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Abstract

The objective of this study was to investigate the influence of different surface

pretreatments on the aging behavior of adhesively bonded carbon fiber

reinforced polymers/Al joints in a standardized salt spray environment.

Therefore, the bonding surfaces were acetone‐cleaned or laser‐pretreated
by near‐infrared laser radiation. The pretreated surfaces were examined using

optical microscopes, roughness measurements, and infiltration tests.

Mechanical testing of the joints was performed in the unaged state and after

five aging durations from 120 to 1440 h. The acetone‐cleaned specimens lose a

maximum 20% of their initial average shear strength of 22MPa after aging up

to 1440 h. In contrast, the fracture patterns of the laser‐pretreated samples

show corrosive degradation after 720 h, indicating galvanic coupling and

crevice corrosion. This leads to a significant decrease in shear strength up to

50% after 1440 h of aging. Therefore, some strategies to avoid contact corrosion

via the pretreatment and joining process are presented additionally.
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1 | INTRODUCTION AND STATE
OF THE ART

The development of energy‐ and resource‐efficient mobility
and a high requirement for safety are gaining importance.
The usage of light materials and weight‐saving joining
methods are essential to achieve the goals of the European
Union legislation for the allowed fleet average of 95 g of
CO2/km in 2021.[1] Lightweight materials that is, carbon
fiber reinforced polymers (CFRP) and aluminum (Al) with
a high strength‐to‐weight ratio can help to achieve this goal.
The joining of CFRP parts is challenging due to its sus-
ceptibility to delamination during mechanical fastening

with bolts or rivets.[2] A weight‐saving joining technology
without the necessity of drilling is adhesive bonding. The
mechanical strength of bonded joints is affected by the
adhesive, the surface condition, and the applied loading.[3]

The adhesion behavior is related to the surface properties of
the substrates that is, chemical composition, wettability,
cleanliness, and surface area.[4] Different methods are
available for surface preparation, that is, solvent and water‐
based surface cleaning, mechanical treatments like grinding
and sandblasting, chemical, or physical methods.[5] The
pretreatment with high‐energy laser radiation is used to
clean the matrix from contaminants or ablate the matrix to
expose the carbon fibers.[6] Laser sources in the wavelength
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range of λ=1000–1100 nm have a high available laser
power and thereby high area rates at a comparable low
purchase cost. However, in this near‐infrared (NIR) wave-
length region the matrix of the CFRP absorbs less than 10%
of the laser radiation.[7] Therefore, the ablation of the ma-
trix takes place by heating up the carbon fibers, which leads
to spontaneous decomposition of the matrix at the
matrix–fiber interface, resulting in a recoil pressure re-
moving the surrounding materials.[8] Nonetheless, NIR‐
laser pretreatment of CFRP and CFRP/Al‐joints with
adjusted laser process parameters enables comparable me-
chanical performance to other processes.[6,9,30,31] Another
advantage of NIR‐laser sources is the possibility to pretreat
and structure metallic materials. The relatively strong
structuring on aluminum has proven successful, and in the
latest investigations by Özgür et al.[10] this is confirmed by
varying the laser structure on aluminum.

Environmental aging of hybrid adhesive joints is an
important factor for the life cycle of the lightweight part
with multimaterial combinations.[11] Different methods
have been implemented to observe the long‐term influence
of temperature,[12] moisture (humidity and liquid),[13] ra-
diation,[14] and their combination in cyclic testing.[15,16]

According to Wang et al.[17] saltwater aging is one of the
most challenging environmental factors for adhesive joints
since the contained ions that is, Cl− and Na+ promote the
water diffusion into the adhesive joint and reduce its dur-
ability. Salt spray aging tests can therefore be used to si-
mulate the effect of the marine atmosphere on the
properties of dissimilar adhesive joints.[18] There are two
main corrosion mechanisms for CFRP/Al‐joints in salt spray
testing: (a) crevice corrosion resulting from infiltration of
the electrolyte into the joining area and (b) the formation of
a galvanic cell, caused by the electrical connection of ex-
posed carbon fibers with the aluminum surface in presence
of an electrolyte bridge.[19] The insulating adhesive inter-
layer minimizes the risk of galvanic corrosion in bonded
joints compared to mechanical joining methods.[17]

