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Abstract: Hybrid structures are important for the automotive and aeronautical industry as they
have the potential to reduce vehicle or aircraft weight and to improve fuel efficiency. Continuous
ultrasonic metal welding is a promising technique for hydraulic applications in aircraft to realise
tubular metal/fiber reinforced polymer (FRP) hybrids. Fluid proof connections between dissimilar
components can be joined by continuous welding seams. Tubular metal/FRP hybrids, produced by
a new advanced variant of ultrasonic metal welding, are investigated as a potential substitute for
metallic hydraulic tubes. The oscillating welding system moves around the tubular joining partners
to generate a sealed orbital connection. Homogeneous joint quality is required to assure the requested
component strength. Therefore, the amplitude of sonotrode displacement and the welding force
are controlled to keep the induced welding energy constant and the joint quality uniform. High
mechanical strength is required for a safe application in the 5000 psi hydraulic system of current and
future aircraft concepts. For this study metal injection molded (MIM) titanium fittings (TiAl6V4) and
carbon fiber reinforced PEEK (CF-PEEK) tubes were investigated. Process parameters for metal/FRP
hybrid joining were evaluated considering their mechanical and technological properties, as well as
the microstructure of the hybrid interfacial area. The entire joining area of tubular joining partners
has to be in close contact before welding to assure a continuous tight joint. Hence, the titanium
fitting is thermally shrunk onto the CFRP tube before ultrasonic welding. The presented orbital
ultrasonic welding technology was developed for prospective industrial use and future applications
of ultrasonically welded tubular multi-material-components.
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1. Introduction
The demand of multi-material structures for applications in transport, energy or
medicine industry increases constantly as environmental protection and cost pressure
determine the trend to produce components resource efficiently [1–4]. The combination
of different materials or even material classes allows to increase the performance of components, e.g., specific mechanical or functional properties [5–10]. A huge variety of both,
possible combinations of joined materials and applicable joining processes exist for hybrid
material systems. Principles of hybrid structures produced by joining polymer based materials to metals which are in the focus of this paper, were summarized by Amancio-Filho
and Blaga introducing adhesive bonding, friction spot joining, induction welding, laser
welding, mechanical fastening, and ultrasonic welding [1].
Modern airplanes, e.g., Airbus A350 or Boeing 787, are built of approximately 50%
fiber reinforced polymers (FRP) [11]. To join such structures with metallic components,
ultrasonic welding (USW) is a promising technique without filler materials or additives—
such as adhesives, rivets, or bolts—and, hence, without serious damage of the carbon
fibre reinforced polymer (CFRP). In principle, ultrasonic welding energy is transferred
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ultrasonic welding is the most common USW process, used in the packaging industry to
join soft non-ferrous metals such as aluminium and copper for electrical applications [18].
reliably join polymers quickly and cost-effectively [17]. Metal USW is typically applied to
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join soft non-ferrous metals such as aluminium and copper for electrical applications [18].
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the joining area. The resulting joint formation of a metal/FRP hybrid connection is shown

schematically in Figure 1 [17–19].

Figure 1. Schematic microstructure of an ultrasonically welded metal/fiber reinforced polymers
Figure 1. Schematic microstructure of an ultrasonically welded metal/fiber reinforced polymers
(FRP)-joint (a) before and (b) after ultrasonic metal welding process [17–19].
(FRP)-joint (a) before and (b) after ultrasonic metal welding process [17–19].

The comparison of joint strength between adhesive bonding and ultrasonic welding
The comparison of joint strength between adhesive bonding and ultrasonic welding
is common and also practicable for tubular hybrid structures. Assuming perfect surface
is common and also practicable for tubular hybrid structures. Assuming perfect surface
conditions, the strength of adhesively bonded joints is limited by the shear strength up to
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Figure 2. Structure and mechanical displacement along the rotatable oscillation unit of a continuous
Figure 2. Structure and mechanical displacement along the rotatable oscillation unit of a continuultrasonic
welding
machine.
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welding
machine.

