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Abstract

In this work, Aluminium AA7075-T6 to Carbon Fibre Reinforced Polymer (CFRP) tube joints using
Magnetic Pulse Welding technology were performed. The process was found suitable for joining this
material combination when a rigid support is used to constrain the CFRP wall displacement. A minimum
discharge energy of 2.5 kJ was seen to produce tight interfaces in tubular geometry for 1 mm of stand-
off distance. A larger number of turns in the coil was found to reduce both the damages caused by the
impact forces and to increase the joint axial resistance. To protect the CFRP tube from impacts and
achieve a weld, an electrolytic Nickel coating was deposited over the CFRP tube. Welding was produced
between the coating and the aluminium tube with no intermetallic compounds observed on the
interface for the energies tested.

Keywords: Metal to non-metal joining; Magnetic Pulse Welding; AA7075-T6; Carbon Fibre Reinforced
Polymer (CFRP); Overlap tubular joints; Mechanical testing.
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Research Highlights
e AA7075-T6 to Carbon Fibre Reinforced Polymer (CFRP) tubular joints in overlap configuration
were produced by magnetic pulse welding;
e Parameter tuning and effects on the CFRP tubes integrity was studied;
e  Full perimeter contact for 2.5 kJ of discharge energy;
e Welding achieved between the aluminium flyer and the electrolytic Nickel coating deposited
over the CFRP tube.

1. Introduction

Solid state joining processes are attracting increased interest due to the possibility to produce multi-
material hybrid structures, since the material reactions involved in melting and solidification are
avoided, using tuned parameters, allowing homogenous and dissimilar joining regions with superior
properties [1]. Among the different solid-state techniques, Magnetic Pulse Welding (MPW) technology
aroused interest due to its great capabilities in producing overlapped joints, both planar and tubular,
with little or even no thermal affected regions [2].

MPW is currently used to perform similar [3] and dissimilar [4] metallic joints in difficult to weld metals,
such as Al, Cu and Ni, due to the differences in the thermo-physical properties. However, when there is
a need to join metals to composite materials, specially polymer-based ones, not all welding techniques
can be used. For example, fusion-based welding of polymeric composites requires tight control of the
welding parameters [5,6], which often is not suitable for large scale production. To overcome such
difficulty solid-state welding techniques can be used [7,8]. Among the several existing solid-state
techniques, MPW technique is a viable way to obtain metal to non-metals combinations. Similar to
other impact welding processes, such as explosive welding, in MPW it is possible to control the
discharge energy, as well as, the stand-off distance, which is the distance the flyer material has to
accelerate, and the impact angle [9].

Watanabe et al. in [10] studied the production of joints via MPW in aluminium to metallic glass and
showed the need to carefully control the impact force in this combination. Since these materials tend to
present highly dissimilar behaviours, the impact can produce defects or even damage the target if not
properly controlled. In this case, the brittle behaviour of the metallic glass required the use of a shock
absorbent plate, made from annealed aluminium.

The need to control the impact force and, therefore, the discharge energy, is even more noticeable
when the materials to be joined are damaged upon impact. Aizawa et al. studied the production of
flexible printed circuit boards (FPCB) in which MPW was used as driving force to promote the adhesion
between the polyamides [11]. Since the flyer material did not present a good surface conductivity, a
driver plate made of aluminium was used to push the flyer against the target. The wavy interface typical
of impact welding processes [12] was only observed when the driver plate was used. When the driver
was not used, although joining was achieved, no evident wavy interface was detected.

In this study aluminium to carbon fibre reinforced polymer tubular joints were produced by magnetic
pulse welding. The aim was to produce structural joints using a solid-state joining technique. A
systematic analysis of the welding parameters and their effect of the produced joints was performed.
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The microstructure, defects and mechanical properties were studied via optical and electron
microscopy, non-destructive testing and tensile testing, respectively. Due to the significantly different
material’s properties, the joint is created due to mechanical interlocking upon high speed impact. The
axial resistance was determined and correlated with the joint features. Successful joining of this
dissimilar combinations opens new possibilities for application in the aerospace field.

