in a degree of
crystallinity of 10.7 ±1.0% (n=3) when the weld was consolidated for
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Fig. 12. Cross-sectional micrographs of static ultrasonic welds consolidated for different consolidation times. The black arrows indicate the weld line. The black coloured zones in
(a,b, and c) in between the arrows consist of air.
Fig. 13. Temperature profiles measured by five thermocouples (TC) placed according to Fig. 6b of a continuous ultrasonic weld without the use of a consolidator. The shaded
areas indicate when a particular thermocouple was located under the sonotrode during the welding process.
1000 ms, which proves that crystallization occurs in ultrasonic welding
despite the high cooling rates. For these extra experiments a Perkin
Elmer DSC 8500 was used and the degree of crystallinity was calculated
using the following equation:

𝑋𝑐 =
𝛥𝐻𝑚 − 𝛥𝐻𝑐

𝛥𝐻𝑜
𝑓

⋅ 100[%],

in which 𝛥𝐻𝑚 [J/g] is the measured specific melting enthalpy, 𝛥𝐻𝑐
[J/g] is the measured specific energy from cold crystallization [J/g],
and 𝛥𝐻𝑜

𝑓 = 112 [J/g] [34] is the specific melting enthalpy of an ideal
crystal.
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Based on the minimum consolidation pressure and time necessary
for high weld quality in the static welding process, the consolidation
pressure and length of the consolidator in the continuous process
were set at 1.6 MPa and 40 mm, respectively, which corresponds
to approximately 1100 ms of consolidation at a welding speed of
35 mm/s. High-quality continuously welded joints with virtually no
porosity, low void content, and high strength were obtained under such
consolidation conditions and the longest distance (86.4 mm) between
consolidator and sonotrode (Fig. 16(d) and Table 3), however some
fundamental differences with the static process could be identified.
Firstly, the cooling rates were overall lower and hence the temperatures
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Fig. 14. Superimposed temperature profiles of the consolidation phase of continuous ultrasonic welds displayed for each thermocouple from the moment the sonotrode passed
the individual thermocouple for different consolidation cases: (a) no consolidator, (b, c, and d) with consolidator at a consolidation distance of 18.4 mm, 63.0 mm and 86.4 mm
respectively. The grey shaded area indicates the time span during which the consolidator applied the consolidation pressure.
Fig. 15. Representative fracture surfaces of mechanically tested samples of continuous ultrasonic welds consolidated: (a) without consolidator, and (b, c, and d) for consolidation
distances of 18.4 mm, 63 mm and 86.4 mm, respectively. The left samples show the top adherends, and right samples show the bottom adherend. White circled areas are enlarged
to show details of the fracture surfaces. The black arrows indicate excessive fibre and resin squeeze out. The red arrows indicate areas with voids.
measured at the welding interface just behind the consolidator were
around 280 ◦C for all three considered consolidator-sonotrode distances
(Fig. 14). These were well above the 200 ◦C-135 ◦C critical temperature
range defined by the static process. The fact that continuous welds
with virtually no porosity could be obtained despite the high interface
temperatures may be related to the compressive force applied on the
welding interface by the clamping jig in the continuous process as
opposed to the tensile force caused by the clamping jig in the static
process. Secondly, the shortest consolidator-sonotrode distance in the
continuous welding process, which among all the cases studied is the
one that best approximates the consolidation conditions during the
10
static process, resulted however in the lowest overall weld quality
(Fig. 16(b) and Table 3). Analysis of the state of the material in the area
between sonotrode and consolidator with only some voids present (see
II in Fig. 17) suggests that, in that case, the observed porosity (see I in
Fig. 17) and subsequently lower strength was potentially caused by the
passing of the consolidator. In particular, based on qualitative analysis
of the squeeze-out in the cross-sectional micrographs in Figure 16,
the pressure applied by the consolidator might have caused significant
matrix squeeze-out from the welding interface and the areas of the
adherends adjacent to the welding interface, which locally reduces the
resin volume fraction, therefore resulting in a relatively drier fibre bed
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Fig. 16. Representative cross-sectional micrographs of continuous ultrasonic welds consolidated: (a) without consolidator, and (b, c, and d) for consolidation distances of 18.4 mm,
63 mm and 86.4 mm, respectively. The black arrows indicate the weld line. The grey circles indicate fibre and resin squeeze-out.
at/around the interface. Upon removal of the consolidation pressure
(i.e. the passing of the consolidator), porosity (Figure 16(b)) can then
be observed caused by spring back of the relatively dry fibre bed. Based
on the same qualitative analysis of the cross-sections in Figure 16,
significant squeeze-out was also observed when the consolidator was
located further away from the sonotrode (Figures 16(c) and 16(d)).
This, however, caused little (Figure 16(c)) to no porosity (Figure 16(d))
most likely because in those cases the fibres were locally squeezed out
together with the matrix. Consequently, the resin volume fraction was
not as significantly reduced as in the previous case. The difference in
flow type, predominantly matrix (for closest consolidation distance)
versus matrix and fibres (for further consolidation distances), is likely
caused by a difference in viscosity [35] due to the potential temper-
ature differences of the matrix under the consolidator. However, a
more comprehensive analysis of the composition of the squeeze-out
of the adherends would be needed as solid evidence to support this
hypothesis.