Teixeira de Freitas et al.[20] determine a progressive
decrease of adhesion performance for bonds from CFRP
and grit‐blasted steel with increasing aging time in the salt
spray for up to 2160 h. The interface degradation due to the
ingress of the saltwater from the edges leads to a maximum
peel load reduction of 23% in the floating roller peel test.
Moreover, Chen et al.[15] identify crevice corrosion me-
chanism for adhesive joints from CFRP and Al 6061‐T6 in
the cyclic salt mist–dry–wet aging for up to 340 h, leading to
a maximum strength degradation of 40%. The surfaces of
the substrates have been grit‐blasted and acetone (ACT)
cleaned before the joining process. The electrolyte could
thus enter small crevices at the aluminum/adhesive inter-
face, leading to an oxygen concentration gradient and an
anodic reaction of the aluminum.[15,21]

The effect of laser pretreatment on the corrosion re-
sistance of the adhesive joint has solely been studied
concerning similar Al/Al joints. Rechner et al.[22] im-
plemented laser cleaning of the bonding area in Al/Al
adhesive bonds with a minor alteration of the surface
topography. The thermal oxidation of the aluminum
surface in the laser process leads to higher corrosion
resistance and superior mechanical properties of the
joints compared to untreated specimens. Laser structur-
ing for the modification of the aluminum surface topo-
graphy leads to a further improvement of the corrosion
resistance. Wan et al.[11] demonstrate a barrier effect for
laser structures with higher surface roughness, which
prevents the propagation of electrolyte at the aluminum/
adhesive interface and mitigates crevice corrosion.
Combining such laser‐structured aluminum surfaces
with a laser ablating pretreatment of the CFRP substrate
showed superior mechanical properties for unaged hy-
brid joints.[6] The impact of the CFRP laser pretreatment
on the corrosion resistance and the degradation of the
mechanical properties in a harsh environment yet re-
mains to be investigated.

This study deals with the long‐term behavior of
CFRP/Al‐bonds under salt spray exposure. The aim is to
investigate the effects of environmental aging on the
surface and the mechanical properties of the hybrid
bonds under accelerated conditions with a 5% sodium
chloride solution. Before the adhesive joining the sub-
strate surfaces of the dissimilar materials are cleaned
with ACT or pretreated with a NIR laser. In the laser
pretreatment process, a rough surface structure was
generated on the aluminum substrate and the top matrix
layer of the CFRP was removed to expose the carbon
fibers. The surface topography of the pretreated speci-
mens has been analyzed by white light interferometry
and compared to ACT‐cleaned surfaces. Single lap joints
(SLJs) of the laser‐pretreated substrates, as well as ACT‐
cleaned reference specimens, are exposed to salt spray for
up to 1440 h and mechanically tested after different aging
durations. The surfaces of the fractured SLJ are docu-
mented by light microscopy and the aging impact on the
failure mechanism is evaluated. For further investigation
of the corrosion mechanisms for the hybrid bonds, mi-
croscopic cross‐section views of specimens with different
aging statuses have been prepared.

2 | EXPERIMENTAL DESIGN

2.1 | Material

The quasi‐isotropic thermoset CFRP laminate is con-
structed of eight unidirectional layers of epoxy impregnated
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Hexcel HexPly® M21E prepreg in a [0/45/90/−45]s stacking
sequence. The prepreg is reinforced with 12k tow HexTow®
IMA fibers with a diameter of about 5 μm. The stacked
prepregs are cured for 2 h in a hot press process at 180°C
and 7 bar, resulting in a final laminate thickness of 2.0mm.
The CFRP was cut to SLJ‐sample dimensions according to
DIN EN 1465:2009 by a water‐cooled cutting machine. The
second joining partner is an AlMg3 (EN AW‐5754, H22,
work‐hardened by rolling and then annealed to quarter
hardness) with a sheet thickness of 2.0mm, which was
milled to the corresponding SLJ‐dimensions. According to
the standard DIN EN 13195:2013, this AlMg3 alloy has high
corrosion resistance in the marine environment. The ad-
hesive joining process was executed using TEROSON™
EP5065, a 2‐X epoxy‐based and amine‐based adhesive
(Henkel AG & Co., KGaA). The adhesive is applied
manually by a caulking gun with a layer thickness of
0.2mm, adjusted by spacers within a fixation. The adhesive
joints were placed in an oven to cure for 30min at 80°C.
According to technical datasheets of the adhesive, a shear
strength of 25MPa can be expected for a bonded SLJ with
steel substrates and an adhesive thickness of 0.2mm.

