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Abstract

The mechanical and electrochemical behavior of ultrasonic spot welded hybrid joints, made of AAS5754
aluminum and carbon fiber reinforced epoxy with a co-cured thermoplastic surface layer, was studied. The
effect of the welding parameters (energy and force) and the thickness of a thermoplastic film, applied as an
upper ply in the composite lay-up, on the development of adhesion strength, was investigated. The best
mechanical results were obtained when the welding parameters were able to achieve a large bonding area of
mechanical interlocking between naked carbon fibers and aluminum and a better load distribution. The
electrochemical results excluded the possibility of galvanic corrosion between aluminum and composite

adherends thanks to the insulating action provided by the thermoplastic film.
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Introduction

The increasing use of carbon fiber reinforced polymers (CFRP) in different fields and the emerging trend
towards lightweight, high performance and high functionality components is leading to the use of multi-
material hybrid structures. This involves the need for joining dissimilar materials, such as CFRPs and metals,
which is a challenging task using conventional joining methods due to the different physical and chemical
properties of the joining materials [1]. Ineffective joining procedures can drastically reduce the efficiency
gained by the use of these structures [2]. The most frequently used joining methods for CFRP and metals are
mechanical fastening and adhesive bonding. Conventional mechanical joining processes by means of bolts or
rivets usually presents several disadvantages associated to the long joining time required by the hole-drilling
and fastening operations and to the cut of the reinforced fibers [3]. This latter leads to a reduction of load
carrying capability of the composite material due to stress concentrations and to delaminations and peeling
through the plies of the composite [4], [5], [6], [7]. Some of these drawbacks have been overcome by
recently developed fast joining processes such as clinching [8] and self-pierce riveting [9]-[10] which do not
require preliminary drilling of a hole in the sheets [11]. However, although the delamination introduced by

these mechanical joining processes is reduced compared to traditional mechanical fastening, this problem is



still under investigation. Furthermore, fasteners are exposed to corrosion and increase the weight of
structures due to their additional mass [12],[13]. Adhesive bonding is an expensive method which requires a
careful surface preparation before joining and a long curing time [14], [15]. The required adhesion properties
are reached only if the crosslinking process is properly carried out in terms of time and temperature [16].
Other disadvantages of this technology are the low durability of adhesive joints and the harmful
environmental emissions [17], [18]. In particular, the selection of proper adhesives is critical for joining
dissimilar materials because the adhesive degradation with time can significantly reduce the bonding strength
[19].

Suitable joining technologies are necessary in order to overcome the limitations related to convectional
joining methods and the consequent loss of performance in the final assembly. Recently, different welding
technologies and approaches for joining dissimilar materials have been developed. Examples include
resistance welding [20], [21], [22], laser welding [13], [23], [24], [25], friction spot welding [26],[27],
friction stir welding [28], [29], [30], [31] and induction welding [32], [15]. In all cases, thermoplastic matrix
composites have been joined to metals, since thermoset matrices do not melt due to their crosslinked
structure.

Among welding processes available to industry, ultrasonic welding is an attractive solution for joining light
materials through the simultaneous application of localized high-frequency (20-40 kHz) vibratory energy and
clamping forces [33], [34], [35], [36], [37], [38], [39]. Ultrasonic spet-welding presents several advantages
over conventional welding and adhesive bonding such as very short welding times, highly localized heating,
low energy input and ease of automation. Very recently, some of the authors demonstrated the feasibility of
hybrid ultrasonic spet welding of carbon fiber reinforced epoxy to AA5754 aluminum by using a semi-
crystalline thermoplastic film of polyamide 6 (PA6) co-cured as a surface layer of the composite stack [40].
During ultrasonic welding, the local fast increase in the temperature leads to melting of PA 6 layer, which is
displaced out of the welding zone underneath the sonotrode by the pressure applied by the sonotrode. At the
same time, the metallic sheet is plastically deformed and a direct contact between aluminum surface and
carbon fibers is realized. The approach of modifying the surface of a thermosetting matrix composite by
using a co-cured thermoplastic film has been proved to be successful also in the case of welding of two
thermosetting matrix composite adherends, as recently demonstrated by Lionetto et al. [41].

