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Abstract: In the automotive industry, the application of dry lubricants on aluminium is indispensable
for achieving a high-quality forming behaviour. To provide a short production time, these forming
aids are not removed during the joining step. The aim of this study is the characterisation of the
influence of dry lubricants on the bond strength and the corrosion resistance of a 6xxx aluminium alloy
for automotive applications. For this purpose, samples with a well-defined surface were coated with
1 g/m? dry lubricant and joined with a commercial thermosetting 1K epoxy structural adhesive. The
bond strength was measured with lap shear tests. To evaluate the corrosion resistance of the adhered
aluminium samples, an immersion test in a 5 wt.% NaCl solution was used. Based on the fracture
pattern analysis, the corrosion behaviour could be described, and the possible corrosion mechanisms
are proposed. The influence of the load quantity of the dry lubricants is observed microscopically
and mechanically. The environmentally induced degradation process of the adhesive is examined by
an investigation of the volumetric change during the testing and with scanning electron microscopy.
Using a simulation, the changes in the adhesive polymer matrix at the metal-adhesive interface
caused by the dry lubricants are examined using polymer test procedures like dynamic mechanical
analysis, differential scanning calorimetry and tensile tests. The results show a significant effect of
the forming aid on the corrosion resistance of the adhered aluminium samples against the corrosive
infiltration of the metal-adhesive interface.

Keywords: dry-film lubricant; aluminium metal sheet production; automotive industry; structural
adhesive bonding; accelerated corrosion testing; corrosion mechanism; single-lap shear testing;
polymer testing

1. Introduction

Dry lubricants are indispensable for achieving a high-quality forming behaviour of
aluminium sheets for automotive applications [1]. To provide a short production time,
these forming aids are not removed during the joining step [2]. Nowadays, structural
adhesive bonding in car body production is among the standard joining processes and is
widely applied in the automotive industry [3]. In addition to the conventional methods of
joining automotive sheet metal, such as welding, riveting and bolting, adhesive bonding
offers a number of advantages [4]. Bonding not only improves the rigidity of the car body,
but it also protects against corrosion because of its sealing effect compared to welded
joints [5]. It also provides the advantage of no substrate weakening during the joining
procedure [6]. However, the long-life durability of bonded joints is seen as a crucial point [7].
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The environmental influences that a car body is exposed to during its lifetime do promote
degradation processes of the bonded joints [8]. These occur at the interface between the
adhesive and the adherend and are caused by humid and corrosive environments [9,10]. But
not only do environmental influences affect the long-life durability of bonded joints [11,12],
other influencing factors, including contamination of the metal sheet surface or the lubricant
load quantity, have an impact on the corrosion resistance of adhered joints [13,14].

Until now, the long-term durability of bonded joints has only been considered from
the adhesive side, regardless of the substrate. Dry lubricants of any kind have not been
considered. The influence of dry lubricants has been investigated in other contexts. Studies
by Meiler and Jaschke looked at the effects of dry lubricants on the process chain in the
manufacturing of automotive sheet metal and the associated compatibility with common
adhesives [15]. The influence of lubricants on the corrosion resistance of alumina in NaCl
solution was investigated by WU et al. using cryo-scanning electron microscopy (SEM)
and electrochemical impedance spectroscopy (EIS); they showed a partial reduction of the
corrosion properties by the dry lubricant [16]. By means of density functional theory (DFT)
calculations, Blanck et al. investigated the wetting behaviour of dry-film lubricants on
aluminium surfaces [17]. A combined view to elucidate the influence of dry lubricants on
the long-term resistance of bonded aluminium joints is lacking in the literature.

To fill this gap in the research, the influence of dry-film lubricants (DFLs) on the bond
strength and corrosion behaviour of adhesive joints of 6xxx aluminium alloys, as used in
the automotive industry, was investigated in the current study.

