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Abstract

The corrosion behavior of a hybrid material consisting of intrinsically bonded carbon fiber-reinforced epoxy resin with laser-structured
EN AW 6082 metal was investigated. Particular attention was paid to the effects of the laser-structuring, surface topography and the contacting.
Pristine and hybridized specimens were corroded in aqueous NacCl electrolyte (0.1mol/l) using a potentiodynamic polarization technique and
subsequently analyzed using computed tomography, scanning electron-, light- and laser scanning microscopy. The results show that the
corrosive reaction arises mainly from the aluminum component. Surface pretreatment of the aluminum resulted in increasing corrosion rates,
but showed no influence on the hybrids corrosion properties. Optical micrographs suggest that the epoxy resin acts as a sealant preventing
galvanic corrosion between the aluminum and carbon fibers by hindering the diffusion of the electrolyte into the joints. While corrosion effects
were observed locally at the aluminum surface, they were, contrary to expectations, not enhanced on the hybrid interfaces.
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1. Introduction

In order to deal with the ongoing challenge of reducing the emission of greenhouse gases like carbon dioxide or nitrogen
oxides in transportation, new solutions, especially for the automotive industry need to be developed. One of the most important,
recent changes was the focus on the development of efficient, electric cars, since they are not producing any emissions by
themselves while being used. Nevertheless, recent studies show, that the current grid mix composition of industrialized countries
still relies highly on fossil fuels, resulting in higher life cycle carbon emissions for electric- compared to fuel powered vehicles
[1]. Therefore, other short-term solutions for reduction of emissions, like the development of efficient lightweight structures are
necessary. Carbon fiber-reinforced polymers (CFRP) are being used in the automotive industry due to their lightweight potential
and high performance, although high material costs and complex manufacturing processes still limited a widespread introduction.
In combination with other lightweight materials, for example impact-resistant metals, a promising approach for cost-efficient and
high-performative hybrid lightweight structures emerges [2—4]. Aluminum alloy (Al) EN-AW 6082 is a commonly used
lightweight alloy in the automotive industry. It is corrosion-resistant and exhibits high mechanical strength after heat treatment,
which renders it suitable for use in hybrid materials and structures in automotive applications [5,6]. However, the joint between
the CFRP and the metal remains an unresolved challenge. Currently, different manufacturing techniques are employed, for
example blind riveting [7], bolting, welding [8] and adhesive bonding [9]. One benefit of adhesive bonding lies in avoiding local
damage (e.qg., rivet holes, cracks) and weakening thermal influences (over-ageing during welding) on the material. A promising
technique for cleaning, structuring and functionalization of metallic surfaces before bonding is the laser pretreatment [10]. By
laser structuring the metallic surfaces, the mechanical strength of adhesive aluminum- and aluminum composite hybrid joints can
be increased significantly [11,12], resulting in a broader range of possible applications for aluminum CFRP hybrid materials.
Besides enhancing chemical and mechanical bonding by surface structuring and surface area enhancement, the laser pretreatment
also affects the corrosion properties of the interface.

Manufacturing time and cost efficiency can be improved by exploiting optimized prepreg pressing processes with shortened
curing cycles for the prepreg and enhancement of the quality of the near-net-shaped semi-finished product. Additionally, a high
level of automation of the sheet metal forming process is possible [13].
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A challenge is the corrosive behavior of the multi-material composites in conjunction with aluminum: If carbon fibers (CF) are
conductively connected to metal f.e. aluminum and an electrolyte is present, a galvanic element develops in which aluminum acts
as anode [14]. Nonetheless, in other configurations, galvanic corrosion is possible at carbon fibers, too [15]. Blind riveted
AIl/CFRP structures are for instance known to be vulnerable to corrosion inside the rivet crevice [7].