Despite the preliminary good mechanical performance of hybrid CF/epoxy-AA5754 joints, a systematic
investigation on the role of the thermoplastic film and welding parameters on the bonding mechanisms and
mechanical performance is still lacking. Moreover, the high electrical conductivity of carbon fibers can
generate a galvanic cell in the presence of an electrolyte or conductive ionic solution. Since carbon fibers are
very efficient cathode and very noble in the galvanic series, the electrical contact between CFRPs and metals
with similar properties in presence of water which contains electrolytes can lead to the corrosion of metal
[42], [43], [44]. Although the danger of galvanic corrosion was generally recognized, little work is available
to quantitatively measure the extent of corrosion of hybrid metal-composite joints. The possibility and

intensity of galvanic corrosion between CFRPs and aluminum was recently studied in mechanically fastened



and bonded structures [42],[45], [10], [46], [47]. To the author knowledge, there is no work in the literature

on the evaluation of corrosion behavior of welded CFRP-aluminum joints.

i i jor —This paper is focused on the mechanical and electrochemical
characterization of ultrasonic spot welded hybrid joints, made of AAS5754 aluminum and carbon fiber
reinforced epoxy, joined with a novel method recently developed by the authors using ultrasonic spot
welding and a co-cured thermoplastic surface layer. Compared to the paper recently published by the same
authors (ref 32, now [40]), which presented preliminary results showing the potential of the joining method,
the novelty of this work is based on i) a study of the adhesion mechanism between the two dissimilar joining
partners through a morphological analysis; ii) an analysis of the effect of interlayer thickness on the adhesion
mechanism and mechanical performance; iii) an electrochemical study of the welded joint, which has never

been carried on welded CFRP-aluminum joints. Both potentiostatic and potentiodynamic polarization and

zero resistance ammeter (ZRA) measurements have been used to evaluate the corrosion behavior and the

eventual insulating action of the thermoplastic interlayer film.

Experimental Materials and Methods

Constituent materials of the hybrid joints

The composite adherend of the hybrid joint was a carbon fiber reinforced epoxy laminate widely used in the
automotive and aeronautical industry. It was prepared using a carbon fiber-epoxy prepreg, TC-EP250TU2-1
supplied by Technologycom S.r.I. (Italy).The prepreg matrix was a toughened epoxy resin, based on a
diglycidyl ether of bisphenol A (DGEBA) resin. The prepreg reinforcement was a high strength carbon
fabric (twill 2/2,55 % by volume). A Polyamide 6 (PA6) film (Wrightlon® 7400, Airtech Europe Sarl) was
used to promote the adhesion of hybrid metal-composite joint. The used films had three different
thicknesses: 50, 100 and 150 um. The thermal properties of the thermoplastic film have been previously
investigated [40]. The composite adherends used for the ultrasonic welding process were cut from plate-
shaped laminates (300 x 200 x 2 mm’). These latter were manufactured by vacuum bagging of 9 plies of
CF/epoxy prepregs which were stacked adding the PA6 film as a last ply. After composite curing for one
hour at 125 °C under vacuum and cooling down to room temperature, composite strips of 70 x 30 x 2

mm’size were cut.



The metallic adherend of the hybrid joint was AAS5754 Aluminum alloy, based on AI-Mg system,
characterized by good formability, high fatigue strength, corrosion resistance and fair machinability. This
alloy is often used in the automotive industry for structural parts and inner body panels[48]. The dominant
strengthening mechanisms are work hardening and solute strengthening. In fact, for Al-Mg alloys the
hardening coming from second phases particles (aging heat treatment) is very low in comparison with
solution hardening or work hardening [48], [49]. Homogenization treatments lead to dissolution of soluble
particles (for example Mg,Si) so increasing the hardness by solid solution strengthening [50], [S1], [52]. The
aluminum sheets (70 x 25 x 1 mm®) were only cleaned by ethanol and welded in an as-rolled condition
without any further surface pre-treatment. In Figure 1 is reported a sketch (not in scale) of the hybrid joint
analyzed in this work.