For the simulation of the environmental influences, the adhesive joints with and
without a DFL were subjected to an immersion test procedure and the effects on the bond
strength and corrosion behaviour were investigated using single-lap shear tests and SEM
characterisation. Based on the reproduceable results of this accelerated immersion and
corrosion test, the possible corrosion processes were examined and identified.

The influence of the load quantity of the DFL during the immersion testing and the
environmentally induced degradation process of the adhesive itself was also investigated
microscopically and mechanically using SEM and tensile testing, respectively. In addi-
tion, the volumetric change of the adhesive during immersion was monitored and the
changes in the adhesive polymer matrix at the metal-adhesive interface caused by the
DFL were examined using dynamic mechanical analysis (DMA) and differential scanning
calorimetry (DSC).

2. Materials and Methods
2.1. Materials

As a representative for technical aluminium surface within the automotive industry,
an AA 6016 AIMgSi alloy with a commercial surface finish was provided by AMAG Austria
Metall AG (Ranshofen, Austria). The primary surface treatment was based on automotive
standards and included acid pickling and a subsequent washing process to clean the
substrate. The surface was then textured using electrical discharge texturing (EDT). The
1K epoxy structural adhesive in this study was BetamateTM 1630 (DuPont de Nemours
Corporation, Wilmington, USA). This commercial variant is based on a standard epoxy resin
with a corresponding hardener system and includes several additives and fillers. According
to the manufacturer’s data sheet, the curing temperature of the adhesive is 180 °C with
a curing time of 0.5 h. The tensile modulus of the adhesive is 1500 MPa with a stress at
break of 29 MPa and an elongation at break of 11%. To investigate the corrosion behaviour,
the entire surface of the aluminium specimens was lubricated with a Multidraw Drylube
E1 dry-film lubricant (DFL) (Zeller + Gmelin GmbH & Co. KG,, Eislingen, Germany) in
accordance with the standard industrial production process. This commercial hot melt
that can be used for all types of metal (e.g., steel, zinc-coated steel, pre-phosphatised steel,
stainless steel and aluminium) for coil coating. The dry lubricant met the requirements of
the German Association of the Automotive Industry (VDA)’s performance specifications
and is said to provide excellent formability and corrosion protection. The product’s data
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sheet describes Multidraw Drylube E1 as a water- and solvent-free dry lubricant based on
mineral oils. It is said to contain hydrocarbons of a higher melting weight, which explains
the processing temperature of the stated 70 °C. With a solidification point of approximately
40 °C, this dry lubricant is solid at room temperature. It is also resistant to ageing and is
biodegradable, and its properties, as provided in its data sheet, are listed in Table 1.

Table 1. Characteristics of the dry-film lubricant Multidraw Drylube E1 [18].

Parameter Value
Appearance/colour solid /brown
Density at 15 °C 870 kg/m3
Viscosity at 100 °C 11 mm? /s
Flashpoint >220°C

2.2. Sample Preparation

The assembly of the single-lap shear specimens according to German Institute for
Norms (DIN) European Norms (EN) 1465 consisted of two single aluminium panels with
a size of 100 x 25 mm?, joined together with an overlap of 10 mm using the structural
adhesive and a one-step curing at 180 °C. These curing conditions represent the curing con-
ditions used in the industrial application. Half of the samples were lubricated in advance
using the DFL at a load quantity of 1 g/m?2. The uniform distribution of the dry-film lubri-
cant was controlled using a coating thickness gauge (OFIS 2.0/ AMEPA GmbH, Wiirselen,
Germany). According to EN International Organisation for Norms (ISO) 527-2:2012, the
dumbbell specimens (Figure 1) for the dynamic mechanical analyses (DMAs) and tensile
tests were manufactured out of the adhesive. For this purpose, three different adhesive
blends with DFL concentrations from 0 to 1 wt.% were prepared using a SpeedMixer
(DAC150/FlackTek, Louisville, KA, USA) for 30 s at 3200 rpm. By means of a pneumatic
cartridge press, the blends were separately injected in a 3 mm thick polytetrafluoroethylene
(PTFE) mould and cured based on industrial application conditions at 180 °C for 30 min
in a heating press. Silicon-coated release paper acted as a separating aid on both sides of
the mould.

