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Abstract: The thermoplastic polymer polyether ether ketone (PEEK) offers thermal and mechanical
properties comparable to thermosetting polymers, while also being thermally re-processable and
recyclable as well as compatible with fused filament fabrication (FFF). In this study, the feasibility of
joining additively manufactured PEEK in pure and short carbon-fiber-reinforced form (CF-PEEK)
is investigated. Coupon-level samples for both materials were fabricated using FFF with tailored
integrated welding surfaces in the form of two different energy director (ED) shapes and joined
through ultrasonic polymer welding. Using an energy-driven joining process, the two materials were
systematically investigated with different welding parameters, such as welding force, oscillation
amplitude and welding power, against the resulting weld quality. The strengths of the welded bonds
were characterized using lap-shear tests and benchmarked against the monotonic properties of single
3D-printed samples, yielding ultimate lap-shear forces of 2.17 kN and 1.97 kN and tensile strengths of
3.24 MPa and 3.79 MPa for PEEK and CF-PEEK, respectively. The weld surfaces were microscopically
imaged to characterize the failure behaviors of joints welded using different welding parameters.
Samples welded with optimized welding parameters exhibited failures outside the welded region,
indicating a higher weld-strength compared to that of the bulk. This study lays the foundation for
using ultrasonic welding as a glue-free method to join 3D-printed high-performance thermoplastics
to manufacture large load-bearing, as well as non-load-bearing, structures, while minimizing the
time and cost limitations of FFF as a fabrication process.

Keywords: fused filament fabrication; ultrasonic welding; PEEK; carbon-fiber-reinforced PEEK;
lap-shear strength; glue-free joining

1. Introduction

Under the umbrella of additive manufacturing (AM) technologies, fused filament
fabrication (FFF) has grown to become the most widely used method to fabricate structures
using thermoplastic polymers. Recent developments in this 3D-printing technology have
allowed high-performance thermoplastics, both amorphous, such as polyetherimide (PEI),
as well as members of the semi-crystalline polyaryl ether ketone (PAEK) family of polymers,
such as polyether ether ketone (PEEK), to join the growing portfolio of FFF-printable
materials [1-4]. These thermoplastics possess maximum service temperatures comparable
to those of thermosetting materials, opening up the possibility of replacing them as the
matrix material for fiber-reinforced composites [5] for applications requiring high service-
temperatures, or as the reinforcing material for composites with engineering thermoplastics
as the matrix material [6]. The added advantage of using thermoplastic polymers in fiber-
reinforced composites lies in their more sustainable thermal recyclability options [7-9],
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which is a crucial topic of research going forward towards sustainable composite materials
within a circular materials economy.

The move to component-level and mass-manufacturing using FFF of 3D-printing of
thermoplastics is hindered by two inherent disadvantages of AM-technologies. The first is
in the layer-on-layer nature of the fabricated structure, leading to a lower surface quality,
as well as weak inter-layer adhesion and inferior part mechanical properties compared
to conventional plastic fabrication techniques, such as injection-molding [10]. The second
drawback lies in the time and cost-risks involved in the mass manufacture of large compo-
nents; that is, the larger the part size, the longer the printing time and the higher the chance,
that the 3D-print will fail. These failures can arise due to the material’s thermofluidic
response during the printing process, the quality of thermal isolation of the FFF-machine,
or, most frequently, to a lack of build-plate adhesion under part of the component foot-print.
For larger components, a slight debonding of the first print-layer can grow as more layers
are successively printed due to the torque applied by the moving print-head as it extrudes
and places material forming the next layer. This can quickly lead to a complete print-failure
and loss of material, time and energy.

To help offset the inherent disadvantages of FFF, ultrasonic welding of thermoplastics
can be used as a bonding technique to assemble components from additively manufactured
parts. Ultrasonic welding (USW) has been shown to be a quick and reliable method
for joining metal to metal [11,12], metal to composite [13-15], as well as composite to
composite [16-19] parts. USW involves rapid heating and cooling of the weld interface
under static pressure. For thermoplastics, the thermodynamic mechanism of USW involves
melt initiation at the weld-interface through surface friction, followed by viscoelastic
heating as the temperature of the weld interface exceeds the glass-transition temperature of
the adherends [20,21]. The use of USW for fiber-reinforced thermoplastic and thermosetting
composites has been demonstrated through the use of interface structures called energy
directors (ED) [22-25]. EDs in the form of thermoplastic meshes are conventionally used as
the interfacial layer between the adherends and are responsible for melt initiation at the
weld interface, which then spreads into the adherend surfaces and, after cooling under
pressure, leads to a welded joint.