In the current study we investigated the corrosion behavior of adhesively bonded aluminum CFRP hybrids, a possible
influence of a laser pretreatment of the metal surface, and whether the direct bonding of epoxy-based CFRP with structured
aluminum alloys allows eliminating gaps in the joint and thereby reduces the cross-section susceptible to electrolyte intrusion.
The potentiodynamic polarization method (PDP), a common technique for fast characterization of corrosive properties of
materials [16—-18], is used to study the corrosion reaction.

2. Materials and Methods

The hybrid material was produced from laser structured EN-AW 6082-T6 sheets that were intrinsically bonded to CFRP with
an epoxy matrix by a laboratory pressThe hybrid specimen were prepared for potentiodynamic polarization and subsequently
characterized by various optical and tactile techniques.

2.1. Specimen manufacturing

EN-AW 6082-T6 and unidirectional, epoxy-based CFRP prepreg Sigrapreg C (U230-0/NF-E20/39%; SGL Carbon SE,
Wiesbaden, Germany) were used as constituents of the hybrid joint. The manufacturing process consisted of two steps: (1) a laser
structuring with previously determined parameters; (2) hybridization by pressing and curing at a defined temperature. The hybrid
material was water jet cut into separated specimen for characterization.

2.1.1. Laser surface pretreatment

For the surface pre-treatment of the aluminum, a pulsed Nd:YAG-Laser CL20 (Clean Lasersysteme GmbH, Herzogenrath,
Germany) with a wavelength of 1064 nm was used. During scanning the laser beam moves in meandering patterns. Therefore,
scans the surface in two directions (0°, 180°).

In this study, the influence of two pre-selected laser pre-treatments with different laser parameters derived in a separate study
were employed that lead to qualitatively different surface structures. A laser power P, an overlap o of the laser spots and a
number of scans N were used as follows: parameter set 1 (P1): P = 20W, o0 = 10%, N = 5; Parameter set 2 (P2): P = 15W,

0 =50%, N = 1. The frequency of the pulsed laser was set to f = 60 kHz. The resulting cross section of the pre-treated aluminum
are analyzed in chapter 3.3 and are referred to as “ordered” (P1) and “disordered structure” (P2).

2.1.2. Hybridization

For hybridization (joining), the prepreg pressing process described in ref. [13] was used. Therefore, the prepreg (stored in a
refrigerator) was cut and placed in six layers (thickness d = 0.23 mm, each) on 2 mm thick, laser-structured aluminum sheets. The
included EP is used as an adhesive. The multi-layer composite was placed subsequently inside a three-plate mold with a mold
cavity of 70.2 x 70.2 mm?, see Fig. 1. The mold was preheated to the process temperature of $ = 150 °C in a laboratory press
(LaboPress P200s, VOGT Labormaschinen GmbH, Berlin, Germany). After that, the mold tool was placed with the composite
inside the laboratory press. The following manufacturing parameters were chosen: time t = 5 min, temperature 9 = 150°C, and
pressure p = 0.3 MPa. To simulate the real manufacturing process in a series production as far as possible, the post-curing
parameters were determined based on the electrophoretic dip-painting process in the automotive industry, namely temperature:
§=180°C and time t = 30 min.

(Please place fig. 1 here, width: 1/2 page/1 column/8cm)

2.1.3. Specimen preparation

To describe the effect of hybridization on the corrosion behavior, a comparison between different surfaces, conductivity and
heat treatments of the monolithic materials EN-AW 6082 and CFRP is necessary. In order to provide basic data, different
properties were tested: First, the conductivity of EN-AW 6082-T6 was increased by soldering a braid onto the back, of an
untreated surface. No fluxing agent was used, to minimize unknown influences. Air contact and thereby an oxidation was
prevented using cutting oil on the surface. The existing oxide layer was reduced using sand paper with a grit size (ISO) of 240.
After heating the material up to ~400 °C, the braid was attached with solder. For comparison with other results from PDP
(polished specimen), structured and non-structured surfaces and to prevent residual stresses from the grinding process,

EN AW 6082 specimens were electrolytically polished (ep) (LectroPol-5, Struers GmbH, Willich, Germany), using electrolyte
A2 (Struers GmbH, Willich, Germany), containing perchlorid acid, ethanol and water. Polishing parameters were chosen as
follows: flow rate: 16 I/min, voltage: 27 V, Area: 2 cm?, temperature: — 15°C, time: 15s.
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As a CFRP layer is not suitable for electrochemical polishing and the relevant area is the interface of the hybrid material, the
specimens were cleaned with ethanol, embedded in epoxy resin and grinded with sand paper (grid size (1SO) 320, 800, 1200,
2500) before polishing manually (mp) (particle size 6 um, 3 um, 1 pum).