Due to its high strength and hardness as well as the relatively low thermal conductivity,
Due to its high strength and hardness as well as the relatively low thermal conductitanium is a desirable but challenging joining partner. During the welding process of Ti
tivity, titanium is a desirable but challenging joining partner. During the
welding process
alloys at 20 kHz the sonotrode has to resist local temperatures up to 700 ◦ C and considerable
of Ti alloys at 20 kHz the sonotrode has to resist local temperatures up to 700 °C and
cyclic loads at the sonotrode tip.
considerable cyclic loads at the sonotrode tip.
In the work presented here, tubular hybrid structures of titanium and CFRP were
In the work presented here, tubular hybrid structures of titanium and CFRP were
ultrasonically welded by a novel orbital process for future applications in aircraft hydraulic
ultrasonically welded by a novel orbital process for future applications in aircraft hydrausystems. A substitution of titanium tubes by CFRP allows a reduction of components
lic systems. A substitution of titanium tubes by CFRP allows a reduction of components
weight, noise level and also costs in a medium-term prospective.
weight, noise level and also costs in a medium-term prospective.
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amplitude and the welding force (pressure) affect the welding energy. In order to obtain a
high joint strength, welding parameters for the preliminary planar welding experiments
were investigated by a design of experiments (DoE) approach using the software Umetrics
MODDE 7 to plan 72 process parameter setups with 5 repetitions for each setup in 3 blocks,
i.e., 360 welding experiments in total. In this model the displacement amplitude, the
sonotrode velocity (feed rate) and the welding force are the factors to be varied in order to
achieve a certain shear strength. The investigated parameter setups are determined by a
randomized “central composite circumscribed” model (CCC) varying the amplitude from
26 to 38 µm, the sonotrode velocity from 2 to 7 mm/s and the welding force between 100
and 350 N.
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Figure 3. (a) Ti6Al4V/CF-PEEK joints of preliminary welding experiments and the microstructure
Figure
(a) Ti6Al4V/CF-PEEK
joints of preliminary
experiments
and the microstructure
(b) of a3.Ti6Al4V
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sheet and (d)welding
the setup
for planar ultrasonic
welding.
(b) of a Ti6Al4V sheet, (c) of a CF-PEEK sheet and (d) the setup for planar ultrasonic welding.
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ject partner Parker Hannifin (Bielefeld, Germany) in the framework of the German aeronautical research programme (LuFo-V 2, 20Y1506F). Figure 4 shows the Ti6Al4V-fitting in
its three states of manufacturing by MIM: (a) the green body, (b) after sintering and (c) the
final geometry after turning to final dimensions. The shaft with a length of 40 mm allows
to apply multiple weld seams. Concerning the titanium microstructure of the final MIM
fitting, a predominantly lamellar grain structure was observed (Figure 4d). Figure 4e
shows the dimensions of a CF-PEEK-tube sample and (f) the microstructure of the carbon
fiber tape layers with a thickness of ~125 µm, separated by a thin layer of PEEK matrix.
The CFRP tubes were provided by our project partners at PFW Aerospace (Speyer, Germany). The CF-PEEK-tube is based on a generic aeronautical 1” PEEK liner with a wall
thickness of 1 mm. CF-PEEK tapes were raised on the liner by laser tape winding with an
orientation of ±54° to provide the maximum resistance against internal pressure according
to the netting theory [22].
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has been developed in cooperation with Airbus-CTC GmbH (Stade, Germany), in order to allow circumferential weld seams around the joining partners. Figure
5 shows the unique orbital ultrasonic welding system, based on a 20 kHz roll-seam welder
of the type, Branson Ultraseam 20 (Emerson Electric Co, Dietzenbach, Germany). The
functional parts of the orbital welding system are indicated by letters. The measurement
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in order to allow circumferential weld seams around the joining partners. Figure 5 shows
the unique orbital ultrasonic welding system, based on a 20 kHz roll-seam welder of
the type, Branson Ultraseam 20 (Emerson Electric Co., Dietzenbach, Germany). The
functional parts of the orbital welding system are indicated by letters. The measurement
and regulation of process parameters is done by the ultrasonic generator in combination
with a programmable logic controller (PLC) (A). The joining partners are inserted from
above and clamped into the machine (B). The welding actuator (D) rotates around the
rotational axis (E) in order to create a circumferential weld seam around the joining partners
in the hybrid welding area (C). A closeup of the reduced CAD model is given in Figure 5b,
. Mater. Process. 2021, 5, x FOR PEER REVIEW including the sonotrode, the joining partners, the measurement devices,
6 ofand
18 the additional
supply of shielding gas (Argon) during the welding process.

Figure 5. Orbital welding system for Ti/CFRP-tubes: (a) general overview and (b) reduced CAD model of the welding area.