Another factor that likely contributes to the observed porosity for
the closest (18.4 mm) consolidation distance is deconsolidation. The
thermal history in the adherends might be different for the three
consolidation distances, despite the similar interface temperatures after
passing of the consolidator (Figure 14), which can lead to different
degrees of deconsolidation. Consequently, the highest degree of decon-
solidation would be expected at the closest consolidation distance due
to insufficient cooling of the matrix under the consolidator to allow for
solidification under pressure. This results in porosity after passing of the
consolidator. Then, for the welds made with the furthest consolidation
distance (86.4 mm), the matrix most likely solidified sufficiently to
allow consolidation under pressure. Unfortunately, our attempts to
prove this hypothesis by measuring the temperature within the top
adherend (the one with the highest degree of porosity, see Figure 16)
were unfruitful owing to severe overheating caused by the ultrasonic
vibration at the location of the thermocouples.

It is interesting to note that none of the static welds investigated
in this work displayed the severe porosity in the adherends observed
in Figs. 16(a) and 16(b), which suggests that the continuous ultrasonic
welding process causes more bulk heating in the adherends than the
static process. The significantly slower cooling measured at the welding
interface in the continuous process is also consistent with such hy-
pothesis (less efficient heat transfer owing to warmer surroundings).
The higher welding pressure used for the continuous process (see
Table 1) could have caused faster heat generation in the adherends and,
by that, contributed to the observed bulk heating. However, further
research is necessary to understand which factors have an effect on
the difference in bulk heating observed between the two processes.
In any case, such fundamental difference indicates that the process
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followed in the present paper to determine the size and position of the
consolidator (i.e., direct translation from the static to the continuous
process) is only a first approximation and needs to be refined (as
it is clear from the results obtained from the shortest consolidation
distance). Additionally, the promising results obtained with the longest
consolidation distances indicate that, once the consolidation pressure
has been defined, the effectiveness of the consolidator is defined by
at least two parameters, i.e., its size and position with regards to the
sonotrode. This is a positive result since it adds an extra degree of
flexibility to the continuous process with regards to the static one,
with only one parameter, i.e. consolidation time, to determine the
effectiveness of the consolidation phase.

The strength values measured in the continuous welded joints in the
cases in which the consolidator was located 63 mm and 86.4 mm away
from the sonotrode were even higher than the strength values measured
in the static welded joints. We believe this difference is mostly caused
by the reduction of peel stresses at the edges because of both the taper
and fillet associated with the matrix and fibre squeeze-out (Figs. 16(c)
and 16(d)). Potential differences in weld line thickness related to the
squeeze out of the energy director may play a role as well. It should be
noted that the strength measured in the continuous welds obtained in
the absence of consolidator (Table 3) was significantly lower than that
reported in our previous studies [10,12]. This difference is attributed
to the differences in clamping distance (130 mm vs. 70 mm in previous
studies) and the indirect pressure applied by the clamps on the welded
overlap.

5. Conclusions

The aim of this study was to improve the quality of continuous
ultrasonically welded joints by adding a consolidator to the welding
setup. To determine the required consolidation pressure, the size of the
consolidator, and its distance from the sonotrode a stepwise approach
was taken based on the static process. Firstly, the effect of the con-
solidation pressure on the quality of welds obtained through a static
ultrasonic welding process was studied. Low consolidation pressure
values (0.4 MPa and 0.6 MPa) resulted in voids and a reduced strength.
For pressure values of 1.6 MPa and above a similar high weld quality in
terms of reduced presence of voids and strength increase was observed.
Secondly, the effect of the consolidation time on the quality of static
welds was studied. For consolidation times of 1000 ms or longer a
similar high weld quality was observed, which is believed to be related
crystallization of the polymer in the weld line. Finally, based on the
minimum consolidation pressure and time necessary for high weld
quality in the static welding process, the consolidation pressure and

length of the consolidator in the continuous process were set at 1.6
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Fig. 17. Schematic of sonotrode and consolidator placed 18.4 mm from the sonotrode
together with indicated locations from where cross-sectional micrographs were taken
after the process was stopped in the shown position: after consolidator passed (I) (taken
from Fig. 16b), and in between the sonotrode and consolidator (II). The consolidator
was kept on the overlap for 60 s after stopping the welding process.

MPa and 40 mm, respectively. High-quality continuously welded joints
with virtually no porosity and high strength were obtained under such
consolidation conditions and the longest distance between consolidator
and sonotrode. The closest consolidation distance, best representing the
static welding conditions, did not improve the weld quality as porosity
was still observed in the weld line and in the adherends. Such apparent
contradiction is however consistent with more bulk heating generated
in the adherends in the continuous process, as clearly evidenced by
the results in this paper. The reasons for such different behaviour are
currently unknown and should be investigated in further research.
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