2.2. Roughness measurement

The surface roughness was determined using a mobile Marsurf M300C device with software version V.3.12-04 and stylus
PTH 6-350/2um (all Mahr GmbH, Géttingen, Germany), primarily to qualify different surface characteristics regarding waviness
and roughness. Each surface type was tested in two directions, three times each, with a stylus travel Iy = 5.6 mm and a cutoff of
0.8 mm, based on ISO 4288. Between every scan the hand device was manually elevated and rearranged. For Al, rolled
(untreated) and electrolytically polished surfaces, for CFRP untreated and for polished hybrid material three specimens with two
types of laser structuring (CFRP and aluminum independently) were analyzed. Analyses of non-bonded materials were carried
out for two directions. The 0° direction has been chosen as following: aluminum, (non-structured and polished): rolling direction;
CFRP: fiber direction; laser-structured surface: longitudinal direction of specimen. The mean roughness was averaged over three
measurements for each orientation and surface.

2.3. Corrosion Testing

For PDP, a Gamry G300 and Interface 1000 potentiostat (Gamry Instruments Inc., Warminster, PA, USA) was used in a three-
electrode setup with an Ag/AgCl reference (RE-1CP, ALS Co., Ltd, Tokyo, Japan). The specimens were installed as working
electrode. A glassy-graphite pin electrode served as counter electrode. For validation, the constancy of the potential of the
reference electrode measured against a saturated Calomel electrode (SCE; +0.242 V vs. Standard hydrogen electrode (SHE) [19];
RE-2BP, ALS Co., Ltd, Tokyo, Japan) was confirmed as 47.5 mV. The electrochemical setup was arranged inside of a
customized acrylic glass corrosion cell developed by the authors of [20] (Fig. 2). With an electrolyte volume of 600 ml. The
specimens were attached via a brazed threaded rod to ensure good conductivity and pressed against a round notch sealed with an
O-ring. The reference electrode was placed inside a Luggin capillary with an opening fixed close to the specimen surface. An
aqueous solution of 0.1mol/l NaCl in deionized H,O served as electrolyte. The specimens were cleaned previously in ethanol
(purity 99,9%). According to ISO 17475, a time of one hour was used to stabilize the open circuit potential (OCP) before starting
the PDP measurement with a potential feed AE = 1 mVs™ and a potential range AE of + 300 mV (measured against OCP). Due to
passivation effects, the slope of the anodic part of Tafel plot was fitted and used to determine the corrosion current density icorr at
the intersection with OCP.

(Please place fig. 2 here, width: 1/2 page/1 column/8cm)

2.4. Topography analysis methods

Three different imaging methods and computed tomography were used to characterize the prepared surfaces, the joint
interfaces as well as the results of the corrosion reaction of the material. The topography of the surface was characterized by laser
scanning microscopy (LSM) and scanning electron microscopy (SEM). To avoid sputter coating, also light microscopy (LM) was
used in order to prevent specimen destruction due to sputter coating and characterize the CFRP as well as the interface area.

2.4.1. Laser scanning microscopy

In order to characterize the topography of the laser generated surface structures, a confocal laser scanning microscope (LSM)
700 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) was used. For the analysis of the aluminums surface, a laser
wavelength of 405 nm, a laser power of 0.5 mW and a pinhole of 7.5 mm was chosen. The LSM enables to create “z-stacks”,
which are 3D scans of the surface, stitched together from single images taken in intervals of 0.1 um to 0.25 um between the
lowest and the highest point of the surface structure. An area of 319%319 um? was scanned per z-stack.