Ultrasonic spot welding

The ultrasonic welding system was M4000 supplied by Telsonic Ultrasonics AG, shown in Figure 2. The
system was able to control the ultrasonic force, the ultrasonic energy and the amplitude of oscillation of the

sonotrode. The ultrasonic welding setup was characterized by a clamping system for both the upper and the

The AAS5754 and CF/epoxy sheets were fixed in the clamping jig (Figure 2a). The sonotrode was lowered

until its square tip exerted a given welding force (Fys) while sending the ultrasonic oscillations (u) via the
upper joining partner to the hybrid interface (Figure 2b). At the end of the welding process, the sonotrode
was raised (Figure 2c). An example of one ultrasonically welded hybrid joint with its final geometry and the
characteristic imprint of the sonotrode tip, whose area is 10 x 10 mn?’, is shown in Figure 2d. In this study,

ultrasonic energy between 2160 J and 2500 J and force between 140 N and 320 N were used.

Characterization

The adhesion strength was evaluated by tensile lap-shear tests carried out according to the DIN EN 1465
standard. A Schenk dynamometer with a crosshead speed of 2 mm/min and a maximum force of 25 kN was
used. For comparison purposes, lap shear tests were performed also on CF/epoxy-PA6-CF/epoxy joints and
AAS5754-PA6-AAS5754 joints. These joints were obtained by adhesive bonding in oven at 230 °C using PA6
as the adhesive. At least eight replicates for each condition were analyzed. Morphological characterization of
cross-sections was carried out by means of Nikon Ephipot 200 optical microscope. The morphology of the
fractured samples was examined by Nikon stereomicroscope PL 1000 and by scanning electron microscopy
(SEM) with Energy-Dispersive X-ray Spectroscopy (EDS) analysis using a Zeiss EVO 40 instrument
operating with a voltage of 20 kV.

Electrochemical measurements were performed with a PARSTAT 2273 potentiostat/galvanostat in an

aqueous 3.5% NacCl solution. All experiments were conducted in naturally aerated, near neutral solutions at



ambient temperature. A conventional three-clectrode cell was employed, with a platinised titanium expanded
mesh counter electrode, a Ag/AgCl reference electrode and a specimen of AAS5754aluminium, of CF/epoxy
or of the welded hybrid joint as a working electrode. All the potentials were referred to Ag/AgCl. The
samples were insulated using teflon to mask their cut edges and back sides, in order to leave only a surface
area of 1 cm’exposed to the electrolyte. The steady state potential was determined after 30 minutes of
immersion in the solution at open circuit potential (OCP). Following the determination of the steady state
OCP, potentiodynamic polarisation measurements were performed from -1.3 V to 0 V at a scan rate of 1 mV
s". Galvanic coupling studies were carried out by coupling one by one, aluminium, CF-epoxy and hybrid
welded joint specimens with an aluminium reference sample. During the test, the coupling current densities
and the mixed potential of the coupled electrodes were monitored for 20 hours by means of a zero-resistance
ammeter (ZRA), using a Ag/AgCl reference electrode. Table 1 reports the analysed joint typologies and the

relative experimental characterization.

Mechaniealresults Results and Discussion

Effect of welding energy and welding force on adhesion strength

The effect of the welding energy and welding force on the adhesion strength of hybrid Al/CF-epoxy joints
has been evaluated by means of monotonic lap shear tests. The lap shear strength (LSS) of hybrid joints
realized with a PA6 film of 100 um thickness is reported in Figure 3. A significant increase in the average
LSS from 22.7 + 3.7 MPa to 34.8 £ 3.9 MPa is observed when the welding energy is increased from 2160 J
to 2300 J, respectively. Intermediate values of welding energy (2300 J) produce the strongest joint. while-the
The highest welding energy (2500 J) produce joints with slightly reduced mechanical performance (33.2 +
3.9 MPa) even if the difference of LSS at 2300 J and 2500J is not statistically relevant.