By combining fused filament fabrication and ultrasonic welding, the two aforemen-
tioned disadvantages of FFF can be greatly improved upon. Ultrasonic treatment of addi-
tively manufactured parts, termed ultrasonic strengthening or ultrasonic consolidation, has
been shown to improve their mechanical properties [26-28] by improving the inter-layer
adhesion through cross-melting down the part thickness. Using the advantage of free-form
fabrication of FFF, smaller parts with integrated energy directors can be manufactured
more quickly and, hence, reliably, followed by assembly and upscaling to component-level
through USW. Moreover, USW can also be used to debond the joints in event of failure,
potentially enabling a quick and reliable on-site replacement of defective parts, rather than
replacement of the whole component. The discarded parts can be re-processed by shredding
and re-extrusion of FFF-compatible filaments, thus closing the materials circularity loop.

This study looks at the feasibility of using ultrasonic welding as the joining method
for additively manufactured PEEK and short carbon-fiber-reinforced PEEK (CF-PEEK),
as the first step in investigating the feasibility of a materials circularity strategy for high-
performance thermoplastics and thermoplastic composites. First, 3D-printed PEEK and
CF-PEEK tensile samples were tested under monotonic conditions and compared to their
respective datasheet values to understand the loss in tensile strength and Young’s modulus
due to additive manufacturing. Adherends for ultrasonic welding were then 3D-printed
with integrated energy directors in two different shapes and joined using an ultrasonic
plastic welding machine under a variety of US-welding conditions. The joined specimens
were tested for their mechanical properties using lap-shear stress tests and the failure
surfaces were compared using optical microscopy. The results obtained through this
work lay the foundation for further investigations into combining FFF and USW for high-
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performance thermoplastics with integrated EDs, leading towards a comprehensive and
robust circularity concept for these versatile and cost-intensive materials.

2. Materials and Methods
2.1. Sample Design and Fabrication

All samples investigated were manufactured using the Intamsys FunMat Pro 410 FFF-
printer (Intamsys Technology GmbH, Ostfildern, Germany), using PEEK and 10 wt.% short
carbon-fiber-filled PEEK (CF-PEEK) filaments from the same manufacturer. The filaments
were first dried in the integrated drying chamber of the printer for at least 48h at 70 °C
before being printed. The print-parameters used are listed in Table 1.

Table 1. 3D-print parameters for the PEEK and CF-PEEK samples.

Nozzle temperature 390°C
Build-plate temperature 135°C
Build-chamber temperature 60°C
Filament drying/storage temperature 70°C
Nozzle diameter 0.4mm
Layer thickness 0.1mm
Print speed 30mm/s
Sample volume-fill 100 %
Number of shells 2

Samples for tensile testing were fabricated with outer dimensions of L x B x H
of 160 x 20 x 2 mm? with a radial central region (¢ = 139 mm), resulting in a middle
cross-section of 10 mm?. The ultrasonic welding samples were manufactured as coupons
measuring L x B x H of 60 x 25 x 2 mm?>. The average void volume in the 3D-printed
PEEK and CF-PEEK samples were measured at 11 vol.% and 21 vol.%, respectively. Figure 1
shows images of the 3D-printed tensile samples. No mechanical or thermal post-processing
was performed on the samples after fabrication.

20 mm

Figure 1. Images of the additively manufactured (above) PEEK and (below) CF-PEEK tensile samples.

Ultrasonic welding samples were fabricated as coupons with integrated mesh-shaped
and circular energy directors with heights of 0.2 mm, and line-widths of 2mm and 1 mm,
leading to volumes of 10.2 mm? and 6.1 mm?, respectively. Figure 2 shows the USW sample
images. Samples without EDs were additionally fabricated and used as the lower adherend
during the welding experiments.
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Figure 2. (a) Schematic depictions of the three surface variants investigated for ultrasonic welding.
(i) without an energy director (ED), (ii) with a mesh-shaped ED and (iii) with a circular ED. (b,c) show
images of the PEEK and CF-PEEK USW samples with and without EDs, in order, respectively. Both
ED variants were printed with a height of 0.2 mm and a maximum respective width or diameter of
10 mm.