Figure 1. Preparation of adhesive dumbbell specimens according to EN ISO 527-2:2012.

2.3. Testing and Characterisation
2.3.1. Corrosion Test
According to the standard qualification procedures for adhered aluminium samples

within the automotive industry, the immersion tests were carried out for 168 h in a 5 wt.%
NaCl solution at 70 °C. To ensure comparability, every single test was conducted with



Lubricants 2023, 11, 437

4 of 14

2 L of immersion solution in a closed test chamber. The samples were stored below
the waterline for the entire duration of the test. After ageing, the samples were rinsed
with deionised water and then subjected to a re-drying phase for 24 h under standard
conditions. A summary of the experimental conditions can be found in Table 2. A schematic
representation of the research content of this study is presented in Figure 2.

Table 2. Summary of the experimental conditions for the corrosion testing.

Corrosion Test Parameters
Exposure time Temperature ~ Media Description Device
Immersion 5L of full Tosed
testin, o o ully close
& 168 h 70°C 5 wt.% NaCl immersed chamber

a3
YY

"

DFL

Figure 2. Schematic overview of the research content.

2.3.2. Tensile and Single-Lap Shear Test

Initially and also after each day of exposure to the immersion corrosion test, new
samples from the testing batch were always mechanically tested to evaluate the influence of
the DFL on the corrosion behaviour and the mechanical properties of the joints. Single-lap
shear testing was performed on a tensile testing machine (Z250/Zwick, Ulm, Germany)
with a 50 kN load capacity at 22 °C and 50% relative humidity (RH). The corrosion be-
haviour was described based on a fracture pattern analysis. An evaluation of the adhesive
fracture patterns was carried out according to the German German Association for Welding
and Allied Processes (DVS) guideline 3302 “Adhesive bonding in car body construction:
Evaluation of fracture patterns” [19]. The same mechanical testing procedure was used
to evaluate the influence of the DFL load quantity on the adhesion properties of the ad-
hered samples, as well as the influence of the DFL on the mechanical properties of the
adhesive itself.
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2.3.3. Dynamic Mechanical Analysis (DMA)

Interaction effects of the dry-film lubricant on the mechanical properties of the adhe-
sive were investigated using DMA. The analysis was performed using a modular compact
rheometer (MCR 502/ Anton PAAR, Graz, Austria) in the torsion mode and the correspond-
ing RheoCompass-Software 1.3 of the system supplier. The analyses were performed in a

temperature range of —100 to 200 °C at a frequency of 1 Hz and a heating rate of 3 K min 1.

2.3.4. Differential Scanning Calorimetry (DSC)

Changes in the thermal properties of the adhesive due to the DFL were evaluated using
DSC (Q2000/TA Instruments, Eschborn, Germany) with an integrated autosampler and a
cooling system. The measurements were executed in a temperature range of 30-250 °C in a
protective nitrogen atmosphere with a 10 K min~! heating rate.

2.3.5. Scanning Electron Microscopy (SEM)

The effect of the forming aid on the corrosive infiltration of the metal-adhesive inter-
face, as well as the morphological changes in the adhesive upon the immersion solution
uptake, was investigated using a scanning electron microscope (EVO 40/ Zeiss, Oberkochen,
Germany) with an operating voltage of 10 kV. Before scanning, the specimen surface was
coated with a thin gold layer by sputtering.

3. Results

In Figure 3, the results of the tensile tests are shown. The corrosion behaviours of
the lubricated and unlubricated samples after the immersion corrosion testing are directly
compared. The reference samples without DFL are highlighted in blue and the lubricated
samples in brown. In addition to the tensile shear strengths, the diagram shows the residual
forces as a function of the duration of the accelerated corrosion test. The results demonstrate
the influence of the DFL on the corrosion behaviour of the joined aluminium samples when
immersed in the NaCl solution over time.
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Figure 3. Overview of the mechanical testing values as a function of the duration of the immersion
testing. The corrosion resistances of the references without (blue) and samples with dry-film lubricant
(brown) are directly compared.