A second set of experiments has been carried out for ultrasonically welded hybrid joints with the-energy-that
sives-the-bestperformanee-(2300-5 an energy of 2300 J and different welding forces, ranging from 140 N to
320 N. The lowest sonotrode force (140 N) does not provide adequate connection to the hybrid adherends.
An increase of joint strength with welding force is observed in Figure 3b, where significant effects on the
quality of the joints can be obtained by using a welding force of 280 N or higher.

The observation of fracture surfaces of hybrid joints has enabled to understand the effect of welding
parameters on the bonding mechanism. As reported in Figure 4 a-b, the fracture surfaces of the hybrid joints
welded at 2160 J are characterized by at least two different zones. The first inner zone, marked by white
dashed line and labeled as I, indicates the zone underneath the sonotrode tip, where carbon fibers are directly
bonded to aluminum. Mechanical interlocking due to plastic deformation of the aluminum at the interface to
carbon fibers is the dominant bonding mechanism in this zone. The second zone, marked by a black dashed
line and labelled as “A”, is characterized by the adhesion of PA6 to the adherends since it is clearly visible
the presence of a very thin layer of PA6 covering both the metal and composite sheets. PA6-rich zones
remain attached to the adherends, as evidenced by the arrows (Figures 4a-b). As can be inferred by Figure 4

a-b, the A area is larger than I areca. The prevalence of an adhesive bonding instead of a mechanical



interlocking of the adherend surfaces is responsible of the low mechanical response of the joint welded using
the lowest energy. In fact, the adhesion of PA6 to metal or composite substrate has been experimentally
evaluated by means of single lap tests carried out on CF/epoxy-PA6-CF/epoxy joints and AAS5754-PA6-
AAS5754 joints. These joints were adhesively bonded in oven at 230°C using PA6 as the adhesive. They were
realized with the aim to estimate the contribution to the overall single lap shear strength given by the
adhesion of PA6 to aluminum and to CF/epoxy. An average adhesion strength of 3.88 + 0.33 MPa and 3.14 +
0.30 MPa were found for CF/epoxy-PA6-CF/epoxy joints and AA5754-PA6-AAS5754 joints, respectively.
The fracture surfaces of the hybrid joints welded at 2300 J (Figure 4c-d) are characterized by the presence of
a wide “I-zone” where carbon fibers are directly connected to the aluminum surface, evidenced by the white
dashed line. The value of this area (100 £ 2 mm®) corresponds to the nominal area of the sonotrode tip. This
indicates that a proper combination of welding parameters (2300 J and 280 N) leads to a complete squeeze-
out of the PA6 film from the sonotrode contact area and promotes the formation of a quite homogenous
micromechanical interlocking between carbon fibers and aluminum. It can be concluded that, this
interlocking provides the dominant contribution to mechanical performances of the studied ultrasonically
welded hybrid joints. Outside the mechanical interlocking area, an adhesion area is still present, where thin
layers of PA6 are mostly found attached to the CF/epoxy surface and partially to aluminum surface. On the
aluminum side of the fracture surfaces of the examined samples (Figure 4c¢) it is possible to observe the
imprints of carbon fibers in the “I-zone”.

By increasing the welding energy to 2500 J, a further increase of the I-zone characterized by mechanical
interlocking is observed in Figure 4e-f. Its value, calculated by digital image analysis is 108 +3 mm®. By
using this value for the calculation of strength, slightly lower LSS values than those obtained at 2300 J were
found. The larger I-zone can be associated to the higher frictional heat generated at 2500 J, which fast
decreases the viscosity of the molten PA6. Thus, a larger amount of the molten PA6 is squeezed out of the
bonding area. A larger amount of squeezed molten PA6 polymer for the high energy samples compared to
low energy sample is observable in Figure 4 e-f. The adhesion zone is still present and the PA6 rich zones
are characterized by a yellowish color indicating the initial thermal degradation in the PA6 due to the high
temperature reached during welding. On the aluminum side of the fracture surfaces of the examined samples
(Figure 4e) it is possible to observe the imprints of carbon fibers in the I-zone. This is the result of a
mechanical interlocking at the interface, which mainly contributes to the strength of the joints.