The raw data produced by LSM still shows so called “spikes”, which are error peaks indicating a false height profile.
Therefore, it was further post-processed with the respective software ConfoMap (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany). A gaussian low pass filter (0.8 um) was applied to filter out high frequency contributions. The 2D-roughness
parameters (R;, Ra) were subsequently calculated according to 1SO 25178-2:2012.

2.4.2. Scanning electron microscopy

For this study, SEM Mira 3 XMU (Tescan, Dortmund, Germany) that provides high imaging quality. In order to increase
conductivity, the specimens were carbon coated (Cressington Carbon Coater CR208 carbon, Tescan, Dortmund, Germany).

2.4.3. Light microscopy

In order to retain color information, corroded and non-corroded areas were measured using digital LM VHX-500X with
VH-Z20R and VH Z500R lenses (Keyence, Osaka, Japan).
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2.4.4. Computed tomography

For non-destructive 3D micro computed tomography (CT) analysis, a Nikon XTH-160 was used with corresponding software
Inspect X (version XT 4.4.4) for imaging and CT-Pro 3D (version XT 4.4.4) for reconstruction (Nikon Metrology Europe NV,
Leuven, Belgium). Visualization and post-processing were conducted using VG Studio MAX, version 2.2.4 (Volume Graphics
GmbH, Heidelberg, Germany). The following CT scanning parameters were chosen:

Resolution: 1008 px x 1008 px; 15 um/px, voltage: 105 kV, current: 95 pA, exposure: 500 ms, 360° Scan with 1583 projections,
8 frames/projection.

CT thus enables a non-destructive investigation of the interface between CFRP and aluminum as shown in Fig. 3, to
reconstruct a 3D image of the specimen with a resulting voxel size of 15 x 15 x 15 um? (Fig. 3 b) and digitally hide a layer (Fig.
3 ¢). The hybridized specimen consists of three important regions: the CFRP volume, the aluminums volume and the interface
between the materials.

(Please place fig. 3 here, width: 1 page/ 16cm)

3. Results

For further classification of OCP and icorr results gained by potentiodynamic polarization, the surface condition of the
specimens was compared pre and post corroding as well as pre and post hybridization. PDP provided electrical values and by use
of optical methods it was further possible, to locate corrosion products, characterize surface conditions and adhesive bonding.

3.1. Two-Dimensional-characterization of aluminum surface

Depending on the surface conditions LM and SEM show different appearances. Those are depicted in Fig. 4. The pristine
surface of the rolled aluminum is characterized by grooves and a metallic shine (Fig. 4 a). Moreover, pits can be seen distributed
over the whole surface. The color observed in LM is different between untreated, grooved and pitted areas (Fig. 4 b). While SEM
allows a much higher resolution, the missing color information from optical imaging prevents finding the pits quickly (Fig. 4 c).
In SEM the laser-structured surface (Fig. 4 d) presents its characteristic structure of ridges and valleys (Fig. 4 ) known for
instance also from laser pretreated titanium surfaces [21]. The high roughness and functionalization, i.e., the oxide surface layers
formed by laser treatment on air, leads to a dull grey shine of the treated area on the specimens.

The reduction of the surface roughness by electropolishing, in contrast, leads to a shiny metallic surface. Etching pits are
formed due to local dissolution of material in the vicinity of silicium particles (Fig. 4 f) [22,23].

(Please place fig. 4 here, width: 1/2 page/1 column/8cm)

3.2. Surface roughness

The one-dimensional surface roughness, here represented by the maximum height amplitude R, differs depending on the
surface treatment, as visible in Fig. 5. The roughness of the pure, untreated CFRP, the rolled and the electro-polished aluminum
sheet are comparable. The roughness is slightly higher perpendicular to manufacturing direction (90°) for the mentioned surfaces.