2.2 | Pretreatment of surfaces and
specimen preparation

The surface pretreatments of the CFRP and aluminum
surfaces are carried out by means of ACT cleaning, which
is regarded as a reference process. The pulsed NIR‐laser
system TruMark from TRUMPF is used as the
second pretreatment process. Table 1 shows the char-
acteristics of this NIR‐laser system. The CFRP surfaces are
processed with a laser spot diameter of dspot = 114 μm,
aluminum with a spot diameter of dspot = 72 μm. The
laser parameters for aluminum and CFRP listed in
Table 2 are based on previous investigations.[6,23] The
selected laser parameters for the CFRP pretreatment

allow a full‐surface ablation of the matrix to expose the
carbon fibers. The SLJ standard tensile specimens
according to DIN EN ISO 1465:2009 are processed in the
overlap areas as shown in Figure 1 by means of laser
radiation. The machining direction on the CFRP is 90° to
the fiber direction in the top laminate layer, Figure 1. The
structuring direction on aluminum is 90° to the sub-
sequent tensile direction. A suction system is installed in
the laser system to remove matrix residues from the pre-
treatment process. The ACT and laser pretreatment pro-
cesses take place shortly before the adhesive joining
process. To prepare the SLJ specimens according to DIN
EN ISO 1465:2009, they were positioned in fixation and
the adhesive was applied in the pretreated overlap area.
After joining the substrates, the adhesive fillet pieces on
the aluminum side of the joint were removed and they
were cured in the oven. The excess cured adhesive on the
side surfaces of the SLJ specimens was removed by
grinding.

TABLE 1 Technical specification of the short‐pulsed NIR‐laser source TRUMPF TruMark 5020

Characteristic Unit TRUMPF TruMark 5020

Wavelength λ in nm 1062

Maximum average laser power Pavg in W 20

Beam quality M2 <2

Pulse duration TP in ns 9–200

Repetition rate frep in kHz 1–1000

Scanner head – Scanlab ScanCube 10

Focal length f in mm CFRP: 254 Aluminum: 160

Focal diameter dspot in μm CFRP: 114 Aluminum: 72

TABLE 2 Overview of the applied laser parameters for the
pretreatment of CFRP and aluminum

Characteristic Unit CFRP Aluminum

Average laser power Pavg in W 11.9 20.1

Pulse repetition rate frep in kHz 26.5 43.5

Pulse duration ΤP in ns 100 100

Single‐pulse power Pp, max in kW 8 8.32

Single‐pulse energy EPulse in μJ 451 470

Spot diameter do in μm 114 72

Hatch distance dhatch in μm 104 63

Scanner velocity vscan in mm/s 300 117

Hatch overlap HO in % 9.6 14.2

Pulse overlap PO in % 90.1 96

SCHANZ ET AL. | 3



2.3 | Salt spray test

The adhesively joined SLJ‐specimens were studied
concerning their corrosive behavior in the salt spray
test according to DIN EN ISO 9227:2017. The neutral
salt spray test was performed with a 5% aqueous so-
lution of sodium chloride (NaCl) in the controlled
environment of an SAL 3500‐FL salt spray chamber
(VLM GmbH) with a constant temperature of 35 ± 2°C.
The neutral solution with pH levels 6.5–7.2 is con-
tinuously sprayed on the SLJ specimens, which are
placed vertically at an inclination of 20° in the cham-
ber with the removed fillet side at the upper surface
and the left spew fillet at the bottom, Figure 2. For the
salt spray test, the aging duration times are based on

DIN EN ISO 12944‐6:2018 since this norm represents
the standard for the coating industry. The included
classification provides a correlation of test duration
and corrosion load and was adopted for the salt spray
test. For the respective corrosivity category of the en-
vironment from C1 (insignificant corrosivity) to C5
(strong corrosivity), the protection duration was cho-
sen high (H), which means a load of approximately
15–25 years in the corresponding environment. In
other words, the specimens with the test duration C4H
show a similar corrosion load as if they had been ex-
posed for 15–25 years in an environment of C4. This
corrosivity class describes an environment near the
coast with moderate salt exposure. The hourly grada-
tions are shown in Table 3.

FIGURE 1 Laser pretreatment of the bonding surface area: (a) CFRP‐pretreatment 90° to fiber direction in the top laminate layer, area
for the optical images and white light interferometry, cross‐sections: longitudinal and perpendicular to the fiber direction in the top laminate
layer, (b) Al‐pretreatment 90° to the tensile testing direction [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Salt spray testing: (a)
Positioning of the Single lap joint (SLJ)
specimens according to DIN EN ISO 9227:2017
and (b) SLJ specimen placement in the SAL
3500‐FL testing chamber [Color figure can be
viewed at wileyonlinelibrary.com]
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2.4 | Surface investigations, mechanical
testing, and fractographic evaluation

2.4.1 | Surface evaluation

The surface images were taken with an optical microscope
type Axio Zoom V.16 (Carl Zeiss AG). To determine the
average surface roughness, a white light interferometer
NewView 8300 (Zygo Corporation) was taken to measure
the average arithmetic surface roughness Sa on an area of
4 × 4mm2 on five individual surfaces. To qualitatively and
quantitatively visualize the capillary effects or infiltration of
a fluid, a strong red‐colored liquid was dropped onto the
ACT‐cleaned and laser‐structured surface and, after a
waiting time of 10 s, the image was acquired and evaluated
using Axio Zoom V.16 (Carl Zeiss AG). The volume of 1 μl
was deposited on the surface with a microliter pipette
(neoPette® from neoLab) with a volume of 0.5–10 μl and a
systematic measurement error of 0.01 μl.