The presence of carbon fiber imprints on the aluminum fracture surface has been confirmed by scanning
electron microscopy (SEM) with EDS analysis. In Figure 5 a magnified SEM micrograph of the bonded I-
zone of the aluminum fracture surface reported in Figure 4 ¢ is shown. The black traces (Figure 5 a, d) can be
attributed to carbon fibers which remain on the Al fracture surface after ultrasonic spot welding due to a
strong bond and cohesive failure of the composite surface plies. In particular, an EDS mapping of these areas
(Figures 5e and 5f) points up the presence of carbon, defined by green color, and present in the same position

of the darkest areas of Figure 5d.



The mechanism of bond formation during ultrasonic welding can be inferred from the obtained results. The
welding process for Al/CFRP-joints is very fast with a duration between 2.5 s and 3.5 s depending on the
welding energy. The initial stage of the ultrasonic metal welding, when the metal adherend moves relatively
to the composite adherend, is governed by dry friction and viscoelastic heating. The strong relative motion of
the aluminum sheet at the interface with the CF/epoxy-PA6 sheet is responsible for an abrasive wear of the
surface asperities which produces a very fast increase in temperature underneath the sonotrode tip. As
temperature increases, viscous losses became the main heating source until PA6 melts. This leads to an
initial degradation of the epoxy matrix of the first composite ply. Due to the lengitudinal-ultrasonic
oscillations and the pressure applied by the sonotrode, the molten PA6 polymer is displaced out from the
contact area underneath the sonotrode tip and squeezed out to the edges of the aluminum sheet into a region
where only some weak adhesion between PA6 and aluminum could occur. At the same time, the application
of high pressure and high frequency shear oscillations at an increasing temperature (with a maximum
between 300 and 400 °C depending on the welding energy [34]) causes a pronounced plastic deformation of
the aluminum surface at the interface to the stiffer carbon fibers. A direct contact between carbon fibers and
aluminum enables a strong bond, especially due to mechanical interlocking and direct connection between
fibers and aluminum. The PA6 interlayer is therefore necessary for obtaining the joining of composite and
metal adherend. Without this interlayer film, the hybrid joining is not possible. In fact, the same ultrasonic
spot welding experiments carried out on CF epoxy and aluminum adherends without the PAG6 interlayer does
not give any adhesion of the two adherends.

The welding energy greatly affects the quality of the interfacial zone. Since the oscillation amplitude used in
this study has been kept constant at 40 um, the different welding energies involve different welding times.
By using the lowest energy value of 2160 J, the welding time is probably too short to enable a sufficient
melting and squeezing of the thermoplastic interlayer film and the removal of the surface micrometric layers
of epoxy resin of the first composite ply. Therefore, a small residual PA6 layer is left in between aluminum
surface and CF/epoxy composite sheet. This is confirmed by the optical microscopy of cross-sections of
hybrid joints welded with an energy of 2160 J and an oscillation amplitude of 40 um (Figure 6a).

On the other hand, the use of the highest welding energy (2500 J) probably leads to an excessive heat input
and some damage on the adherends, as evidenced by charred epoxy, damaged carbon fibers and detached
aluminum debris observable in Figure 6¢. In fact, the removal of the epoxy resin of the underlying plies,
reduced the mechanical properties of the composite adherend and, consequently, of the entire hybrid
AI/CFRP joint. These defects are similar to those reported by Lambiase et al. [53] for laser-assisted direct-
joining of carbon fiber reinforced epoxy to polycarbonate sheets.

The best mechanical results were obtained for welding parameters (energy and force) leading to a larger area
of mechanical interlocking between carbon fibers and aluminum as well as to a better load distribution
without an excessive matrix degradation. The cross-section of a such hybrid joint reported in Figure 6b

confirms the direct contact between carbon fibers and aluminum with a homogenous interface.