Figure 5. Orbital welding system for Ti/CFRP-tubes: (a) general overview and (b) reduced CAD
Homogeneous joint quality is required to assure the requested component performodel of the welding area.

mance. Therefore, the amplitude of sonotrode displacement and the welding force are
controlled by closed-loop to keep the induced welding energy constant and the joint
Homogeneous joint quality is required to assure the requested component perforquality uniform.
mance. Therefore, the amplitude of sonotrode displacement and the welding force are
An essential requirement for the orbital ultrasonic welding process is a gap-free contact
controlled by closed-loop to keep the induced welding energy constant and the joint qualbetween both joining partners. In case of sheet shaped joining partners, the contact is
ity uniform.
given by forces of the clamping device and the sonotrode to the sheet surfaces. In case of
An essential requirement for the orbital ultrasonic welding process is a gap-free contubular joining partners the formation of a gap-free contact is more challenging. In this
tact between both joining partners. In case of sheet shaped joining partners, the contact is
work, the contact was formed by a cylindrical interference fit between the Ti6Al4V-fitting
given by forces of the clamping device and the sonotrode to the sheet surfaces. In case of◦
and the CF-PEEK-tube (Figure 6). Therefore, the fitting is heated up to 380 C to thermally
tubular joining partners the formation of a gap-free contact is more challenging. In this
expand and the CF-PEEK-tube is pressed into the hot Ti6Al4V-fitting (a), which finally
work, the contact was formed by a cylindrical interference fit between the Ti6Al4V-fitting
leads to a gap-free contact (Figure 6b) that was verified by X-ray computed tomography
and the CF-PEEK-tube
(Figure
(CT) (Figure
6c).6). Therefore, the fitting is heated up to 380 °C to thermally
expand and the CF-PEEK-tube is pressed into the hot Ti6Al4V-fitting (a), which finally
leads to a gap-free contact (Figure 6b) that was verified by X-ray computed tomography
(CT) (Figure 6c).
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Figure 6. Preparation of the welding samples: (a) interference fit of the Ti6Al4V-fitting and the CFFigure 6. Preparation of the welding samples: (a) interference fit of the Ti6Al4V-fitting and the CFPEEK-tube, (b) prepared Ti6Al4V-Fitting/CF-PEEK-tube for the welding process and (c) computed
PEEK-tube, (b) prepared Ti6Al4V-Fitting/CF-PEEK-tube for the welding process and (c) computed
tomography
(CT)-scan
of the interference
fit to screen
between
the joining
partner
tomography
(CT)-scan
of the interference
fit to screen
gaps gaps
between
the joining
partner
priorprior welding.
welding.

Typically, ultrasonic welding experiments to examine suitable process parameters
for high strength joints are planned by design of experiments (DoE) [23]. Due to a small
Typically, ultrasonic welding experiments to examine suitable process parameters
number of available samples, the tubular welding experiments could not be planned using
for high strength joints are planned by design of experiments (DoE) [23]. Due to a small
DoE. Therefore, the welding experiments were supported by finite element (FE) modelling
number of available samples, the tubular welding experiments could not be planned us(Figure 7). A simplified model of a hybrid joint consisting of a titanium sheet or fitting
ing DoE. Therefore, the welding experiments were supported by finite element (FE) modand a CF-PEEK sheet or tube separated by a PEEK layer is suitable to compare geometrical
7). A simplified model of a hybrid joint consisting of a titanium sheet or8 of 18
J. Manuf. Mater. Process. 2021, elling
5, x FOR(Figure
PEER REVIEW
differences
of joints considering the state of stress [24]. In order to evaluate the most
fitting and a CF-PEEK sheet or tube separated by a PEEK layer is suitable to compare
promising weld seam setup, the maximum von Mises stress is calculated depending on
geometrical differences of joints considering the state of stress [24]. In order to evaluate
the number (n) and the position of the weld seams (x) on the Ti6Al4V-Fitting which both
the most promising weld seam setup, the maximum von Mises stress is calculated dedetermine the distance between the weld seams.
pending on the number (n) and the position of the weld seams (x) on the Ti6Al4V-Fitting
which both determine the distance between the weld seams.
Figure 7 shows an overview of the FE models (a) of a planar Ti6Al4V/CF-PEEK joint,
(b) of a Ti6Al4V-fitting/CF-PEEK tubular joint, that was designed assuming rotational
symmetry of the area displayed and (c) a cross section of the weld seam.