2.4.2 | Electrical conductivity measurement
between aluminum and CFRP

By using a minimum of a 200‐μm thick adhesive layer,
the dissimilar materials should be insulated from each
other in the joint. To validate the insulation properties of
the adhesive after joining, the lateral surfaces are slightly
freed from protruding adhesive in the overlap area by
grinding. Afterward, a resistance measurement was car-
ried out between the aluminum specimen and the two
side surfaces of the CFRP. If no connection between the
exposed carbon fibers of the CFRP and the aluminum
was present, the multimeter device measured an infinite
resistance.

2.4.3 | Mechanical testing and fractographic
evaluation

The unaged/aged SLJ specimens were tested concerning
their shear strength according to DIN EN 1465:2009. The
test was executed under normal temperature and pres-
sure using the Schenck RSA100 test machine with a
100 kN load cell at a traverse speed of 1.5 mm/min. To
compensate for the asymmetrical form of the SLJ

specimens and to ensure force initiation for an authentic
shear failure, aluminum cap strips are applied on the
joined sides of both substrates. The cap strips have di-
mensions of 45 × 25 × 2mm³ and are applied with an
instant adhesive (Pattex Ultra Gel) before the mechanical
testing. The SLJ specimens were placed in the clamping
jaws of the testing device and preloaded with 100 N.
The mechanical testing process was completed after the
maximal detected shear force decreased by 90%. The
maximum shear strength for five SLJ specimens with
the same pretreatment and aging duration is averaged
and the standard deviation is calculated. The fractured
SLJ specimens are analyzed according to DIN EN ISO
10365:2020 by means of top view images with the Axio
Zoom V.16 (Carl Zeiss AG).

2.4.4 | Cross‐section characterization

After each testing period, one of the aged specimens is
analyzed in the cross‐section view. The SLJ samples were
therefore cut within the bonding area either perpendi-
cular or longitudinal to the top fiber layer direction in the
CFRP sample for different cross‐section perspectives, see
Figure 1. Subsequently, the cross‐sections are embedded
in an epoxy‐based resin‐hardener system and cured for
24 h at room temperature. The embedded cross‐sections
are ground and polished with an automatic preparation
system (Struers GmbH). Afterward, the characteri-
zation is conducted by means of light microscopy in
brightfield with the Axio Imager Z.2 Vario microscope
(Carl Zeiss AG).

3 | RESULTS

3.1 | Surface characterization

In its initial state, the aluminum surface has a long-
itudinal structure with an average arithmetic roughness
of Sa = 0.43 μm, Table 4. Laser structuring increases the
roughness to Sa = 17.43 μm and results in a directional
patterning with a depth‐to‐width ratio of AR = 1.6. By
applying 1 μl of red‐colored liquid, an average area of
4.13 mm2 is wetted in the ACT‐cleaned initial state. After
laser structuring, the area increases by a factor of 7.5 to
an average area of 30.9 mm2. Furthermore, it can be seen
that the liquid flows preferentially along the direction of
the laser structure, which causes the wetting to form
asymmetrically.

The CFRP joining partner was also ACT‐cleaned and
pretreated with NIR‐laser radiation. With the selected laser
parameters based on preliminary investigations,[6,23] the

TABLE 3 Salt spray test durations according to DIN EN ISO
12944‐6:2018

Aging duration Ref. C1H C2H C3H C4H C5H

Time 0 h 120 h 240 h 480 h 720 h 1440 h
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CFRP matrix is removed from the carbon fibers over the
entire surface, Table 5. However, it can also be seen
that carbon fibers are damaged close to the surface. The
average carbon fiber depth after laser pretreatment is
37.8 μm. Subtracting the average matrix layer thickness
of approximately 24 μm results in an average fiber removal
of 13.8 μm. The roughness of Sa is increased from an
initial 3.16–5.77 μm. The infiltration test was also con-
ducted on the initial CFRP surface and on the exposed
carbon fibers. Due to the black appearance of the carbon
fibers, the wetting/infiltration area could not be measured.
However, due to the top fiber layer direction, the fluid is
immediately drawn toward the carbon fibers and com-
pletely distributed.