2.2. Ultrasonic Welding Equipment

The additively manufactured PEEK and CF-PEEK coupons were joined using a Her-
rmann Ultrasonics HiQQ Vario 20/6200 polymer ultrasonic welding machine (Herrmann
Ultraschalltechnik GmbH & Co. KG, Karlsbad, Germany), shown in Figure 3a. A polymer-
welding sonotrode with a flat circular welding surface (¢ = 20 mm, nominal frequency
20kHz, rated max amplitude 451m) was used for all welding experiments (Figure 3b).
The samples were clamped using lever-clamps on to a milled aluminum anvil with guiding
blocks to ensure that the specimens remained parallel to each other with a constant overlap
area while welding (Figure 3c). All welding experiments were carried out with the welding
energy as the driving parameter. Preliminary experiments were performed to optimize
the three driven parameters to the oscillatory system by benchmarking the input welding
force and amplitude against the quality and accuracy of the observed welding parameters,
after which the static welding force, sonotrode amplitude and the post-weld hold-time
were kept constant. Table 2 shows the chosen welding parameters after completion of the
preliminary tests.

b

Figure 3. (a) The ultrasonic welding setup used in this work. (b) The vibrating horn, or sonotrode,
used to carry out all joining experiments. (c) PEEK samples during welding, clamped on to an alu-
minum anvil using lever-clamps. The front guides were removed for this image for sample visibility.
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Table 2. Ultrasonic welding parameters investigated for joining PEEK and CF-PEEK samples.

Welding energy 300, 400, 500
Static welding force 250N
Amplitude of US-oscillation 40 pm
Hold-time 3s

2.3. Mechanical Characterization

The virgin and welded samples were mechanically characterized in a Zwick/Roell
7020 universal testing machine (Zwick/Roell, Ulm, Germany). Monotonic tests were car-
ried out on the tensile samples with a clip-on strain gauge (max. range 25 mm) to determine
their elastic-plastic behavior. The ultrasonic welded sample pairs were characterized using
lap-shear strength (LSS) tests to determine the ultrasonic bond strength. For this, the upper
and lower clamps of the testing machine were positioned such that the pulling force would
apply as a shear force on the weld surface. Both test types were performed at a pull-rate of
1 mm/min, with measurement recording starting at a force of 50 N and stopped when a
force drop of 80% of the measured maximum force (Fax) was detected. Figure 4 shows the
tensile and welded samples during mechanical testing.

Figure 4. Images of (a) a tensile sample, with a clipped-on capacitive strain gauge, and (b) welded
PEEK samples under lap-shear test conditions.

2.4. Fracture Surface Analysis

Post-failure optical characterization was carried out using a Zeiss Smartzoom 5 optical
microscope (Carl Zeiss AG, Oberkochen, Germany) to investigate the failure behavior of
the welded samples.

3. Results and Discussion
3.1. Monotonic Tests
Monotonic tests were carried out on the 3D-printed PEEK and CF-PEEK tensile sam-

ples (see Section 2.1) to provide a benchmark for the mechanical properties of the welded
samples. Figure 5 summarizes the results observed.
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Figure 5. A comparison of (a) the stress-strain behavior, (b) the average tensile strengths and (c) the
Young’s moduli measured for the PEEK and CF-PEEK tensile samples.

Figure 5a compares the stress-strain behavior of the PEEK and CF-PEEK tensile sam-
ples. The CF-PEEK samples exhibited a lower ultimate tensile strength as well as a shorter
plastic deformation region. An average tensile strength (Figure 5b) of (78.0 - 0.7) MPa was
observed for the PEEK samples, compared to (66.0 £ 1.3) MPa for the CE-PEEK specimens.
A significantly higher Young’s modulus of (3.79 £ 0.21) GPa was observed for the CF-PEEK
samples (Figure 5c) compared to PEEK at (3.24 4= 0.02) GPa. The measured Young’s mod-
ulus for PEEK lies within 5% below those of the values provided in the manufacturer’s
data-sheet and can be interpreted as a direct result of the layer-by-layer manufacturing
method of the samples.