After a small initial drop within the first 48 h, the samples without lubrication showed
a relatively constant residual strength over the remaining test duration. In contrast, the
samples with dry lubricant already showed a 7% deterioration of the bonding performance
in the initial state. After 24 h of accelerated corrosion testing, there was already a 12%
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without

with DFL

Reference

decrease in the residual strength compared to the initial state. This corresponded to a
deviation of 5% compared to the nonlubricated samples. This discrepancy increased
as the corrosion test progressed. While the residual forces of the comparison samples
remained relatively constant at approximately 90% over the entire test period, the values
of the residual forces of the lubricated samples dropped rapidly. After only 4 days in the
accelerated corrosion test, the remaining residual strength was only 53%. Towards the
end of the test period, the samples only showed residual strength values of less than 10%,
which is equivalent to a complete loss of the bond strength and would, therefore, result in
a full component failure.

The influence of the DFL on the corrosion behaviour of the adhered aluminium
samples can also be described based on the fracture pattern analysis. The samples without
DFL, shown in Figure 4a-h, exhibited no corrosive attack of the metal-adhesive interface
during the immersion testing. The fracture patterns constantly showed cohesive failure
over the whole test period. It seems that the test duration and the associated infiltration of
the adhesive joint with the corrosive medium was not sufficient to achieve a weakening of
the adhesive bond caused by corrosion. By comparison, the samples that were lubricated
with DFL in advance already showed a corrosive attack after the first 24 h of testing.
It appears that the corrosion spread continuously from the edges of the tensile shear
specimens over the entire width of the adhered joints as the corrosion test continued. With
the increasing corrosive infiltration of the bondline through the ongoing corrosion test, as
shown in Figure 4i-p, the residual strength of the single-lap shear specimen decreased.
This behaviour can also be explained based on the fracture patterns shown. Corrosion in
the bonded joint, also known as bondline corrosion, spreads continuously in a semicircle
starting from the edges of the sample [20,21]. With the increasing test duration, the area of
the corrosive infiltration also increased. This weakening of the bonded joint is equivalent
to a decrease in the tensile shear strength, which was evident in the mechanical lap shear
test, as depicted in Figure 4. After completion of the immersion testing, the fracture pattern
of the lubricated samples showed laminar corrosive delamination over the whole bondline
and a remaining residual strength of less than 10% compared to the initial state. The
discolouration on the corresponding fracture patterns, as shown in Figure 4n-p, indicated
the formation of corrosion products. In addition to a change in the surface composition,
the products formed by the corrosion also influenced the adhesion of the adhesive to the
surface of the Al substrate. Consequently, the formation of the corrosion products always
corresponded to an excessive weakening of the adhesive bond.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

increasing corrosive fracture pattern

Figure 4. Fracture pattern comparison between the lubricated—(j—p)—-and nonlubricated—(b-h)-
samples before—(a,i)—and after immersion testing.
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In addition, cross-sections of the adhesive joints were characterised to gain more
information about the lubricant-induced corrosion mechanism. Figure 5 shows cross-
sectional images of an adhesive joint of a lubricated sample after five days of immersion
taken using SEM. The adhesive is delaminated over the whole bondline and already shows
degradation in the centre (Figure 5c). Measured by the thickness of the adhesive in the
bondline, the adhesive in the centre of the sample seems to have already degraded by
approximately half. This behaviour is the effect of crevice corrosion, with its corresponding
concentration gradient of the corrosion products starting from the edges with increasing
degradation towards the centre [22]. The result is delamination over the entire bondline
accompanied by the loss of bond strength. Figure 5c also shows the corrosion products
formed in the interphase between the Al substrate and the adhesive polymer. These
corrosion products promote the weakening of the adhesive bond, as described above.