The temperature, measured during ultrasonic spot welding by a K-type thermocouple positioned between
aluminium and composite adherend, is in the range 350-400 °C depending on the welding parameters. A
similar range has been also measured by an infrared camera. From TGA analysis, here not reported, the
onset of epoxy degradation, calculated as the temperature at which 5% weight loss is observed, is equal to
375 °C at a heating rate of 10 °C/min. At the extremely high heating rates during ultrasonic welding process,
the onset of epoxy degradation is expected to occur at higher temperatures than 375 °C. Considering also that
these high temperatures are experimented by the composite only for fractions of second, it is reasonable to

think that only the degradation of the surface epoxy layer of composite partner occurs.

Effect of ultrasonic welding force and PA6 thickness on adhesion strength

The results previously analyzed indicate that the PA6 film co-cured in the composite laminate has an active
role in the bonding mechanism during ultrasonic spot welding. This suggests that the thickness of the PA6
film can significantly affect the joint quality. In order to verify this hypothesis, the effect of the thickness of
the PA6 film on the lap shear strength of hybrid AI/CFRP-joints was evaluated by lap shear test under tensile
loading. The lap shear strength of hybrid joints with a PA6 film thickness of 50, 100 and 150 um, welded at
three different welding forces, is reported in Figure 7.

The hybrid joints prepared with a PA6 film thickness of 50 wm are characterized by the worst mechanical
performances. The values of lap shear strength (LSS) are in the range between 23.1 £ 3.0 MPa and 26.2 + 3.1
MPa, being significantly lower than those obtained in the hybrid joints with higher PA6 thickness. Moreover,
the LSS values seem to be not significantly affected by the welding force. When the thickness of the PA6
film is increased to 100 um, the corresponding hybrid joint presents superior lap shear strength of about
10%, 33% and 23% at a welding force of 180, 280 and 320 N, respectively. The hybrid joints prepared with
a PAG6 film thickness of 150 um present LSS values not significantly different from those obtained using a
PAG6 film of 100 um.

Figure 8 shows the representative fracture surfaces of the hybrid joints with different PA6 film thickness.
The fracture surface on the CF/epoxy side (Figure 8a) shows an irregular aspect, characterized by the
presence of several wrinkled and broken carbon fiber bundles. The bonding area is evidenced in Figure 8a by
a dashed line. No traces of residual PA6 can be observed in the bonding area. The measured bonding area is
102 + 5 mm’, which corresponds to the sonotrode tip area. The mechanical results of Figure 7 and the
fracture surfaces of Figure 8a suggest that the optimal thickness for obtaining a high adhesion strength is
correlated with the energy input and its duration provided by ultrasonic spot welding. In case of a too thin
thermoplastic PA6 film, the simultaneous action of ultrasonic oscillation and sonotrode pressure damages the
surface of CF/epoxy laminate by breaking and wrinkling the carbon fibers due to excessive friction and
shearing after PA6 melting and squeezing out from the welding area. This prevents the formation of a strong
mechanical interlocking between carbon fibers and aluminum.

As observable in Figure 8b,the composite fracture surface of the joint with 100 s um PAG6 interlayer is

free of PA6 or epoxy traces indicating a direct contact between carbon fibers and aluminum. This suggests



the formation of a homogeneously distributed mechanical interlocking between composite and aluminum
adherents. This enables a better and homogenous load transfer between the two adherends, thus improving
the joint quality. The overall bonding area (105 + 5 mm?) is higher than that measured in the joint with 150
mm um PAG interlayer, which is 94 + 4 mm’. As reported in Figure 8c, the welding area is characterized by
the presence of single molten and recrystallised PA6 spots, as evidenced by arrows. The reduced area of
direct contact between carbon fibers and aluminum is responsible of the slightly decreased mechanical

performance of the corresponding hybrid joints.