The effect of the coil length on the final result was studied since, if no mechanical interlocking is
achieved, which normally produces a wavy interface, the axial resistance will be only due to Coulomb
friction between both materials. It is known that this force depends on the contact force and on the
friction coefficient, thus the contact area should not be a parameter. However, changing the contact
area will cause a variation in the contact force and, since the coil length depends on the number of coil
turns, the produced magnetic pressure is affected by the coil length and thus the deformation force
changes for constant discharge energy.

2. Materials and methods

In this study joints of aluminium alloy AA7075-T651 tubes to Carbon Fibre Reinforced Polymer tubes,
were produced via magnetic pulse welding. The goal of this paper to test the feasibility of producing
structural joints between these materials without using adhesives. Only a mechanical joint is produced,
rather than an actual weld, since this is cannot be achieved directly between these two materials.
Therefore, the joints are not welded but crimped.

The material used to produce the CFRP tubes was Torayca T300 fibre fabric. The CFRP tubes were the
target and had an outer diameter of 20 mm and a wall thickness of 2 mm. The flyer tube was machined
from a rod with an outer diameter of 25 mm and with a wall thicknesses of 1 mm.

The developed MPW prototype machine used to produce the joints is the same used in the previous
tests [13]. The equipment has an architecture similar to most commercially available machines.
However, it was optimized to reduce the discharge energy, thus improving the overall machine
efficiency.

Several parameters were tested and optimized to achieve joining. These were: the discharge energy,
E [J]; the stand-off distance, r [mm]; and the impact angle, 8 [2]. The range used for each parameter is
depicted in Table 1. The presented energies are the output discharge at the coil contacts.

Table 1 — Range of process parameters tested.

Process parameter Range tested
Discharge Energy, E [kJ] 1 to 3.5 (0.5 increments)
Stand-off distance, r [mm] 0.5,1.0and 1.5
Impact Angle, 6 [9] 5t0 20
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The number of turns in the coils was of 6, 8 and 10 turns which, combined with the stand-off distance,
gives the geometrically imposed impact angle. The coil wire diameter was of 1 mm and the turns were
wrapped tight without a gap. As a result, the coil height is given by the number of turns and the overlap
changes with the coil position as presented in [13]. The Impact angle is calculated as presented in Figure
1.

Coil Coil Overlap
I

N

}
Stand-off

Distance

CFRP (Target)

Figure 1 - Joint schematic: Geometrical parameters definition

To evaluate the joints integrity, X-ray inspections were made to identify possible damages induced into
the CFRP tubes and these were complemented with optical observations and scanning electron
microscopy (SEM) of the cross-sections to verify the contact between both parts. Radiographic analysis
was performed using a combination of a KODAK 2100 RX unit and a KODAK RVG 5100 digital
radiographic system. The X-ray unit is a high frequency DC X-ray generator with a tube voltage of 60 kV
working at 7 mA with a 23x35 mm collimator. This system features a spatial resolution of 18:5 um, an
active sensor area of 22x30 mm and a maximum integration time of 620 ms. The samples were also
cross sectioned transverse to the tube’s axis and mechanically polished for optical and scanning electron
microscopy.

Hardness profiles were measured on the observed sections using a Mitutoyo HM-112 Micro-Vickers
Hardness Testing Machine using a load of 2.94 N with a dwell time of 10 second. Each indentation was
spaced 200 um from the following one.