Figure 5. Cross-section (a) of a lubricated adhesive joint after 5 days of immersion showing bondline
corrosion (b—d).

3.1. Displacement of DFL

Next to the effect on the corrosion behaviour, Figure 3 reveals an influence of DFL on
the mechanical properties of the adhesive joints already in the initial state. The lubricated
samples show a reduced tensile shear strength up to 7%. These findings indicate that the
adhesive cannot absorb the DFL completely. Therefore, a single-lap shear test series with
increasing DFL load quantities from zero to 5 g/m? was performed, with the results given
in Figure 6.
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Figure 6. Single-lap shear test results of specimens with ascending lubricant load quantities.
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The results confirm that the DFL reduced the tensile shear strength of the adhered
aluminium samples. The lubrication as commercially used, with an amount of 1 g/m? DFL,
already led to a 7% decrease in the tensile shear strength compared to the initial value. The
change became smaller with an increasing load quantity, which may be an indicator for
the lubricant’s displacement out of the adhesive joint. In the case of the saturation of the
adhesive polymer with the DFL, displacement can occur during the curing of the adhesive
joints. This process can be confirmed using the microscopic images shown in Figure 7.
The top view of an adhesive joint from a lubricated specimen indicates an incomplete
absorption of the DFL by the adhesive. The lubricant is literally squeezed out of the joint
region and generates a wedge with a much larger open surface area that for allows an
enhanced diffusion of the corrosive ingredients, like CI™ or H,O, of the immersion bath
into the bondline. This, in turn, favours corrosion and leads to a significantly accelerated
decrease in the bond strength.

P Al-Substrate

v‘.,m

Adhesive 100 pm

Figure 7. Microscopic top view of the DFL’s displacement out of the adhesive joint. Subfigure
(b) shows magnified section of subfigure (a).

3.2. Swelling of the Adhesive

Structural epoxy adhesives like the one used in this study are not resistant against
environmental conditions like humidity or water diffusion [7,10,12,23]. They are more
inclined to take up the surrounding water, which leads to an increase in volume [24,25].
Table 3 shows the swelling and change in volume of an adhesive specimen according to DIN
EN ISO 62:2008 during immersion in deionised water (DI) and in a 5 wt.% NaCl solution
at 70 °C. The length, width and thickness of the 40 x 40 mm? samples were measured
using a calliper gauge with an accuracy of 0.01 mm. The corresponding volumetric change
was calculated using Equation (1), where V; and V; are the volumes before and after

immersion, respectively.
AV V-V

S M

Table 3. Overview of the volumetric change after immersion.

Immersion Time (Days) Volume Change in DI Water Volume Change in NaCl

(vol.%) Solution(vol.%)
7 17 12
14 18 14
21 19 15

The results indicate that immersion in DI water leads to a higher volumetric change
than immersion in a 5 wt.% NaCl solution. This behaviour is the result of reverse osmosis
and has already been reported in the literature [26]. It is also well known that water
diffusion is a temperature-dependent process that proceeds many times faster at elevated
temperatures and leads to the swelling of the polymer network [25]. Furthermore, it is
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reported that swelling of the adhesive forms cavities in the vicinity of inorganic fillers inside
the polymer network due to the different expansion rates of both the polymer and inorganic
ingredients. This creates considerable free volume into which water or immersion solution
can enter [25]. At this point, it should also be noted that the water concentration inside the
polymer is dependent on further swelling. As the absorption of water goes on, the size
of the voids increases, which then leads to further diffusion [27,28]. Figure 8 confirms the
presence of cavities in the vicinity of inorganic fillers inside the polymer network of the
adhesive after immersion in a 5 wt.% NaCl solution for 7 days at 70 °C. Calcium oxide
(CaO) and calcium carbonate (CaCO3) are often used as inorganic fillers in commercial
adhesive formulations to adjust certain properties, such as the mechanical and rheological
properties and the sagging resistance [29]. CaO, for example, is a generally used adhesive
additive because of its chemical water-binding ability, with the intention to minimise water
deteriorative effects like the plasticisation of the adhesive. These particles can clearly be
identified by their shape and appearance during a microscopic characterisation of the
adhesive. Calcium carbonate is characteristically found in rectangular, layered particles,
whereas calcium oxide is usually found in a spherical form in the adhesive [30]. During
SEM characterisation, both particle shapes, associated to CaO and CaCO3, can be found
in the commercial adhesive polymer network. Furthermore, as already described above,
cavities in the vicinity of these inorganic fillers, caused by swelling, can be detected. These
voids favour the diffusion of immersion solution which promotes bondline corrosion at the
aluminium-adhesive interface.