3.2. Ultrasonic Welding Parameter Optimization

Preliminary experiments were carried out to determine the optimal static welding force
and amplitude for the 3D-printed adherends before the energy-driven welding experiments
could be realized. For this, amplitudes of 30 pm and 40 pm, as well as static weld forces
between 100N and 700 N, were tested against the weld strength at a weld-energy of 400].

Figure 6 shows the influence of the amplitude and the ED shape on the US-welding behavior
of both materials.

1400 —— PEEK, Amplitude: 30 pm, ED: Circular 1400 —— CF-PEEK, Amplitude: 30 ym, ED: Circular
Welding energy: 400 J —-= PEEK, Amplitude: 30 pm, ED: Mesh Welding energy: 400 J —.— CF-PEEK, Amplitude: 30 um, ED: Mesh
PEEK, Amplitude: 40 ym, ED: Circular —— CF-PEEK, Amplitude: 40 ym, ED: Circular
1200 PEEK, Amplitude: 40 ym, ED: Mesh 1200 —.— CF-PEEK, Amplitude: 40 um, ED: Mesh
1000 1000
2 800 2 800
g g
o 600 o 600
o o
400 400
200 200
0 0
0 100 200 300 400 500 600 700 800 0 200 400 600 800 1000 1200
Time [ms] Time [ms]
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Figure 6. Representative power characteristics from the ultrasonic welding experiments with
(a) PEEK and (b) CF-PEEK adherends at amplitudes of 30 and 40 pm, each with (solid line) cir-
cular and (dotted line) mesh-shaped energy directors.

The power-time characteristics shown in Figure 6 show the expected shorter weld-
ing times when using a 40 um oscillation amplitude. For PEEK samples welded at 400]
(Figure 6a), the welding time for the circular ED was 18% shorter compared to the mesh
variant. For CF-PEEK (Figure 6b), no significant difference was found at 40 pm amplitude;
however, the weld duration was 60% shorter for the mesh-shaped ED at 30 pm. This
difference could be a result of the smaller volume of the circular ED, leading to quicker
melt generation and energy transfer.
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The samples welded using amplitudes of 30 ptm and 40 pm were tested for their weld
strength using lap-shear tests. Figure 7 shows the effect of the welding amplitude on the
mechanical characteristics.

2500
1400 3&:;:0':;00' 'XOOJ PEEK, Amplitude: 30 jm, ED: Circular PEEK, Amplitude: 30 ym, ED: Circular
Shd PEEK, Amplitude: 40 jm, ED: Circular PEEK, Amplitude: 40 ym, ED: Circular
— -+ CF-PEEK, Amplitude: 30 ym, ED: Mesh — . CFPEEK, Ampituci: 30 pm, ED: Mesh
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Figure 7. Representative mechanical characteristics from the ultrasonic welding experiments on the
PEEK and CF-PEEK coupons at target amplitudes of 30 and 40 um. (a) The power-time behavior
of the welds, and (b) the corresponding mechanical behavior of the joints under lap-shear loading.
The dotted and solid curves shown represent welding amplitudes of 30 pm and 40 pm, respectively.

Figure 7 compares the mechanical behavior of the PEEK and CF-PEEK samples welded
with 400] under a static force of 200 N at amplitudes of 30 and 40 pm. The power-time
curves (Figure 7a) show a slower dissipation of energy for the CF-PEEK samples with
mesh-shaped energy directors. For both PEEK and CF-PEEK, the joints formed at 40 pm
amplitude showed higher failure forces, as seen in Figure 7b. This was observed to be true
for both materials, irrespective of the energy director shape. All further experiments were
carried out with a target oscillation amplitude of 40 pm.