The joint axial resistance was evaluated by uniaxial tensile tests performed using an Instron tensile
testing machine with a cross-head displacement speed of 5 mm/min. No strain gauge could be used
since it would be attached to different diameters. This would impose a tilt angle to the strain gauge
which would create a multidirectional solicitation. Since no weld is produced and both parts are crimped
the resistance-section cannot be defined thus, the resistance profiles are presented as force-
displacement profiles.
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3. Results and discussion

3.1. Process optimization

Preliminary tests using a stand-off distance of 1 mm, a discharge energy of 1 kJ and a coil with 6 turns,
revealed that failure of the CFRP tubes occurred, as depicted in Figure 2. Discharge energies below 1 kJ
could be used. However, there is not enough deformation of the aluminium flyer to produce a joint.
Therefore, to avoid the massive damage on the CFRP tubes due to the impact, a mandrel was used to
provide additional support to the CFRP tubes. Three distinct materials (HDPE, epoxy resin and
aluminium) were selected to evaluate their effectiveness as mandrels in this dissimilar joint. The
selection of these potential candidates was based on their stiffness. The mandrels were cylinders
machined tight to the CFRP tube inner diameter to constrain the CFRP tube wall movement.

Figure 2 — Sample G1 after cross sectioning.

In accordance with the processing parameters depicted in Table 1, several parameter combinations
were tested and investigated, varying one parameter at the time, to fully understand the effect of each
one on the produced joints. Samples were evaluated using X-ray inspections and optical microscopy
observations of the transverse sections. The parameters combinations tested along with the support
mandrel used, are presented in Table 2. The flyer thickness was kept constant, at 1 mm, for these tests.
The samples reference is not continuous due to repetition of some test conditions. The lower discharge
energies and stand-off distances were not tested for all supports since they either had lack of joint
resistance or excessive damage was caused to the CFRP tubes. Furthermore, the larger discharge
energies were only tested with the aluminium supports due to its higher stiffness. The more ductile
mandrel materials allow more deformation of the CFRP tube causing it to crack.
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Table 2 — Samples tested and their processing parameters.

Ne¢ of

Sample Reference Stand-off Distance Discharge Energy ‘ Impact Angle
H R A [(mm] (kJ] Tic::s (9]
G2 G3 - 1.0 1.0 6 17.4
G4 G13 - 1.0 2.0 6 17.4
G9 Gl6 - 1.0 2.0 8 131
G24 G20 - 0.5 2.5 6 8.9
G22 G19 G27 0.5 2.5 8 6.6
G25 - - 0.5 2.5 10 53
G7 G15 G30 1.0 2.5 6 17.4
Gll G17 G31 1.0 2.5 8 13.1
G28 G26 G29 1.5 2.5 8 19.2
G23 G21 - 0.5 3.0 8 6.6
G8 Gl4 G34 1.0 3.0 6 17.4
- - G35 1.0 3.0 8 131
- - G641 1.0 3.0 6 174
- - G47 1.0 3.5 10 10.5

Note: H, R and A refer to the mandrels materials: HDPE (H), Epoxy resin (R) and Aluminium (A).

X-ray radiography was performed on the samples to evaluate the presence of defects. In the following X-
ray images, the brighter stripe corresponds to the aluminium and the adjacent marked tenuous stripe is

the CFRP tube wall. The tube axis is marked with a dash dot line.

Varying the stand-off distance for a constant discharge energy yields different contact areas and force

since the plastic deformation imposed to the flyer is constant. As observed in Figure 3, the maximum
deformation on the aluminium is controlled by the discharge energy thus, smaller stand-off distances
impose larger deformations on the CFRP tubes and tend to crack the CFRP material upon impact. These
samples highlighted the need for a stiff mandrel since the discharge pulse has the same duration,
accelerating the aluminium to the same velocity. Therefore, the magnetic field is still pushing the

aluminium forward after impacting the CFRP tube causing it to crack without a sound support.
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161 Figure 3 — Radiographic images of joints produced with: discharge energy of 2.5 kJ an 8-turn coil and varying the
162 stand-off distance. Mandrel type: HDPE (details a)G22; d)G11 and g)G28);
163 Epoxy Resin (details b)G19; e)G17 and h)G26); Aluminium (details c)G27; f)G31 and i)G29).

164  Increasing the discharge energy for constant stand-off distances and number of turns in the coil has

165  similar effects, especially for the more ductile mandrels which allow the CFRP tube to deform. This is
166  due to the magnetic pressure produced which is directly proportional to the discharge current and, thus,
167  the discharge energy.