3.2 | Shear strength of unaged/aged
adhesively bonded CFRP/Al‐joints

Figure 3 shows the achieved tensile shear strengths of
the ACT pretreated and adhesively bonded CFRP/Al
specimens in the unaged state (0 h) and after the five
aging durations C1H–C5H (120–1440 h). In the un-
aged condition, the ACT‐cleaned specimens achieve
an average tensile shear strength of 23 MPa with a
range from 20 to 27 MPa. Over the five aging dura-
tions, a strength reduction to approximately 20 MPa
can be observed. The tensile shear results of the laser‐
pretreated CFRP/Al‐SLJ are also shown in Figure 3.
In the unaged state (0 h), a high average tensile shear

TABLE 4 Surface characteristics of the Al‐surface in the initial state/acetone‐cleaned and after laser pretreatment

Characteristics Initial/acetone‐cleaned Laser pretreated

Surface

Surface topography

Wetting area & infiltration

Avg. structure width in μm NA 48

Avg. structure depth in μm NA 75

Aspect ratio (AR) NA 1.6

Roughness Sa in μm 0.43 17.43

Avg. wetting area of 1 μl in mm2 4.13 30.90
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strength of 22 MPa with a range from 20 to 24 MPa
can also be achieved. From the aging duration of C3H
(480 h), the average strength drops below 20 MPa. As
the aging duration C4H (720 h) and C5H (1440 h)
progresses, the scatter range increases and the aver-
age strength decreases. After aging duration C5H,
mean tensile shear strength of 12.5 MPa is obtained.

3.3 | Fracture patterns

The characterization of the fractured specimens showed
different breakage patterns: adhesive failure (AF), cohe-
sive failure (CF), and a combination of the two as a
mixed fracture pattern. The resulting fracture patterns
on the aluminum side are shown representatively in

TABLE 5 Surface characteristics of the CFRP‐surface in the initial state/acetone‐cleaned and after laser pretreatment

Characteristics Initial/acetone cleaned Laser pretreated

Surface

Surface topography

Matrix thickness/carbon fiber depth in μm 24.4 37.8

Roughness Sa in μm 3.16 5.77

FIGURE 3 Shear strength values for single
lap joint specimens with acetone cleaning and
laser pretreatment of the Al and CFRP surfaces
in the unaged state and after different salt spray
test durations C1H–C5H (120–1440 h) [Color
figure can be viewed at wileyonlinelibrary.com]
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Figure 4 over the different aging durations. Here, dif-
ferent trends concerning the fracture patterns can be
identified for both pretreatment methods. In the unaged
state, the ACT‐cleaned specimens exhibit a mixed frac-
ture consisting of AF at the aluminum surface and CF

within the adhesive. This fracture pattern does not
change significantly due to the aging in a corrosive en-
vironment. In the LP specimens, fracture results in the
initial state in the adhesive (CF) as well as near‐surface
in the CFRP, leaving carbon fibers embedded on the
fracture surface of the aluminum specimen. From aging
duration C2H (240 h) onwards, white areas are visible on
the fracture surface of the aluminum specimen in the
edge region near the side surfaces, see the blue‐framed
area in Figure 4. These areas exhibit a line‐like structure
in horizontal orientation. As aging continues up to C4H
(720 h), the proportions of these white areas increase and
combine to form a closed front on the lateral surfaces.
After aging up to duration C5H (1440 h), the white areas
are visible in the entire edge area of the overlap surface.

3.4 | Electrical resistance

Based on the previous results, measurement of the elec-
trical resistance was carried out with ACT‐leaned and
laser‐pretreated samples in the unaged state. For the
ACT‐cleaned samples, the electrical resistance measure-
ment resulted in an infinite and therefore not measurable
value for the electrical resistance, which is due to
an absence of electrical conductivity within the bond.
In contrast, the unaged laser‐pretreated SLJ showed
a measurable electrical resistance in the range of
150–1840Ω.