The laser-structured surfaces are much rougher. The mean roughnesses R; are distinctly higher for both sets of laser
parameters P1 and P2 than for the other treatments and show a strong anisotropy regarding the surface orientation. Furthermore,
although the prior mechanical preparation (mp) of the surface was the same, aluminum and CFRP show different R in initial
condition. The surfaces of CFRP and rolled EN-AW 6082 shows randomly distributed highs and lows with moderate
manifestation, but strongly oscillates for laser-structured aluminum, shown with Fig. 6. For the laser pretreated condition P1 of
the EN-AW 6082 specimens, a higher oscillation of the measured height amplitudes is observed than for P2.

(Please place fig. 5 here, width: 1/2 page/1 column/8cm)

(Please place fig. 6 here, width: 1 page/16cm)

Three-dimensional characterization of aluminum surfaces

The two structures generated by laser pre-treatment with the laser parameter sets P1 and P2 lead to different surface structures
that can be described as ordered, periodic for P1 and appear very disordered for P2, see Fig. 7). While the ordered structure
presents a high periodicity in x- and y-direction and visible craters, the disordered structure has almost no visible recurring
structure motives. While the scanning direction of the laser used for the surface pre-treatment is clearly visible in the ordered
structure, it can only barely be discerned on the surfaces treated with laser parameter P2. On the P1 treated specimens, the
meandering laser paths lead to a surface pattern consisting of high, almost linear structures, which are parallel to the scanning
direction.

Another key difference between the two structures is the maximum height S, of the surface topographies. The ordered
structure has a maximum height of S; = 59.9 pm. The disordered structure has a maximum height of S; = 16.2 pm, and is, thus,
much smoother. When comparing the arithmetic mean height of the structures, the disordered structure reaches approximatelys
one fifth of the ordered structure’s mean height, given the values of Saordered = 7.5 UM and Sadisordered = 1.3 M.

(Please place fig. 7 here, width: 1 page/16cm, please use color)

(Please place fig. 8 here, width: 1 page/16cm)
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3.3. Inner volume condition

With CT it is possible to distinguish between the laser pretreated structures by segmenting the data by specific material regions
and selected representation of single layers as seen in Fig. 8. CT reveals that the surface structures remains untouched within the
achieved resolution after hybridization. No visible voids were detected at the interface. The nanostructures formed by the laser
pretreatement cannot be assessed by p-CT. The carbon fibers are not evenly distributed within the whole CFRP layer and regions
are found that deplete of fibers but instead only filled with polymer matrix from the epoxy precursor, as shown in Fig. 9.
Importantly, also the interface region between the dissimilar materials appears well infiltrated by the matrix that is readily
identifyable in Fig. 10 as dark background. The different laser surface structures are also distinguishable: while the initial surface
is smooth (Fig.10 a), P1 results in evenly distanced grooves (Fig.10 b) and P2 produces a merely a aperiodic, rough surface (Fig.
10 ¢).
Notably, the results show that the polymer matrix has formed a separating layer ~10 um without any fibers that in addition to the
surface functionalization can act as insulating layer between the CF and the metal substrate. Nonetheless, the fiber distribution
follows the surface structure.

(Please place fig. 9 here, width: 1/2 page/1 column/8cm)

(Please place fig. 10 here, width: 1/2 page/1 column/8cm)

3.4. Corrosion

For the corrosion investigations, different surface states and contacting conditions were considered. The results of PDP
measurements are shown using Tafel-plots on a semi-logarithmic scale in Fig. 11. Since polishing the specimens would lead to
destruction of the relevant surface structures, it is not possible to polish them and, therefore conduct PDP measurement with
polished specimens. Thus, EN-AW 6082T6 was used in initial condition for reference, i.e., only after removing the protective
plastic film and cleaning the surface with ethanol.

The mean values and standard deviations of OCP’s and icorr for varying surface and contacting conditions of EN AW 6082 are
listed in tab. 1.