168  As depicted in Figure 4, if no cracks are produced due to impact, larger discharge energies produce

169  larger contact areas between both parts. However, if excessive discharge energy is used, the composite
170 can be damaged due to excessive deformation beyond the elastic limit, leading to the crack initiation
171  and propagation, since there is no internal support.
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173 Figure 4 — Radiographic images of joints produced with: stand-off distance of 1 mm, a 6-turn coil and varying
174 discharge energy. Mandrel type: HDPE (details a)G4; c)G7 and f)G8);

175 Epoxy Resin (details b)G13; d)G15 and g)G14); Aluminium (details e)G30 and h)G34).

176  Adischarge energy of 2.5 kl was identified as the minimum energy to ensure full perimeter contact
177 between both materials. However, the use of the aluminium mandrel is mandatory to constrain the
178  CFRP wall deformation. Using a discharge energy of 3 kJ, for the same support, produced a larger
179 contact along the joint axis which is important to improve the concentricity between both parts and
180  allow a more even pressure distribution.

181 Discharge energies below 2 kJ resulted in loose parts or joints with low axial resistance, while excessive
182  discharge energy produced larger deformations on the CFRP tube causing it to crack. The heat input due
183 to Joule effect appears to be reduced since no evidence of high temperature damages were seen in the
184  observations. Nevertheless, and as highlighted in Figure 4, if the mandrel fully constrains the CFP tube
185  wall, preventing large deformations on the CFRP tube, cracks are avoided even for discharge energies up
186 to3kl.
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As shown in Figure 4 and Figure 5, larger impact angles reduce damage on the CFRP tubes since, either
the stand-off distance increases, which reduces the impact velocity as shown before, or the number of
turns in the coil increases which produces a larger impact area, thus reducing the impact force.
Nevertheless, the support mandrel stiffness is a key characteristic to avoid cracks due to impact on the
CFRP tubes as proved by the samples produced with the aluminium mandrel.

Aluminium CFRP

HDPE Epoxy Resin Aluminium 5 mm

4
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Figure 5 — Radiographic images of joints produced with: stand-off distance of 1 mm, discharge energy of 2.5 kJ
and varying number of turns in the coil. Mandrel type: HDPE (details a)G7 and d)G11);
Epoxy Resin (details b)G15 and e)G17); Aluminium (details c)G30 and f)G31).

Regarding the discharge energy it was found that to ensure continuous contact along the perimeter a
minimum energy of 2.5 kJ had to be used. However, with the proper selection of the support, as the
aluminium rod, a discharge energy of 3 kl led to the best results since the contact length between both
parts was more homogenous. Higher energies produce larger deformations which in turn cause damage
to the CFRP tubes. Nonetheless, if proper support is used, and the CFRP tube wall movement is
constrained, this damage can be avoided, even for high discharge energies.

As identified by the X-ray radiographs, when the impact force is excessive, either by using insufficient
stand-off distance or excessive discharger energy, the CFRP tubes crack. This is due to its brittle
behaviour which, combined with lack of stiffness of the support mandrel, initiate cracks on the inner
surface which propagate along the thickness to the outer surface, as seen in Figure 6. These finding
were also confirmed for less stiff supports and coils with few turns.
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Figure 6 — Interface details of sample G7 (DE=2.5 kJ; SD=1 mmy; 6-turn coil with HDPE mandrel).

The cracks observed were radial which, for larger impact forces, could progress through the full
thickness of the CFRP tube. When these two types of damages were observed together, catastrophic
failure of the CFRP tube wall was visible, as shown in Figure 7, where a large fraction detached during
the polishing stage due to the severe damages observed. In this case, despite the lack of support, the
damage is more localized on the left side of the cross section due to misalignment of both parts when
positioning prior to joining.

Figure 7 — Cross section macrograph of specimen G17. The arrows indicate the location of the cracks formed.