4 | DISCUSSION

4.1 | Surface pretreatment and
cross‐section characterization

In the initial/ACT‐cleaned state, the aluminum surface
shows a minor roughness, which results in limited wet-
ting of the colored testing liquid on the aluminum sur-
face. In contrast, the laser‐pretreated (LP) surface shows

FIGURE 4 Representative breakage pattern of acetone‐cleaned
(left) and laser‐pretreated (right) Al specimens in the unaged state
and different salt spray test durations C1H–C5H (120–1440 h)
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Laser pretreatment results for both adherends Aluminium and CFRP, cross‐sections, LM, BF, Axio Imager Z.2 Vario: (a)
Aluminum laser pretreatment with pores in the adhesive layer, (b) CFRP laser pretreatment with protruding fibers on the surface [Color
figure can be viewed at wileyonlinelibrary.com]
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a significantly higher roughness based on the ejection of
aluminum melt to the melt pool boundaries along the
scanlines of the laser. A cross‐section view of the gen-
erated laser structure in Figure 5a shows the resulting
microgrooves and ejections perpendicular to the laser
scanning direction. This surface structure is responsible
for a higher wettability of the liquid with a preferred
direction along the linear microgrooves. Vorobyev
et al.[24] relate this anisotropic wetting behavior of linear
laser‐structured surfaces to a capillary effect of the liquid
along the created open microgrooves. Due to the ejec-
tions of aluminum, the thickness of the adherend is in-
creased in the bonding area that leads to a reduction of
the adhesive thickness compared to the ACT‐cleaned
SLJ. Within the laser pretreatment of the CFRP, the top
layer of the matrix is completely removed. By the ex-
posure of fibers on the CFRP surface, a slight increase in
roughness is detected. The removal takes place by heat-
ing up the carbon fibers with nearly 100% absorption for
the NIR radiation.[25] This triggers a spontaneous de-
composition of the matrix at the fiber interface, which, in
turn, leads to a recoil pressure that removes the matrix
layer.[8] The depth measurement of the fibers shows a
significant removal of carbon fibers due to the discussed
ablation mechanism. Accordingly, this process initiates
the damage and partial removal of the fibers from the
composite surface. In the cross‐section in Figure 5b,

protruding fibers can be observed at the surface, which
still have a one‐sided bonding to the composite.

4.2 | Shear strengths and fracture
behavior of hybrid joints

The observed fracture pattern of the ACT‐cleaned sam-
ples indicates a high adhesion of the adhesive on the
matrix layer at the CFRP surface and a weaker connec-
tion to the aluminum surface. In contrast, the LP samples
show an improved adhesion between adhesive and alu-
minum surface with a CF in the adhesive or near‐surface
in the CFRP laminate. Nevertheless, the mechanical
testing of the unaged specimens shows similar results for
both pretreatment methods. With aging up to C3H (480 h
salt spray testing), both pretreatment methods show si-
milar shear strength values with a minor decrease in the
bond strength. The microscopic cross‐sections in Figure 6
show the edge of the samples after C2H (240 h) aging, in
the area of the removed filet piece, see red marking in
Figure 4. In agreement with the observed fracture pat-
terns, no visible degradation of the adhesive or the ad-
herends is observed for the ACT‐cleaned specimens in
Figure 6a. In contrast, the fractured surfaces of the LP
specimens show corrosion products on the edges of the
joining area for CH3 (480 h), see framed area in Figure 4.

FIGURE 6 Aging duration C2H (240 h),
cross sections, LM, BF, Axio Imager Z.2 Vario:
(a) acetone‐(ACT) cleaned specimens and (b)
laser‐pretreated (LP) specimens [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 7 Aging duration C4H (720 h),
cross‐sections, LM, BF, Axio Imager Z.2 Vario:
(a) acetone (ACT)‐cleaned specimens and (b)
laser‐pretreated (LP) specimens [Color figure
can be viewed at wileyonlinelibrary.com]
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When looking at the microscopic cross‐sections of a LP
sample after C2H in Figure 6b, dissolution of the alu-
minum alloy at the edge of the adhesive joint is detected,
but there is no corrosion in the joining area yet.

With a further increase in aging time to C4H and
C5H, the corrosion continues toward the center of the
adhesive joint for laser‐pretreated samples, see the
framed area in Figure 4. A comparison of the cross‐
sections after C4H (720 h) in Figure 7 shows a significant
dissolution of the aluminum structures at the interface to
the adhesive, which is followed by a debonding of ad-
hesive and aluminum. This leads to a reduction of the
load area and causes a significant decline in the average
shear strength of the SLJ. According to the fracture pat-
terns in Figure 4, the discussed degradation mechanism
for the laser‐pretreated samples is time‐dependent and
reduces the shear strength up to 50% for C5H (1440 h).
The cross‐section of the ACT‐cleaned sample in
Figure 7a indicates no degradation or debonding at the
aluminum/adhesive interface. This is why the load area
remains constant and the mechanical strength is merely
reduced by 20% after 1440 h of aging.