(Please table 1 here)

Contacting improves the conductivity and, thereby, seems to reduce the corrosion, as the current density as well as the OCP
decreases. Equally, a polished surface results in a decrease of electrochemical parameters and STD. No reliable influence of
heating could be detected.

The OCP’s and icorr mean values for CFRP, non-structured, and structured surfaces (P1, P2), as well as the corresponding
hybrid composites are listed in tab. 2. The resulting Tafel-plots are shown with Fig. 12. Further Tafel-plots regarding the hybrid-
composites can be found in Appendix A, Fig. 14.

(Please place table 2 here)

Comparing the hybrid specimen surfaces pre- and post-corroding, depicted with Fig. 13 the resulting damage from the
corrosion processes are identified. They are observed in form of small pits that spread out over the whole surface. There is no
enhanced corrosion visible in the interface region of the hybrid joints.

(Please place fig. 11 here, width: 1 page/16cm)

(Please place fig. 12 here, width: 1 page/16cm)

(Please place fig. 13 here, width: 1 page/16cm)

4, Discussion

The position of CFRP in the Tafel plot differs strongly from the position of hybrid and monolithic aluminum material
consistent with previous studies [7,16]. Additionally, with increasing surface quality (decreasing roughness), OCP as well
decreases. At the surface of the hybrid specimen icorr is higher compared to that of monolithic materials. Here icorr is used in a
qualitative way to characterize differences in corrosion properties. OCP also decreases compared to pristine aluminum surface
and reaches the same values as recorded for ep specimen. This suggest, that the polishing of surface of hybrid specimens led to
the drop in OCP. According to the findings regarding the surface roughness, also the OCP for structured surfaces (P1, P2)
increases. The electrochemical values of the hybrid material are close to the values of the EN-AW 6082 component. Therefore, it
is concluded that the corrosion process originates mainly from the aluminum component. [16,24]

Results from LM regarding the corrosion products underline these findings. Heating of the Al component seems to have no
reproducible influence on the OCP, but icrr. Therefore, the observed differences in OCP for specimens with soldered contact can
be traced back solely to the contacting. The decrease of icorr COrresponding to decreasing surface roughness detected in PDP
measurements can be explained by observing the determination of icorr, Using the contact area as a calculation factor. The
measured 2D area of a structured specimen is not equal to the real surface area due to the 3D nature of non-polished specimens,
which is not considered within the application-oriented measuring of corrosion areas via 2D microscopy. The determination of
the true surface area is part of an ongoing study.

The 3D LSM profiles complement the one-dimensional roughness profiles (R;) with information in the lateral directions (S).
It can be seen, that icorr cOrrelates with the increase of R; and S, on the metal surface. While the laser parameter set P1 (highest S;)
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results in a higher icorr and, therefore, tendentially in a higher mass lost, the OCP is decreased in comparison to the less rough,
disordered surface, generated with laser parameter set P2. This higher OCP indicates, that both of the laser-generated surface
structures lead to a less noble characteristic. The drop in icorr in comparison with non structured material and structure P2, but not
for P1, despite both structures lead to an enhanced surface area, indicate, that P2 could lead to an improvement of the
hydrophobicity of the aluminum as it is the case for some specially designed laser- or chemically generated structures [25,26]. To
confirm this assumption, more investigations are necessary. The OCP of ep and hybrid specimen is within the same value range.
The same applies to the comparison between pristine, P1 and P2 structured hybrid specimen. The Tafel plots and, consequently
the corrosion values (OCP, icrr) are located within the same range. Therefore, it can be concluded, that different surface
structuring on the macroscopic scale has no influence on the corrosive properties between different hybrid specimens.

icorr IS Used for the qualitative assessment of microstructural differences between different surface and contacting conditions.
The OCP seems unaffected by the random distribution of surface structures, but not by the surface overall condition (f.e.
polished, P1, P2).