Figure7.7.Finite
Finiteelement
element(FE)
(FE)models
models
Ti6Al4V-fitting/CF-PEEK-tube,
Ti6Al4V/PEEK/CFFigure
ofof
(a)(a)
Ti6Al4V-fitting/CF-PEEK-tube,
(b) (b)
Ti6Al4V/PEEK/CFPEEKsheet
sheetjoint
jointand
and(c)
(c)cross
crosssection
sectionofofthe
theweld
weldseam.
seam.
PEEK

The detailed mechanical properties of the interfaces in ultrasonically welded hybrid
joints are largely unknown. Hence, in our approach, a pure PEEK interlayer between titanium and CF-PEEK was modelled. The PEEK interlayer is connected to both joining partners with tied constraints in the weld seam area, that prohibit parallel sliding or penetra-
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Figure 7 shows an overview of the FE models (a) of a planar Ti6Al4V/CF-PEEK joint,
(b) of a Ti6Al4V-fitting/CF-PEEK tubular joint, that was designed assuming rotational
symmetry of the area displayed and (c) a cross section of the weld seam.
The detailed mechanical properties of the interfaces in ultrasonically welded hybrid
joints are largely unknown. Hence, in our approach, a pure PEEK interlayer between
titanium and CF-PEEK was modelled. The PEEK interlayer is connected to both joining
partners with tied constraints in the weld seam area, that prohibit parallel sliding or
penetration of the surfaces. Thus, the failure has to occur in the component with the
lowest strength, which is the PEEK layer in this model. While this simplification affects the
absolute values of strain and stress, it has no significant influence on the pattern of the stress
distribution. Hence, in the latter respect, comparability of calculated and experimental
hybrid joints is given. Elastic isotropic material properties were considered (Table 1). Since
plastic deformation was the failure criterion, the elastic limit determines the maximum
stress acceptable in the joint. The FE model was loaded by longitudinal tensile forces as
well as by an internal pressure (see Figure 6a). To determine the most suitable number
and position of the weld seams planar joints were simulated by assuming a tensile shear
force of 6 kN according to experiments on planar joints. To fulfil the requirements for
applications the 5000 psi (~350 bar) hydraulic system in an airplane and a security factor of
three, the hybrid Ti/CFRP hydraulic component has to resist an internal pressure of 1050
bar. Therefore, in the simulations of the tubular joints an internal pressure of 1050 bar and
an axial force of 90 kN, according to Barlow’s formula, were applied, respectively.
Table 1. Mechanical properties of the materials used in the FE model [25].

Young’s Modulus in GPa
Elastic limit in MPa
Poisson’s ratio

Ti6Al4V

CF-PEEK

PEEK

110
880
0.30

50
200
0.42

4.2
100
0.38

The FE model was used to determine the most promising weld seam number, position
and distance considering the resulting in minimized peak von Mises stresses in the tubular
joint configuration. Based on these results, welding experiments were performed to identify
a suitable amplitude of the sonotrode displacement and the welding force of the oscillation
unit considering the maximum force in tensile shear tests.
3. Results
As mentioned above, preliminary planar welding experiments of sheet material were
performed to identify a suitable range of process parameters for the orbital welding process.
Using DoE, displacement amplitude, welding force, and sonotrode velocity were varied
in order to maximize the resulting relative shear force. The relation between the process
parameters investigated and the resulting force at shear fracture calculated by multiple
linear regression of the experimental results, is illustrated by the surface plots given in
Figure 8. The calculated maximum shear force is shown depending on the combination of
(a) welding force and displacement amplitude for a sonotrode velocity of 4.5 mm/s and (b)
sonotrode velocity and displacement amplitude at a welding force of 150 N.

multiple linear regression of the experimental results, is illustrated by the surface plots
given in Figure 8. The calculated maximum shear force is shown depending on the combination of (a) welding force and displacement amplitude for a sonotrode velocity of 4.5
mm/s and (b) sonotrode velocity and displacement amplitude at a welding force of 150 N.
J. Manuf. Mater. Process. 2021, 5, 30

8 of 15

Figure 8. Maximum relative shear force of planar Ti6Al4V/CF-PEEK joints depending on the combination of (a) welding
Figure
8. Maximum
relative
force of
planar(vTi6Al4V/CF-PEEK
joints depending on the comforce and
displacement
amplitude
forshear
a sonotrode
velocity
S ) of 4.5 mm/s and (b) sonotrode velocity and displacement
bination
of
(a)
welding
force
and
displacement
amplitude
for
a
sonotrode
velocity (vS) of 4.5 mm/s
amplitude at a welding force FUSW of 150 N.