Electrochemical behavior

Figure 9a+8a shows the change of OCP of aluminum, CFRP and welded hybrid joint specimens in the near-
neutral aqueous 3.5% NaCl solution, monitored for 30 minutes. As expected, the OCP value for the
investigated AA5754 is about -0.77 V vs. Ag/AgCl [54], [55]. It is also evident that the OCP value mainly
increases during the first 10 minutes of immersion until reaching a constant potential, probably due to the
coarsening of the oxide film. The CFRP specimen has an OCP value of about +0.15 V, resulting more noble
than the investigated aluminum alloy, indicating that this latter is more susceptible to corrosion attack under
similar conditions. The OCP value measured for the welded hybrid joint results substantially comparable
with that of aluminum, presumably due to the effectiveness of spot welding, that leads to the exposure only
of aluminum to the aggressive solution.

According to the literature, the galvanic corrosion behavior of the joint materials can be evaluated by an
analysis of the potentiodynamic polarization curves of the single tested components[56], [10] and by ZRA
galvanic corrosion tests. In fact, during the joining process, an electric contact between the carbon fibers of
the CFRP and the aluminum sample was achieved. The potentiodynamic polarization behavior of the
samples of aluminum, CFRP and welded joint specimens is reported in Figure +8b 9b. From the polarization
curves, the values of corrosion potential (Ec), corrosion current density (icor) and pitting potential (E;)
have been extracted and summarized in Table 4+ 2. The polarization curve of the aluminum alloy reveals a
passive region followed by a transpassive region. The two regions are divided by E;, which is equal to -0.68
V. Polarization of aluminum shows much higher i, with respect to CFRP, indicating a higher susceptibility
of AA5754 to corrosion in the aggressive solution containing chloride ions. Moreover, E.; of aluminum
results much lower than that of composite, confirming that aluminum will be anodic with respect to CFRP if
they are galvanically coupled. E, Epi and ico, extracted from the polarization curve of the welded joint
resulted comparable to the corresponding values obtained for AA5754. This indicates that the ultrasonic spot
welding performed in this study leads to the exposition only of aluminum to the solution thus not allowing
the electrolyte to penetrate at the interface between aluminum and CFRP.

The coupling behavior between aluminum alloy and CFRP has been investigated also by ZRA galvanic
corrosion tests. The galvanic current density (iz,) and galvanic corrosion potential (mixed potential, Eixeq)
were measured over an immersion period of 20 hours in 3.5% NaCl solution. iy and Eix.q of CFRP and of

welded joint resulting from a separately coupling with a reference aluminum specimen are presented in



Figure Ha 10a and Hb 10b respectively. The experimental plot of galvanic coupling of aluminum with the
aluminum reference sample is also reported for comparison. iz, measured by coupling CFRP and aluminum
is almost constant with an average value of 175 = 5 pA cm™ during the 20 hours of the test, showing a high
level of galvanic corrosion sensitivity [47]. Moreover, the slight decrease of ig,, with time can be ascribed to
the increase of the corrosion products that protect the aluminum substrate. The inhibition effect of corrosion
products was already observed in the literature on steel, magnesium and aluminum alloys [57], [45], [42],
[43]. The average i, measured by coupling the welded joint and the aluminum sample with a AA5754
reference specimen during the 20 hours of the test are -0.39 + 2.62 A cm™ and 1.00 + 2.26 pA cm?,
respectively.

The electrochemical results demonstrate that, although a direct electric contact between the carbon fiber
composite and aluminum, no evident effect of galvanic corrosion can be observed in the welded hybrid joint
immersed in the chloride solution. This indicates that in the proposed welding approach the thermoplastic
PA6 film acts as a skirting medium that isolates the CFRP and aluminum adherends, thus protecting from

corrosion the welded area.