As identified by X-rays, when using an aluminium mandrel, crack propagation was prevented, even when
the same discharge energy was used (sample G17 in Figure 8), since the CFRP tube wall movement was
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severely constrained. Cracks could be completely avoided with a fine tuning of the process parameters
and a tight support to fully constrain the CFRP wall movement which also increased the contact area
between both parts, producing an interface with less gaps between both parts along the perimeter, as
shown in Figure 9.

Figure 8 — Cross section view of sample G31 (DE=2.5 kJ; SD=1 mm; 8-turn coil with aluminium support mandrel).
The arrows indicate the location of the cracks formed.

b) _ 0pm g9
Figure 9 — Micrographs of sample G31 (DE=2.5 kJ; SD=1 mm; 8-turn coil with aluminium support mandrel) in the
regions highlighted in Figure 8; a), b) and c) respectively.

When using a support mandrel, machined tight to the inner diameter of the CFRP tube, completely
constraining the wall deformation, no damage from the MPW process is visible.
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The close-fitting interfaces were confirmed under SEM observations, depicted in Figure 10, where the
aluminium slightly penetrates the resin contouring the carbon fibre filaments, in a mechanical locking
mechanism.

10 pm EHT » 500KV Msg= 400X  SignelA=SE2  Date 14 Feb 2018 Fct
a) Apefure Size =2000um WD = 7.1mm  ZeisSAWIga  Time 153608  cemmatom b)

10m EHT = 500KV Mage 100KX SgnalA=SE2  Date:tareb20ts ETH
Apeture Sze =2000pm WD= 7A1mm  ZeissAUga Time 153817  crmaton

Figure 10 — SEM im;g: of the aluminium to CFRP interface of specimen G35 (discharge energy of 3 ki; stand-off
distance of 1 mm; 8-turn coil with aluminium support mandrel)

For this materials combination, the impact angle is not a key parameter since no weld is produced and
thus jetting, and its cleaning effect is of reduced importance. However, the impact angle is important for
the impact propagation in order to achieve a tight fit between both parts, as presented in the SEM
images, with a wavy interface to produce mechanical locking, thus increasing the axial resistance.

3.2. Joint axial resistance

Tensile tests were performed to establish a minimum resistance of the joint specimens. The specimens
tested were produced using a 10-turn coil at tube centre, 3 kJ of discharge energy and 1 mm of stand-off
distance. The specimens only had one aluminium fitting to test accurately the joint strength.

A mandrel was machined tight to the CFRP tube inner diameter to provide support both to produce the
joint and to fix the carbon fibre part to the tensile test machine. Regarding the aluminium part a piece
from a solid round bar was used to have a solid basis to fix to the testing machine while the other side
was machined to a tube with 25 mm outer diameter and 1.5 mm of wall thickness to produce the joints.
The tensile test setup is presented in Figure 11.

Figure 11 - Tensile testing setup



252 A non-sliding criterion was imposed thus, the resistant force considered is the maximum before the
253 sample parts start sliding. The joint behaviour is presented in Figure 12 with the failing point marked
254  with an arrow.
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256 Figure 12 - Typical force-stroke curves for two different samples.

257  Asobserved, the two specimens tested presented similar behaviour in the elastic regime achieving a
258  peak load of 2.9 kN, before sliding occur. The minimum force to slide is similar for both specimens which
259  shows consistent results for the contact established with the tested conditions. However, after sliding
260 initiation the behaviour can be quite different. These differences on the resistance profile are due to
261  different precision on the mandrel diameter which influences the contact along the tube axis after

262  starting to slide, which is in good agreement with the need to use stiff mandrels to ensure homogenous
263  contact on the joint. Specimen 1 had a tighter mandrel resulting in the ripple effect typical of sliding and
264  the resistance increment is also due to the jetting which is deposited on the adjacent region of the joint,
265  acting as a barrier to sliding owed to the tight fit between both parts.

266  These mechanical results are promising since the joint resistance comes from the mechanical locking
267  and the friction between both parts which directly correlates with tube dimensions.

268  As expected, and as shown in Figure 13, failure of the tensile test specimens occurred at the joint

269 interface since no weld or chemical bond is produced. The aluminium adhesive tape visible on one side
270 of the CFRP tube was used to avoid damage to the fibres when positioning the specimen on the tensile
271 machine.
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Figure 13 — CFRP tube specimen pull out after crimping.