and (b) sonotrode velocity and displacement amplitude at a welding force FUSW of 150 N.
The surface plots show explicit maxima, which allow to identify the most promising
process
parameters.
A displacement
of 33 µm,the
a welding
force of 150 N, and a
The surface plots
show
explicit maxima,
whichamplitude
allow to identify
most promising
sonotrode
velocity ofamplitude
4.5 mm/s were
to obtain
a predicted
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of 33determined
µm, a welding
force
of 150 N,maximum
and a relative
shear
force
of
40
N/mm,
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to
a
weld
seam
length
of
40
mm
per
weld
seam. Three
sonotrode velocity of 4.5 mm/s were determined to obtain a predicted maximum relative
samples were welded to verify the determined parameters achieving a maximum relative
shear force of 40 N/mm, referring to a weld seam length of 40 mm per weld seam. Three
shear force of 80 N/mm ± 10, which is even higher than predicted.
samples were welded to verify the determined parameters achieving a maximum relative
In addition to the preliminary planar welding experiments, which indicated a promisshear force of 80 N/mm
± 10,ofwhich
is parameters
even highertothan
predicted.to the orbital welding process, the
ing range
process
be transferred
In addition tomaximum
the preliminary
planar
welding
experiments,
which
indicated
promvon Mises stresses occurring in the simulated
joints
identify athe
most promising
ising range of process
parameters
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thestress
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weldingand
process,
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position
and number
weld seams.toThe
distribution
corresponding
deformation
behavior
of a fitting/tube
joint underjoints
a tensile
load ofthe
6 kN
is shown
in Figure 9 for
maximum von Mises
stresses
occurring
in the simulated
identify
most
promis(a) one, (b)
three weld
maximumand
equivalent
von Mises stresses
ing position and number
oftwo,
the and
weld(c)seams.
The seams.
stress The
distribution
corresponding
occur
in
the
titanium
sheet
for
one
weld
seam.
For
two
and
three
(or
more) seams, the
deformation behavior of a fitting/tube joint under a tensile load of 6 kN is shown in Figure
stress is about 15% lower, due to the altered deformation behaviour caused by two or more
9 for (a) one, (b) two, and (c) three weld seams. The maximum equivalent von Mises
weld seams.
stresses occur in the titanium sheet for one weld seam. For two and three (or more) seams,
Orbital ultrasonic welding of multiple weld seams is risky as the welding process of
the stress is aboutthe
15%
lower, due
the altered
deformation
behaviour
caused weld
by two
or Hence, a
following
weldto
seams
may affect
the joints quality
of the existing
seams.
more weld seams.low number of weld seams with a large distance between each other is considered beneficial
considering the joint strength and process efficiency. Therefore, all experimental welding
samples were joined by two weld seams with a distance of 20 mm.
The joint strength of ultrasonically welded hybrid joints between titanium fittings
and CF-PEEK-tubes was determined by monotonic tensile shear tests. In principle, the
joint strength consists of the ultrasonic-based connection and a smaller proportion caused
by the interference fit in the range of ~20% of the total joint strength. Figure 10a shows
an ultrasonically welded tubular Ti6Al4V/CF-PEEK joint with two weld seams and (b) a
schematic force-displacement curve.

Orbital ultrasonic welding of multiple weld seams is risky as the welding process of
the following weld seams may affect the joints quality of the existing weld seams. Hence,
a low number of weld seams with a large distance between each other is considered beneficial2021,
considering
the joint strength and process efficiency. Therefore, all experimental
J. Manuf. Mater. Process.
5, 30
welding samples were joined by two weld seams with a distance of 20 mm.
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Figure 9. FE model of a Ti6Al4V/PEEK/CF-PEEK sheet joint: Von Mises stress distribution and von
Mises stress maxima under a tensile load of 6 kN for (a) one, (b) two and (c) three weld seams.

The joint strength of ultrasonically welded hybrid joints between titanium fittings
and CF-PEEK-tubes was determined by monotonic tensile shear tests. In principle, the
joint strength consists of the ultrasonic-based connection and a smaller proportion caused
by the interference fit in the range of ~20% of the total joint strength. Figure 10a shows an
ultrasonically welded tubular Ti6Al4V/CF-PEEK joint with two weld seams and (b) a
Figure 9. FE model of a Ti6Al4V/PEEK/CF-PEEK sheet joint: Von Mises stress distribution and von Mises stress maxima
schematic
force-displacement sheet
curve.
Figure 9. FE model
of a Ti6Al4V/PEEK/CF-PEEK
joint: Von Mises stress distribution and von
under a tensile load of 6 kN for (a) one, (b) two and (c) three weld seams.
Mises stress maxima under a tensile load of 6 kN for (a) one, (b) two and (c) three weld seams.