4.3 | Proposed corrosion mechanisms

The described difference in the aging behavior of the
laser‐pretreated SLJ in comparison to the ACT‐cleaned
references is related to two proposed corrosion me-
chanisms. The initiation of the aging is ascribed to
galvanic corrosion based on the difference in electro-
chemical potentials for the CFRP and the aluminum al-
loy. The carbon fibers are noble and work as a cathode in
an emerging galvanic cell.[26] For adhesive joints, galva-
nic corrosion between the dissimilar materials is often
precluded as a possible corrosion mechanism since the
adhesive prevents the direct electrical contact between

the carbon fibers and the aluminum.[17] In the present
experimental setup, a fiber‐exposing pretreatment has
been applied on the CFRP, where some of the fibers are
partially detached and protrude from the surface,
Figure 5b. Furthermore, the aluminum pretreatment
leads to metal ejections between the scanning lines,
which cause a reduction of the adhesive thickness in
these regions. Therefore, microscopic cross‐sections have
been observed concerning contact between the partially
detached fibers and the aluminum structure. Figure 8b
shows the cross‐sections of fractured specimens after
C4H (720 h) aging, longitudinal to the laser scanning
direction and parallel to the generated microgrooves. For
the LP sample, a carbon fiber close to the aluminum
structure could be detected, which results in electrical
contact between the materials, despite the adhesive in-
sulation layer. An electrical conductivity measurement
has been carried out to verify this electrical contact the-
ory, which is a requirement for the formation of a gal-
vanic cell. As expected, the ACT‐cleaned samples showed
no electrical conductivity, which is attributed to the un-
restricted insulating properties of the matrix and the
adhesive. These insulation properties are limited by laser
pretreatment with a resulting exposure of the fibers at
the CFRP surface. This is why, for the unaged LP spe-
cimens, the measurement of the electrical resistance in-
dicates an electrical contact in the bonding area,
which allows the flow of electrons between the dissimilar
materials.

Based on the described results for the cross‐sectional
views and the electrical conductivity measurements, the
emergence of a galvanic cell in the salt spray test has
been verified. In presence of the sodium chloride in the
testing chamber, a salt bridge is formed, which enables
the transport of ions from the anode to the cathode.[19] In
the galvanic cell, the aluminum is more ignoble and re-
presents the anode, while the carbon fibers act as the

FIGURE 8 Aging duration C4H (720 h),
cross‐sections parallel to aluminum laser
structure, LM, BF, Axio Imager Z.2 Vario:
(a) acetone (ACT)‐cleaned specimens and
(b) laser‐pretreated (LP) specimens [Color figure
can be viewed at wileyonlinelibrary.com]
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cathode.[26] Figure 9a shows the initiated reactions,
leading to the galvanic corrosion of the hybrid joint. The
aluminum induces an anodic dissolution reaction to Al3+

ions at the surface,[21] resulting in the degradation of the
aluminum, which could be observed in Figure 7. The
Al3+ ions are dissolved in the electrolyte and further
react with oxygen, water, and chlorides, to various cor-
rosion products that precipitate at the CFRP cathode.[21]

Besides that, the CFRP experiences cathodic reactions at
the exposed fiber end, like an oxygen reduction from O2

to OH−.[26]

The second proposed corrosion mechanism is crevice
corrosion at the aluminum/adhesive interface. This cor-
rosion process is either caused by a previous dissolution
of the aluminum at the interface or by porosity in the
adhesive at the edge of the specimen. As observed in
Figure 5a the laser structure partially causes the forma-
tion of pores in the adhesive inside the generated mi-
crogrooves. The formation of a crevice could thus lead to
the corrosion mechanism in Figure 9b. The capillary ef-
fect of the laser‐structured microgrooves in combination
with the formation of a crevice leads to an infiltration of

electrolytes in the aluminum/adhesive interface. In this
case, the corrosion is initiated by an oxygen concentra-
tion gradient inside and outside of the crevice area.[19] A
corrosion couple is built in the aluminum substrate with
an electronegative potential inside the crevice, re-
presenting the anode, while the outer region forms the
cathode.[27] An anodic dissolution reaction to Al3+ is
initiated, leading to oxygen consumption and an inflow
of Cl− with a resulting hydrolysis reaction, forming cor-
rosion products like bayerite (Al(OH)3).

[28] Both of the
presented corrosion mechanisms are responsible for the
significantly higher corrosion rates in laser‐pretreated
CFRP/Al‐SLJ compared to the ACT‐cleaned samples.
They are the reason for the dissolution of the aluminum
structures, due to an oxidation reaction to Al3+, begin-
ning from the edges of the overlap area in Figure 8b.