Conclusions

Jthis—werk ultrasonic metal welding was applied to join AA5754 aluminum sheets to a thermoset matrix
composite consisting of a carbon fiber reinforced epoxy resin with the top surface modified by the presence
of a co-cured polyamide 6 layer. From the mechanical, morphological and electrochemical characterization,
the following conclusions can be drawn:

1) During ultrasonic spot welding, the strong friction between the aluminum sheet and the CF/epoxy-PA6

sheet is—responsible—for-an—abrasive—wear-of thesurface—asperities—whieh produces a very fast increase in

temperature underneath the sonotrode tip. This leads to PA6 melting and to a limited degradation of the

epoxy matrix of the first composite ply-

and-aluminum-could-eventually-oceur. At-thesame-time~The application of high force and high frequency

shear oscillations at an increasing temperature causes both the squeezing of molten PA6 polymer out from
the contact area under the sonotrode tip and a pronounced plastic deformation in the aluminum adherend. A
direct contact between carbon fibers and aluminum is thus formed which enables a high adhesion due to
mechanical interlocking.

2) The welding energy and force have a strong effect in providing mechanical interlocking at microscopic
level. At a constant oscillation amplitude, welding energy affects the temperature increase in the welding
area, which should be sufficient to completely melt the PA6 film without an excessive epoxy matrix

degradation. On the other hand, the welding force is important for squeezing the molten PA6 matrix out from

the welding area.
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3) The PA6 film plays an active role in promoting the adhesion without damaging the carbon fibers. A film

thickness of 100 um is the most appropriate to obtain hybrid joints characterized by a high single lap shear
strength.

4) Electrochemical tests demonstrated that, in the studied ultrasonic spot welded CF/epoxy-AA5754 joints,
galvanic corrosion is prevented by the presence of the thermoplastic PA6 film, which acts as an electrical
insulation layer that prevents the direct contact of the water solution with the area where carbon fibers and

aluminum are in contact, thus protecting from corrosion the welded area.
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Table 1 Analyzed joint typologies and experimental plan.
. Ecorr icorr Epit
Material )
V vsAg/AgCl UA cm’ V vsAg/AgCl
AAS5754 -0.759 2.87 -0.676
CFRP -0.205 1.13
Welded hybrid joint -0.757 2.64 -0.671

Table 42 — Corrosion potential, corrosion current density and pitting potential extracted from
potentiodynamic polarization curves reported in Figure 9b.
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Figure 1 Sketch (not in scale) of the hybrid CF/epoxy-Aluminum joint
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Figure 2 Experimental setup for ultrasonic metal welding: a) composite-aluminum joint loaded in the

clamping system; b) sonotrode tip at contact with the aluminum adherend during ultrasonic spot welding; c)

raised sonotrode and disabled clamping tools; d) CF/epoxy-AA5754 joint after ultrasonic welding.
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Figure 3 Effect of welding energy (a) and welding force (b) on the tensile shear strength of CF/epoxy-

Aluminum joints with a PA6 thickness of 100 wm with a constant oscillation amplitude of 40 um.
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Figure 4 Fracture surfaces of hybrid Al/CF-epoxy joints welded at different welding energy and a constant

welding force of 280 N (A: adhesion zone; I: mechanical interlocking zone).
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Figure 6 Optical micrographs of cross-sections of CF/epoxy-AA5754joints after ultrasonic metal welding
with 40 pum oscillation amplitude and 280 N welding force and 2160 J (a), 2300 J (b) and 2500 J (c) welding
energy; d) SEM image of hybrid joint welded at 2300 J.
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Figure 7 Effect of PA6 film thickness and ultrasonic welding force on tensile shear strength of hybrid joints
ultrasonically welded with a welding energy of 2300 J.
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Figure 8 Fracture surfaces of CF-epoxy-AAS5754 joints with different thickness of PA6 film.
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Figure 9 — (a) Open circuit potential and (b) potentiodynamic polarization curves of AA5754, CFRP
and welded hybrid joint tested in 3.5% NaCl solution.
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Figure 10 — (a) Mixed corrosion potential and (b) galvanic current density of AA5754, CFRP and

welded hybrid joint obtained by ZRA galvanic corrosion tests in 3.5% NaCl solution.
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