The joint strength of ultrasonically welded hybrid joints between titanium fittings
and CF-PEEK-tubes was determined by monotonic tensile shear tests. In principle, the
joint strength consists of the ultrasonic-based connection and a smaller proportion caused
by the interference fit in the range of ~20% of the total joint strength. Figure 10a shows an
ultrasonically welded tubular Ti6Al4V/CF-PEEK joint with two weld seams and (b) a
schematic force-displacement curve.

Figure 10. Ti6Al4V-fitting/CF-PEEK-tube joint, formed by orbital ultrasonic welding: (a) Welded
Figure 10. Ti6Al4V-fitting/CF-PEEK-tube joint, formed by orbital ultrasonic welding: (a) Welded
sample with two weld seams, (b) schematic force-displacement curve.
sample with two weld seams, (b) schematic force-displacement curve.

The force increases until the weld seams macroscopically fail after approximately
pure elastic deformation (A) and decreases to a second force level (B) that is caused by the
interference fit. The force remains nearly constant at this level until close to the complete
separation of the fitting and the tube when it decreases rapidly until zero (C).
To determine process parameters that lead to a high strength hybrid connection,
welding experiments were performed. Figure 11 shows the resulting maximum tensile
Figure 10. Ti6Al4V-fitting/CF-PEEK-tube
formed
by orbital
ultrasonic
welding:
(a) Welded
shear force dependingjoint,
on the
number
of weld
seams and
the process
parameters welding
sample with two weld seams, (b) schematic force-displacement curve.
force and displacement amplitude of the sonotrode.

separation of the fitting and the tube when it decreases rapidly until zero (C).
To determine process parameters that lead to a high strength hybrid connection,
welding experiments were performed. Figure 11 shows the resulting maximum tensile
shear force depending on the number of weld seams and the process parameters welding
J. Manuf. Mater. Process. 2021, 5, 30 force and displacement amplitude of the sonotrode.
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Figure 11. Ultimate tensile shear force depending on the process parameters: (a) Number of weld
Figure
shear
depending
on the process
parameters: (a) Number of weld
seams,11.
(b)Ultimate
welding tensile
force and
(c) force
displacement
amplitude
of the sonotrode.
seams, (b) welding force and (c) displacement amplitude of the sonotrode.
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contrast,
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The fracture
surfaces
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shown
in
Figure
12
confirm
this
assumption.
The
annealing
color
on
the
surface
and the
the Ti6Al4V/CF-PEEK interface manufactured by orbital and planar ultrasonic welding,
remaining
CF-PEEK
indicate
theassumption.
temperatures
occurring
atcolor
the interface.
Whileand
there
is
shown
in Figure
12 confirm
this
The
annealing
on the surface
the
almost
no
colour
change
for
orbital
welded
samples,
the
planar
welded
joints
both
show
remaining CF-PEEK indicate the temperatures occurring at the interface. While there isa
brownish
coloring
for uSfor
: 33orbital
µm and
a brownish
to purple
coloring
as well
asboth
remaining
almost
no colour
change
welded
samples,
the planar
welded
joints
show
burned
PEEK
for
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µm.
The
temperature-color
bar
in
Figure
12
has
been
determined
S
a brownish coloring for uS: 33 µm and a brownish to purple coloring as well as remaining
by annealing
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air atmosphere. As
atmosphere
at been
the joint
interface
burned
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for uS: 38sheets
µm. The
temperature-color
barthe
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the
welding
process
is
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be
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by annealing Ti6Al4V sheets under air atmosphere. As the atmosphere at the joint interIn comparison to orbital welded joints, the planar welded joints show surface colors, that
face during the welding process is unknown, temperature cannot be determined quantiindicate higher temperatures. Additionally, the burned PEEK indicates temperatures above
tatively. In comparison to orbital welded joints,
the planar welded joints show surface
the decomposition temperature of PEEK (545 ◦ C [25]).
The FE simulations of planar joints showed that the maximum von Mises stress does
not further decrease for weld seam numbers higher than two. The welding experiments
reveal that a third weld seam even reduces the tensile shear strength. A possible reason is
the lower distance of 8 mm between the weld seams that possibly leads to a damaging of
the consisting weld seams by the vibrations of the welding process of further weld seams.
Due to a limited number of welding samples only one joint per parameter combination
was welded to identify the most promising parameter set. The highlighted parameter set
(Figure 11) that leads to maximum strength was verified by two additional welded joints,
showing a reproducibility of more than 98%. Therefore, the results are considered reliable,
despite the small number of welded samples.
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Figure 12. Titanium fracture surface of the Ti6Al4V/CF-PEEK interface (a) orbital welding with uS :
Figure 12. Titanium fracture surface of the Ti6Al4V/CF-PEEK interface (a) orbital welding with uS:
48 µm, (b) planar welding with uS : 33 µm and (c) planar welding with uS : 38 µm, all joints were
48 µm, (b) planar welding with uS: 33
µm and (c) planar welding with uS: 38 µm, all joints were
welded with FUSW : 150 N and vS : 28◦ /s or 4.5 mm/s, the temperature-color bar of annealed Ti6Al4V
welded with FUSW: 150 N and vS: 28°/s or 4.5 mm/s, the temperature-color bar of annealed Ti6Al4V
sheets and
and (d)
(d) schematic
schematic overview
overview of
sheets
of the
the surfaces
surfaces observed
observed in
in (a–c).
(a–c).