Considering the literature regarding laser pre-
treatments of aluminum specimens, a positive influ-
ence of the surface structure on the aging behavior has
been demonstrated.[11,22] The described effect of the
laser structure on crevice corrosion is related to the
viscosity of the adhesive and the filling of the laser

FIGURE 9 Schematic depiction of the two proposed corrosion mechanism in the salt spray test: (a) galvanic corrosion and (b) crevice
corrosion [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Variation of laser parameters
pulse overlap and energy density for reduced
fiber protruding from the CFRP surface,
cross‐sections, LM, BF, Axio Imager Z.2 Vario
[Color figure can be viewed at
wileyonlinelibrary.com]
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structure without entrapped pores,[29] like it is
observed in Figure 5a. Nevertheless, a higher influence
of the galvanic corrosion mechanism on the corrosion
rate of the hybrid joints can be assumed. According to
that, the ablation of the CFRP matrix in a laser pre-
treatment is considered as the driver for a significantly
reduced corrosion resistance, if the adhesive thickness
is not high enough to insulate the protruding carbon
fibers from the aluminum surface. This is one reason
for the distinct discrepancy to the ACT‐cleaned speci-
mens, where no visible corrosion evidence in the joint
zone and no significant decline in the shear strength
could be detected.

4.4 | Approaches to prevent contact
between CFRP and aluminum

Different approaches are proposed to meet the challenges
concerning the aging resistance of hybrid SLJ that have
been LP on the CFRP surface. The objective of these
strategies is to avoid contact with dissimilar materials
and thus trigger the formation of a galvanic cell. An
adjustment of the adhesive thickness could be considered
as a possible strategy to insulate the protruding fibers
from the aluminum surface. Moreover, the laser para-
meters in the CFRP pretreatment could be further in-
vestigated, to overcome the partial removal of fibers from
the surface, leading to the bridging of the adhesive in-
terlayer. Optimization of the laser pretreatment para-
meters achieves the following results in Figure 10. A
reduction of the pulse overlap from 90% to 50% leads to a
significantly decreased amount of protruding fibers on
the CFRP surface. An additional decrease of 45% in the
induced areal energy density almost completely elim-
inates the protrusive fibers from the CFRP surface. In
addition, a modification of the laser parameters for the
aluminum pretreatment could be considered. Thereby,
the melt ejections could be reduced, which reduce the
adhesive layer thickness between the dissimilar materials
and thus favor an electrical contact. In addition, this can
minimize the porosity in the adhesive layer, which is
observed in Figure 5, leading to a decrease in crevice
corrosion.

5 | CONCLUSION

In this study, the aging behavior of ACT‐cleaned and
laser‐pretreated hybrid CFRP/Al‐joints were investigated
under corrosive conditions by salt spray test. The fol-
lowing findings can be summarized:

The ACT pretreatment of the adherends removes con-
taminants, resulting in initial tensile shear strength of
23MPa. Over the aging durations up to 1440 h, the ACT
samples still obtain on average 80% of the expected strength.

Laser pretreatment with NIR‐laser radiation leads to
an exposure of the carbon fibers on the CFRP. On the
aluminum side, a structuring with a preferred direction is
introduced on the surface. In the unaged state, a mean
tensile shear strength of 22MPa is achieved for the laser‐
pretreated SLJ. With a continuous duration of the salt
spray test up to 480 h, the average tensile shear strength
decreases to approximately 80% of the unaged state,
which is comparable to the specimens with ACT clean-
ing. From a duration of 720–1440 h, the average strength
of the laser‐pretreated specimens then further drops to
50% of the initially achieved values.

The previously mentioned findings can be explained
by the following mechanisms:

(i) The adhesive has an insulating effect on the
ACT‐cleaned samples, which prevents galvanic
corrosion from taking place.

(ii) During laser pretreatment of the CFRP, single car-
bon fibers may be damaged by thermal degradation
and protrude from the surface. In combination with
ejections of aluminum, the separation by the ad-
hesive layer thickness is no longer sufficient and
contact between CFRP and aluminum is estab-
lished. The basic prerequisites of galvanic coupling
are thus given, in combination with the salt solution
as an electrolyte‐bridge and anodic dissolution starts
in the aluminum.

(iii) Due to the capillary effect of the laser structuring on
aluminum as well as isolated pores, the salt solution
is drawn into the adhesion zone between aluminum
and adhesive, which additionally causes crevice
corrosion.

The mechanisms found illustrate that if the carbon
fibers are exposed by laser pretreatment, care must be
taken to ensure that no carbon fibers protrude from the
CFRP surface, which can generate contact between
CFRP and aluminum. This can be done by the presented
adjustment of the laser process parameters or by using an
increased adhesive thickness.
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