The static welding force was the next parameter to be set during the preliminary
experiments. Figure 8 shows the effect of the static welding force on the amplitude-time
behavior for a pair of PEEK adherends. The weld behavior under a static force of 250 N
and 400 N was observed to be significantly different, keeping the adherends, as well as all
other welding parameters, identical.
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Figure 8. Representative curves from the ultrasonic welding tests on the PEEK coupons with identical
welding parameters, except for the static welding force of (a) 250 N and (b) that of 400 N. The samples
were welded together in both cases; however, the fluctuation from the target amplitude (blue) of
40 um was significantly higher for (b) over the weld duration. This additionally led to an oscillatory
behavior of the input power (red) and the frequency (green).

Two representative welding behaviors for PEEK adherends are shown in Figure 8.
Under a static welding force of 250 N (Figure 8a), the observed fluctuations from the target
amplitude of 40 um were significantly lower than that in Figure 8b, with a static force of
400N. This change can be attributed to changes in the response of the whole resonance
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system under the increased force, from the piezo-actuators in the welding machine initiating
the vibrations, down to the anvil holding the adherends. At higher static forces, the control
system of the ultrasonic welder was unable to stabilize at the target amplitude, which
can be seen in the power curve (red) in Figure 8. As a consequence, the amplitude and
frequency behavior showed significant variations over the duration of the weld. For the
PEEK samples welded with static forces above 350 N, these fluctuations were seen to exceed
the maximum-rated amplitude of the sonotrode (45 um) and were deemed to be potentially
damaging to the ultrasonic welder. The CF-PEEK adherends showed similar welding
behavior under increased static forces greater than 300 N. For adherends without energy
directors, these fluctuations were more pronounced at all tested static forces. This is a result
of the larger initial area of contact between the adherends at the start of the welding process
in the absence of an ED, leading to an arbitrary melt generation in the sample overlap
region and, therefore, larger variations in the resonance system through the course of the
welding process. Based on these observations, a static force of 250 N was chosen as the
standard for further experiments with both EDs.

After the completion of the preliminary experiments, a weld-force of 250 N and an
amplitude of 40 pm was used for further experiments to investigate the effect of the inte-
grated energy directors on the weld quality and strength. These energy-driven welding
experiments were carried out with the optimized weld-parameters (see Section 2).

3.3. Lap-Shear Strength Tests

PEEK and CF-PEEK samples welded under a static force of 250 N at a 40 pm amplitude
were tested for their joint strengths against the applied weld-energies of 300, 400 and 500 ]
using lap-shear tests. Five samples were tested for each parameter set, leading to 60
experiments in total. Figure 9 summarizes these results.

2500 PEEK 2500+ = PEEK: Circular ED Amplitude: 40 pm
plispe PEEK: Mesh ED Force: 250 N
2000 B z B CF-PEEK: Circular ED
_ © 20001 EEEE CF-PEEK: Mesh ED
Z o
o L
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5 1500 3 1500
b L
g o
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© ©
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500 Welding force: 250 N > 500
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Energy director: Circular
0 1
00 05 10 15 20 25 30 0 400
Displacement [mm] Welding energy [J]
(@) (b)

Figure 9. (a) Results from the lap-shear tests for PEEK and CF-PEEK samples with circular energy
directors welded at 500]. (b) A summary of the ultimate shear forces observed during the lap-shear
tests with circular and mesh-shaped energy directors, welded at 300, 400 and 500].

Figure 9a shows the mechanical behavior of PEEK and CF-PEEK adherends welded
at 500] at a 40 pm amplitude under a static force of 250 N. The PEEK adherends showed
an average of 10% higher failure forces, as well as a more pronounced plastic deformation
region. The CF-PEEK samples exhibited a steeper gradient in the linear deformation
region, suggesting a higher elastic modulus, which was also confirmed during tensile
tests (see Figure 5). Figure 9b summarizes the average failure forces for all energy-driven
welding experiments using the selected amplitude and static force. The highest ultimate
lap-shear forces were observed at 500] for both materials. The comparatively inferior force
and deformation characteristics of CF-PEEK can be attributed to the short carbon-fiber
reinforcements used, which hindered the polymer’s deformation under loading and also
resulted in comparatively stiffer behavior in the linear region.
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3.4. Microscopy and Failure Behavior

The failure behavior and surfaces of the failed samples from lap-shear testing were im-
aged using optical microscopy to investigate the differences in failure mechanisms between
the two materials as well as the influence of the ED shape. Representative microscopic
images are shown in Figure 10.