In contrary to the blank metal surface, the OCP and icorr Of the hybrid material shows no significant difference between the
differently pretreated aluminum sheets. Both of the laser structured, as well as the non-structured specimen show an OCP value
of approximately —600 mV and a mean corrosion current density icorr around 5x107% Acm2. This indicates that the CFRP matrix,
bonded to the aluminum surface acts as a corrosion inhibitor regarding direct contact between fiber and metal surface. Several
studies on different aluminum alloys and steel report a similar effect and furthermore worked on possible enhancements. [27-29].
The higher values for icorr O hybrid specimens, compared to structured Al surfaces and CFRP support the assumption, that,
despite the insulating layer, direct contacts between CFRP and blank metal is possible [30]. Validating uCT data using light
microscopy, it was possible to show, that the CFRP is bonded at the Al surface without detectable voids.

5. Conclusion and outlook

This study provides first insights on the corrosion behavior of intrinsically bonded CFRP/EN-AW-6082 hybrid structures from
PDP measurements. The corrosion behavior is affected by the surface structuring, despite aluminum is predominantly sealed by
the plastic component against direct contact with CF. The corrosion occurs locally, but is distributed over the whole surface
(pitting corrosion). To separate the contributing mechanisms, different surface conditions were tested. For the PDP methodology,
optimized contacts and polished, smooth surfaces are suggested in order to minimize background noise and obtain more precise
measurements. However, these suggestions cannot be implemented when investigating structured surfaces in the structured layer.

For the laser-structured hybrid specimen it can be concluded that the surface structuring seems to have no influence on the
short time (PDP) corrosion properties. Therefore, future hybrid aluminum-CFRP materials can be produced with a
laser-pretreatment benefiting from its positive influence on the mechanical strength without affecting the corrosion. If the
corrosion will be a problem for the long-term stability of the interface in the hybrid material, further investigations on the design
of hydrophilic, laser-generated structures should be conducted.

Furthermore investigations regarding the adhesive strength of different laser structures, as well as the influence of
hybridization parameters are necessary to evaluate and rate the overall parameters for an optimal process window for laser
structuring and hybridization under consideration of environmental influences. Additionally, it is of prime importance to
determine the true accessible surfaces of structured surfaces.
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Appendix A

(Please place fig. 14 here, width: 1 page/16cm)
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Figure captions

Fig. 1: Three plate mold tool, composed of a punch a), sealing frame b) and die c).

Fig. 2: Customized corrosion cell with opening for specimen placement, consisting of a) working electrode (specimen), b) reference electrode,
c) counter electrode, d) Luggin capillary, e) electrolyte.

Fig. 3: Macroscopic 2D visualization of an intrinsically bonded CFRP-AI hybrid specimen without laser surface structuring (a) and 3D CT-
reconstruction (b), including digital removing of CFRP for non-destructive visualization of interface section (c).

Fig. 4: Optical analysis of different surface finishes: a) rolled, macroscopic; b) rolled, LM, c) rolled, SEM; d) laser-structured, macroscopic,
SEM,; e) laser-structured, SEM; f) electropolished, LM.

Fig. 5: Mean R; values of investigated surface conditions averaged from data of three specimens each as a function of the measuring
orientation.

Fig. 6: Qualitative comparison of characteristic roughness profiles in the 0° orientation (working direction of the laser).

Fig. 7: LSM images constructed from z-stacks of the ordered (P1) and disordered (P2) pretreatments of the AW6082-T6 surface.

Fig. 8: Surface condition of Al within a bonded CFRP/AI hybrid with digitally removed CFRP layer for a) non-structured and b), c) laser-
structured material, b) parameter set 1, c) parameter set 2.

Fig. 9: Irregular shift of carbon fibers a) in longitudinal direction (top view) via LM and b) in fiber direction (front view) via CT.

Fig. 10: Close-up of the CFRP (left side)/Al (right side) interface with different surface structuring of Al (top) and detailed view on the fiber-Al
distances (bottom), for a) a non-structured surface, b) parameter set 1 and c) parameter set 2.