As mentioned above, the process parameters affect the amount of energy that is
The FE simulations of planar joints showed that the maximum von Mises stress does
induced into the joining zone. During the welding process, the thermoplastic matrix
not further decrease for weld seam numbers higher than two. The welding experiments
melts and the metal surface gets closer to the carbon fibers. The temperature in the
reveal that a third weld seam even reduces the tensile shear strength. A possible reason
is
joining zone has to exceed the melting temperature of the thermoplastic matrix (350 ◦ C for
the lower distance of 8 mm between the weld seams that possibly leads to a damaging
of
PEEK [25]), but must remain below the decomposition temperature of PEEK (545 ◦ C [25]) to
the consisting weld seams by the vibrations of the welding process of further weld seams.
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temperatures exceeding the decomposition temperature of PEEK. In the case shown here,
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a large amount of the near-interface matrix has been decomposed during the ultrasonic
welding process, which negatively affects the joint strength.

Figure 13. Microstructure of ultrasonically welded Ti6Al4V-fitting/CF-PEEK-tube joints depending
Figure 13. Microstructure of ultrasonically welded Ti6Al4V-fitting/CF-PEEK-tube joints dependon the
displacement
amplitude
uS :u(a)
40 µm, (b) 48 µm, and (c) 50 µm with FFUSW:: 150
N and
and vvSS::
ing
on the
displacement
amplitude
S: (a) 40 µm, (b) 48 µm, and (c) 50 µm with USW
150 N
◦ /s (4.5 mm/s) with the resulting ultimate tensile shear force F
28
UTS.
28°/s (4.5 mm/s) with the resulting ultimate tensile shear force FUTS.

Based on the knowledge gained by finite element simulations, welding experiments,
The welding force was 150 N and the velocity of the sonotrode was 28°/s or 4.5 mm/s,
tensile shear tests and microstructural analysis, a displacement amplitude of 48 µm, a
respectively, for all samples. The sample welded
with 40 µm displacement amplitude
welding force of 150 N a sonotrode velocity of 28◦ /s and two weld seams with a distance of
(Figure 13a) shows a layer of PEEK-matrix between the titanium surface and the carbon
20 mm were identified to achieve a highest joint strength. As the Ti6Al4V-fitting/CF-PEEKfibers, which indicates an insufficient amount of welding energy or an interfacial tempertube hybrid joints are meant for applications in aircraft hydraulic systems, a demonstrator
ature below the melting temperature, respectively. In contrast, the hybrid sample, welded
hybrid connection consisting of a CF-PEEK-tube with ultrasonically welded titanium
with a displacement amplitude of 48 µm (Figure 11b) shows a close contact between carfittings on both ends was designed, welded, and evaluated in an internal pressure test
bon fibers and titanium surface. Moreover, the metal surface is plastically deformed,
by Parker Hannifin GmbH. The pressure was applied stepwise with a rising time of
which promotes mechanical interlocking between titanium and CF-PEEK. This parameter
25 min followed by 85 min dwell time for each step, using water as testing medium.
set leads to the highest maximum tensile shear forces of 30 kN corresponding to a relative
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Figure 14a shows the pressure-time-profile until 960 bar internal pressure and (b) the
tested demonstrator that remained intact during the pressure test. An internal pressure of
960 bar corresponds to an axial force of 81.7 kN according to Barlow´s formula and a maximum tensile shear force of 390 N/mm in relation to the length of the weld seam (two weld
seams with 105 mm length), meaning that the joints are, expectedly, significantly more
resistant against internal pressure than against tensile shear loads.
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Figure 14. Pressure test of ultrasonically welded hybrid Ti6Al4V-fitting/CF-PEEK-tube joint: (a)
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On the one hand, an internal pressure is beneficial for this kind of hybrid structure
as the CF-PEEK-tube is pressed against the Ti6Al4V-fitting, increasing the friction between the joined components. On the other hand, the deformation behavior under pressure in comparison to a tensile shear load is different. Figure 15 shows the different deformation behavior of the hybrid joint under (a) 90 kN tension, and (b) 1050 bar internal
pressure. A pronounced maximum of von Mises stress can be seen at the first weld seam
(Ia) in Figure 15a, as well as a larger deformation in general. In contrast, the stress distribution under an internal pressure is more uniformly distributed. The stress maximum is
lower by ~200 MPa and occurs at the second weld seam (IIb), where the joint is most deformed due to radial forces. Additionally, the CF-PEEK-tube is pressed against the inner
wall of the stiffer fitting, which increases the above-mentioned interface friction resulting
in higher joint strength.