Figure 8. SEM image of the adhesive after 7 days of immersion. The polymer network shows cavities
in the vicinity of organic fillers, as marked by the red arrows.

3.3. Change in the Polymer Matrix

At the aluminium-adhesive interface, the DFL is directly in contact with the adhesive
and can interact. Therefore, three different polymer blends with DFL concentrations
from 0 to 1 wt.% were prepared to simulate the interaction effect of a lubricant on the
mechanical properties of the adhesive. The result of the tensile test of the pure adhesive
dumbbell specimens with all three blends is shown in Figure 9 and indicates a change in
the mechanical properties of the adhesive itself due to the DFL.

With an increasing lubricant concentration, the tensile modulus, as well as the breaking
stress, decreased. The addition of 1 wt.% DFL to the adhesive resulted in a reduction of 7%
for both the tensile modulus and the breaking stress. The increase in the breaking elongation
with increasing DFL concentrations is the result of a lubricant-induced plasticisation of the
adhesive [31]. The dry-film lubricant behaves as a plasticizer and creates spaces between the
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epoxy polymer chains, reducing the intermolecular forces, like van der Waals and hydrogen
bonds, allowing the polymer chains to move more freely [32]. This results in an increased
elongation allowing the adhesive to stretch more before breaking. This behaviour might
be useful in some applications when an improved flexibility due to temperature changes
or mechanical forces is needed. However, there can also be drawbacks to this lubricant-
induced plasticisation, such as a reduced cohesive strength, which was also observed
during the tensile test of the adhesive dumbbell specimens. The observed decrease in the
internal strength of the adhesive was caused by the DFL and may lead to weaker bonds
in certain applications. Furthermore, plasticisers tend to migrate out of the adhesive over
time, leading to a change in the properties and other potential issues.

40 30
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Figure 9. Tensile test results of the adhesive blend dumbbell specimens with varying DFL concentra-
tions. The black line corresponds to the tensile modulus, the red line to the breaking stress and the
blue line to the breaking elongation.

This plasticisation was also observed in the DMA analysis. The loss factor tan § is
a measure of the dissipation energy of the sample and the peak maximum of its graph
can be used for the determination of the glass transition temperature, Tg [33]. The glass
transition temperature is the temperature range at which an amorphous material, like
certain polymers, such as epoxies, undergoes a reversible transition from a rigid, glassy
state to a softer, rubbery state upon heating or cooling. A change in the Ty is always
associated with a change in the material properties [33-35]. As shown in Figure 10, the DFL
reduces the glass transition temperature of the epoxy polymer by 2.5 degrees. This finding
can, again, be explained by the lubricant-induced plasticisation of the adhesive polymer
network. As mentioned above, the lubricant acts as a plasticiser, which can penetrate the
molecular structure of the adhesive, and the spaces created between the polymer chains
reduce the intermolecular forces, making the adhesive more flexible and rubberier. As
a result, the Ty of the adhesive decreases because the glass transition occurs at a lower
temperature. This finding confirms, once again, a DFL-induced change in the mechanical
properties of the adhesive.