Fig. 11: Condition of CFRP (top)/Al (bottom) hybrid material before and after corrosion as viewed from the specimens’ top: Without
structuring: a) initial, b) corroded; Parameter 1: c) initial, d) corroded; Parameter 2: e) initial, f) corroded.

Fig. 12: Tafel plot of EN AW 6082-T6 with varying surface and contacting condition: initial condition without treatment, electrolytically
polished (ep), soldered and heated.

Fig. 13: Tafel plot of non-structured (Al, rolled), structured (Al, P1; Al, P2), CFRP and CFRP/AI hybrids with no structuring (hybr. init.),
parameter set 1 (Al, hybr. P1) and 2 (Al, hybr. P2) vs. initial condition (init.).
Fig. 14: Tafel plot of three PDP-measurements for pristine, P1 and P2 hybrids.

Tables

Table 1: OCP and icorr for varying surface and contacting condition of EN AW 6082.
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condition Mean OCP [mV] 5 OCP [mV] mean icorr [AcmM-?] G icor [ACM-?]
rolled —638 13 7.84x1077 6.97x1077
ep —589 2 4.00x1077 1.20x1077
heated —641 14 1.41x10°® 1.14 x10°8
soldered —599 12 2.24x10°° 1.59x10°¢
ep, heated —585 47 1.25x10°® 1.34x10°®
ep, soldered —505 11 4.59x10°® 5.58x10°8

Table 2: OCP and icorr for varying structuration and CFRP-EN AW 6082 hybrids

condition mean OCP [mV] 6 OCP [mV] mean icor [Acm-?] G icor [ACM-?]
hybrid, rolled —606 9 5.81x10°° 3.19x10°°
Al, P1 =742 19 7.36 x10°° 4.50x10°°
hybrid, P1 —595 8 5.17x10°° 4.49x10°°
Al, P2 =757 26 2.57x1077 1.59x1077
hybrid, P2 —614 10 5.36x10°° 4.97x10°°
CFRP -171 6 1.12x1077 6.49x10°8
Figures

Figure 1: Three plate mold tool, composed of a punch a), sealing frame b) and die c).

Figure 2: Customized corrosion cell with opening for specimen placement, consisting of a) working electrode (specimen), b) reference

electrode, c) counter reference electrode, c) counter electrode, d) Luggin capillary, ) electrolyte.
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Figure 3: Macroscopic 2D visualization of an intrinsically bonded CFRP-AI hybrid specimen without laser surface structuring (a) and 3D
CT-reconstruction (b), including digital removing of CFRP for non-destructive visualization of interface section (c).

Figure 4: Optical analysis of different surface finishes: a) rolled, macroscopic; b) rolled, LM, c) rolled, SEM; d) laser-structured,
macroscopic, SEM; e) laserstructured, SEM; f) electropolished, LM.
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Figure 5: Mean Rz values of investigated surface conditions averaged from data of three specimens each as a function of the measuring
orientation.
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Figure 6: Qualitative comparison of characteristic roughness profiles in the 0° orientation (working direction of the laser).
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Figure 7: LSM images constructed from z-stacks of the ordered (P1) and disordered (P2) pretreatments of the AW6082-T6 surface.

Figure 8: Surface condition of Al within a bonded CFRP/AI hybrid with digitally removed CFRP layer for a) non-structured and b), c) laser-
structured material, b) parameter set 1, c) parameter set 2.

Figure 9:lrregular shift of carbon fibers a) in longitudinal direction (top view) via LM and b) in fiber direction (front view) via CT
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Figure 10: Close-up of the CFRP (left side)/Al (right side) interface with different surface structuring of Al (top) and detailed view on the
fiber-Al distances (bottom), for a) a non-structured surface, b) parameter set 1 and c) parameter set 2.
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Figure 12: Tafel plot of EN AW 6082-T6 with varying surface and contacting condition: initial condition without treatment, electrolytically
polished (ep), soldered and heated.
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Figure 14:Tafel plot of three PDP-measurements for pristine, P1 and P2 hybrids