Figure 15. Von Mises stress distribution and deformation behavior of the hybrid joint: (a) under
Figure 15. Von Mises stress distribution and deformation behavior of the hybrid joint: (a) under 90
90 kN tensile load and (b) under 1050 bar internal pressure with a resulting axial force of 90 kN.
kN tensile load and (b) under 1050 bar internal pressure with a resulting axial force of 90 kN.

4. Discussion
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a force of 8 kN. A suitable combination of displacement amplitude and welding force was
determined. Number and distance of weld seams were studied based on an estimation of
the von Mises stress distribution by FE models.
Ti6Al4V/CF-PEEK joints that were manufactured by orbital ultrasonic welding remained intact at an internal pressure of 960 bar minimum, which is equivalent to an axial
force of 81.7 kN and a maximum tensile shear force of 390 N/mm in relation to the length
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Number and distance of weld seams were studied based on an estimation of the von Mises
stress distribution by FE models.
Ti6Al4V/CF-PEEK joints that were manufactured by orbital ultrasonic welding remained intact at an internal pressure of 960 bar minimum, which is equivalent to an axial
force of 81.7 kN and a maximum tensile shear force of 390 N/mm in relation to the length
of the weld seam or 97.5 MPa considering the area of both weld seams, which is an outstanding strength for a hybrid material system. So far, no comparable results have been
published. However, adhesively bonded Ti6Al4V/PEEK-joints achieved a joint strength
up to 51.4 MPa, i.e., very close to the shear strength of PEEK. The strength of ultrasonically
welded Ti6Al4V/CF-PEEK joints produced in the presented work is 53% higher, proving a
joint formation far beyond mere adhesion by USW.
Taking into account that fatigue failure of the considered Ti6Al4V/CF-PEEK joints
may become an issue in application, research on mechanical behavior could be extended to
cyclic loadings, e.g., based on the findings given in [26].
Moreover, microstructural investigations of the hybrid interface revealed contact
between carbon fibers and matrix occurred for joints that were created by orbital welding
with a displacement amplitude of 48 µm which was considered as an optimum. Similar
interfaces were observed for high strength AA5024/(GF-)CF-PEEK joints [17], confirming
the theory of improving the joint strength by plastic deformation of the metallic joining
partner and mechanical interlocking between fibres and metal. Unfavourable process
parameters lead to an insufficient approach of the Ti6Al4V-surface and the carbon fibers at
lower amplitudes (40 µm) and to a decomposition of the PEEK matrix for higher amplitudes
(50 µm) due to local temperatures above 550 ◦ C.
5. Conclusions
The findings of the presented work reveal the potential of the novel orbital ultrasonic
welding process with respect to high strength lightweight Ti6Al4V/CF-PEEK hybrid
tubular joints.
1.
2.
3.

4.

The orbital ultrasonic welding machine and process in order to manufacture tubular
Ti6Al4V/CF-PEEK joints were successfully developed.
An FE model of the hybrid structure was successfully created to calculate stress and
elastic deformation behavior supporting the design of the weld seam setup.
High strength tubular Ti6Al4V/CF-PEEK joints were successfully ultrasonically
welded and resisted an internal pressure of 960 bar, equivalent to a joint strength of
97.5 MPa.
The microstructure of the Ti6Al4V/CF-PEEK interface region revealed a close contact
between the plastically deformed Ti6Al4V surface and the carbon fibers of the CFPEEK matching preliminary results of comparable high strength ultrasonically welded
AA5024/(GF-) CF-PEEK joints.
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