@ ©) © ()

Figure 10. Microscopic images of the typical failure types and surfaces observed for PEEK and
CF-PEEK USW samples with (a,b) mesh-shaped energy directors and (c,d) circular EDs, respectively.

Figure 10 shows the failure behavior for the two different materials and energy direc-
tors. PEEK samples showed a larger plastic deformation region before failure regardless of
the failure behavior (see Figure 9a). For either ED shape, the CF-PEEK failure boundary
can be seen to be more jagged, which is a result of the higher brittleness of this material
arising due to the short-fiber reinforcements. Due to a lack of information on the average
fiber length from the filament manufacturer, a set of microscopic images of the filament
were analyzed to yield the upper and lower fiber lengths of 250 pm and 50 um, respectively.
Representative images are shown in Figure 11. A narrower fiber-length distribution in the
filament can help in increasing the precision of the results observed.

Figure 11. Two examples of the observed differences in carbon-fiber length seen in the printed
samples. (a) Fibers with a length of around 50 pm and (b) with 250 pm.

The failure behavior of both materials was found to be heavily influenced by the ED
shape. Welds performed with mesh-shaped EDs (Figure 10a,b) were seen to fail at the
weld boundary with the failure surface approximately perpendicular to the pulling force.
In contrast, welds with circular EDs (Figure 10c,d) did not fail at the weld-site, but, instead,
at one of the inter-layer boundaries in the bulk of the 3D-printed samples. This is a good
indication of the superior quality of the circular EDs, as the molten region under the ED did
not fail before the bulk material, and is supported by the results from mechanical testing
(see Figure 9b).

4. Conclusions and Outlook

This pilot study looked at the feasibility of using ultrasonic welding as the joining
method for additively manufactured high-performance thermoplastics with integrated
energy directors. PEEK and CF-PEEK adherends were 3D-printed on the coupon level,
each with two different ED shapes, and were joined reliably using polymer ultrasonic
welding at 20kHz. For comparison, tensile samples were 3D-printed and tested against
their datasheet values. USW parameters, including static welding force and amplitude
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were individually investigated and optimized against the weld strength and vibrational
behavior during welding and were seen to have a significant effect on the weld quality and
welding parameter precision as well as the resulting joint strength. Adherends without
energy directors were seen to have highly fluctuating amplitudes through the course of the
welding process. This was also true for welds carried out at higher static forces. From the
preliminary experiments, a static welding force of 250 N and a vibrational amplitude of
40 pm were selected.

Energy-driven welding experiments were performed for both materials and with the
two ED shapes at 300, 400 and 500 ] and subsequently tested for their weld strength through
lap-shear testing. PEEK adherends showed superior weld strengths and deformation
characteristics for each parameter set compared to CF-PEEK. The melt-behavior of the two
EDs led to vastly different failure behaviors, which can be attributed to both the volume and
the shape of the EDs. Adherends with circular energy directors showed higher failure forces
compared to their mesh-shaped counterparts. Microscopy and failure surface analysis
showed significantly different failure behaviors between the two ED shapes. Adherends
with circular EDs did not fail at the weld-site, resulting in the peeling-off of the 3D-printed
layer from the sample bulk.

This study lays the foundation for further investigations into the bonding of 3D-
printed high-performance thermoplastics and thermoplastic composites using ultrasonic
welding. Future investigations can examine the temperature and melting behavior of the
EDs during the welding through contact and infra-red measurements. Another important
aspect is the behavior of multiple welded joints on a single pair of adherends in a multi-spot
welding configuration, followed by the continuous welding of these materials. The effect
of the rapid heating and cooling occurring during FFF and USW on the semi-crystallinity
of PEEK and the resulting mechanical properties are also an important topic for further
research, in particular, for the development of a materials circularity concept for additively
manufactured thermoplastics and thermoplastic composites.
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AM Additive manufacturing

CF-PEEK Carbon-fiber-reinforced polyether ether ketone
ED Energy director

FFF Fused filament fabrication

LSS Lap-shear strength

PAEK Polyarylether ether ketone

PEEK Polyether ether ketone

PEI Polyetherimide

USW Ultrasonic welding
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