In addition to the actual modification of the mechanical properties of the adhesive
due to the lubricant, a DSC analysis of the adhesive blends show an additional DFL-
induced change in the thermal properties of the epoxy polymer. Basically, two peaks could
be observed in the measurements. The small enthalpy peak at approximately 70 °C, as
depicted in Figure 11, is attributed to the dissolution of the hardener inside the polymer
network [36,37]. It was observed that the dry lubricant shifted the peak maximum by
approximately 2.7 °C towards lower temperatures, which means that the hardener began
to dissolve earlier due to the dry lubricant. The second and main peak is attributed to the
curing reaction of the epoxy adhesive at about 182 °C. The lubricant reduces the on-set
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temperature, which led to an earlier curing reaction. Additionally, the peak maximum of
the heat flow graph was reduced by 5 °C due to the DFL, as shown in Figure 11, and the
polymer network’s formation during the curing had in total a higher exothermicity.
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Figure 10. DMA analysis plot showing a DFL-induced reduction of the Ty of the adhesive.
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Figure 11. The DSC analysis reveals a change in the thermal properties after the interaction of the
adhesive with the DFL.

3.4. Corrosion Mechanism

Based on the above findings, the responsible corrosion mechanism seems to be a
combination of three processes based on different effects. The adhesive degradation during
the accelerated corrosion testing is a normal process and occurs also on nonlubricated
samples [7,12,20,26,38]. But in this case, the DFL promoted the degradation because of the
incomplete absorption of the lubricant from the adhesive. The residual lubricant stands
directly in contact with the adhesive at this interface (see Figure 12, number 1). This
interaction led to a change in the epoxy polymer matrix and its mechanical and thermal
properties. Additionally, the swelling of the adhesive, shown in Figure 12, number 2,
caused by the reinforced diffusion of the immersion solution due to the larger contact



Lubricants 2023, 11, 437

12 of 14

area of the DFL wedge, favoured further diffusion. The swelling of the adhesive created
cavities in the vicinity of the inorganic fillers inside the polymer network. The increased
free volume allowed the adhesive to absorb more immersion solution which promoted
bondline corrosion at the aluminium-adhesive interface. The logical consequence of an
incomplete absorption is, next to the already mentioned processes, a displacement out of
the joint, which generated a wedge with a much larger open surface area for the enhanced
diffusion of corrosive components (see Figure 12, number 3).

[1] 2] E

Al-Bulk

Figure 12. Overview of the responsible corrosion mechanisms. Number 1 represents the change in
the polymer matrix itself; number 2 displays the swelling of the adhesive; and number 3 illustrates
the displacement of the DFL, forming a wedge at the border.

4. Discussion and Conclusions

In this work, the influence of a DFL on the bond strength or the corrosion resistance of
a 6xxx aluminium alloy adhesive joint was investigated. Environmental influences were
simulated with an accelerated corrosion test, and the occurring corrosion mechanisms were
examined and identified.

e  Incomparison with a nonlubricated reference, the DFL promoted a reinforced corrosive
attack during a standardised immersion test procedure;

e  The fracture pattern analysis indicated bondline corrosion already after 24 h of testing.
A cross-section of a tested joint showed corrosive delamination of the adhesive, which
led to loss of the mechanical strength of the joint;

e  The load quantity of the dry lubricant already influenced the tensile shear strengths in
the initial state. Microscopic characterisation showed a displacement out of the joint,
which indicates an incomplete absorption of the DFL by the adhesive;

e Displacement favours the diffusion of corrosive media. This diffusion leads to a
swelling of the adhesive and forms cavities in the vicinity of inorganic fillers inside
the polymer network. These voids additionally favour the diffusion of immersion
solution, which promote bondline corrosion at the aluminium—-adhesive interface;

e  Atthe interface, the dry lubricant is directly in contact with the adhesive. The inter-
action between both the DFL and the adhesive leads to a change in the mechanical
and thermal properties of the adhesive. Tensile tests and a DMA revealed a lubricant-
induced plasticisation with a decrease in the glass transition temperature;

e The dry lubricant also affects the curing behaviour, which was observed with
DSC analysis.
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