To avoid damage on the CFRP tube and increase the joint mechanical resistance the use of a ductile
metallic coating to absorb part of the deformation and to promote welding between the coating and the
aluminium tube can be considered.

To test the coating hypothesis, an electrolytic coating of Nickel was deposited over the CFRP tube. For
these tests, the aluminium tube thickness was kept at 1 mm, the coating thickness was of 80 um and the
welding parameters used were a discharge energy of 3 kJ, stand-off distance of 1 mm and 6-turn coil,
using an aluminium mandrel. No damage was observed on the joint cross-section, showing that part of
the energy is now used to weld and to deform the coating thus, less energy will be transferred to
deform the CFRP tube.

No compounds at the nickel/aluminium interface was observed showing that no liquid phase was
present due to the low energy transferred contrary to other studies where Ni-Al binary phases in the
form of an amorphous alloy were observed at the interface due to melting and rapid solidification of
both materials [14].

Welding between the aluminium tube and the nickel coating was confirmed under SEM and via energy
dispersive spectroscopy (EDS) inspections. As depicted in Figure 14, nickel has good adhesion to the
CFRP tube. Between the aluminium and the coating, a tight interface was achieved with almost a full
perimeter.
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Figure 14 — SEM image of the interface of specimen G40 Welding parameters: discharge energy of 3 kJ; stand-off
distance 1 mm; 6-turn coil and aluminium mandrel. The red spots in Figure 14 b) mark the regions were EDS
measurements were performed. EDS results are presented in Figure 15.

The black line of Figure 14 is a shadow effect between both materials since as inferred from the EDS
measurements presented in Figure 15, there is material in that region, mostly from the coating but also
aluminium. Therefore, joining was observed between the nickel coating and the aluminium flyer.
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Figure 15 - EDS profiles at the nickel aluminium/interface of specimen G40 Welding parameters: DE=3 kJ; SD=1
mm; 6-turn coil and aluminium mandrel.

The weld with the coating avoided cracking of aluminium since part of the energy is absorbed by it and
thus it is not stored as elastic deformation on the CFRP tube. Additionally, it also increases the resistant
section of the joint by adding thickness and homogenizes the contact force distribution on the
aluminium tube. Due to the good adhesion with the substrate, the expanding force is more evenly
distributed. However, it should be combined with a larger wall thickness on the aluminium tube to
ensure that the aluminium cracks are completely avoided.

Jetting, which was observed in Figure 13, was confirmed with EDS analysis as shown in Figure 16, where
aluminium traces were found attached to the CFRP tube outer wall on the section adjacent to the
impact zone (marked in the previous figure). On detail d), two large aluminium fragments are visible but
also scattered particles on the CFRP surface projected from the jetting.
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312 Figure 16 — EDS analysis of the CFRP outer surface near the impact zone a). Elemental dispersion b) C; c) O; d) Al;
313 e) Si; f) Zn.

314  The presence of jetting without damaging the CFRP tube is relevant when using metallic coatings since it
315 is mandatory to ensure that the surfaces are clean and prepared for the welding process.

316 4. Conclusions
317 In this work, production of aluminium to carbon fibre tubes joints was possible using a magnetic pulse
318  welding machine. The following main conclusions were drawn:

319 e Aluminium to Carbon Fibre Reinforced Polymer (CFRP) tubes joints were successfully produced
320 by Magnetic Pulse Welding process.

321 e A minimum of 2.5 kJ of discharge energy is required to ensure a good fit and sound contact

322 between both counter-parts with a stand-off distance of 1 mm.

323 e The use of a stiff mandrel is mandatory to constrain the CFRP tube wall to avoid damage.

324 e The maximum axial load achieved before sliding was of 2.9 kN and good reproducibility was
325 obtained.

326 e Ductile metallic coatings can be used to absorb part of the energy to avoid damage on the CFRP

327 tube.
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