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Abstract—This study examined the adhesion between anodized
aluminum alloy 7075 and epoxy adhesive, focusing on extending
the adhesive's service life. Characterization methods included
Vickers microhardness (HV), Atomic Force Microscopy (AFM),
Owens-Wendt-Rabel-Kaelble (OWRK) analysis, and shear testing.
Results showed that non-anodized samples with epoxy had the
highest HV values. AFM confirmed that anodization increases
surface roughness, while the epoxy formed a uniform, defect-free
film. OWRK analysis indicated that epoxy-coated samples had the
highest surface energy, dominated by the polar component,
confirming hydrophilicity and favorable adhesion. Shear testing
revealed that anodized and primed samples bonded with epoxy
beyond its nominal service life achieved the highest shear stress,
demonstrating the potential to extend adhesive usability. The
adhesion parameter b was also the highest for anodized and primed
samples, confirming superior bonding performance. Overall,
anodization combined with priming enhanced adhesion and
supported the sustainable extension of epoxy adhesive service life.

Keywords—epoxy resin, aluminium alloy, adhesion, anodization,
mechanical properties, service life

I. INTRODUCTION

Aluminum and its alloys are the second most commonly used
metal materials. The strength, light weight, and machinability of
aluminum have led to its increased use in transportation systems,
including aircrafts, in an effort to reduce fuel consumption and
achieve economic benefits [1]. Aluminum alloys used in aircrafts
provide easy machinability and are suitable for a variety of
forming and joining techniques. With proper use, Al-alloys have
been developed to offer optimal corrosion resistance in a wide
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variety of environments [2]. According to the type of alloying
elements, Al-alloys are classified into series from 1000 to 9000
[3]. Alloys in the 7000 series, where Zn is the main alloying
element, have exceptional mechanical properties, heat
processability, but lower corrosion resistance [4]. These are hard
alloys and are very common in the aviation industry, especially
the 7075 series, due to their exceptional mechanical properties.

Epoxy resins are a class of reactive prepolymers containing
epoxy groups [5]. After curing, they form thermosetting
crosslinked polymer structures, which are characterized by
excellent adhesion, chemical and thermal resistance, good
mechanical properties, and very good electrical insulation
properties [6]. The most important applications of epoxy resins
are in the form of coatings and adhesives. Two-component epoxy
coatings have been developed for difficult and specific working
conditions on metal substrates and are known to consume less
energy than thermally cured powder coatings. These systems
provide a solid, protective coating with exceptional hardness [7].
Epoxy coatings are widely used for the protection of mild and
other steels due to their excellent protective properties [8]. On
the other hand, epoxy adhesives are the main representatives of
engineering adhesives. These highly effective adhesives are used
in the construction of aircraft, automobiles, bicycles, boats, skis
and other products where high strength is required [9]. Epoxy
adhesives can be developed to suit almost any application, and
can be used as adhesives for wood, metal, glass, stone and some
plastics [10]. Their properties can be adjusted based on the future
application. Epoxy plays an important role, particularly when it
comes to joints, because its application can replace heavy
mechanical joints and fasteners, especially in aircrafts.
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A. Samples Preparation

Aluminum alloy 7075 plates were used as substrate samples
in this study. Three series of samples were prepared, depending
on the type of applied test. First series (83 x 25 x 2 mm) were
used to determine the adhesion of the resin to the metal substrate.
Second series (10 x 10 x 2 mm) were used to determine the effect
of metal substrate surface treatment on adhesion. Third series
(200 x 25 x 2 mm) were used to test the service life extension of
adhesive.

Loctite EA 934NA AERO, a two-component, thixotropic
epoxy resin-based adhesive with mixing ratio of 100:33, was
used as the adhesive. It is stored in a refrigerator at +4 °C. After
mixing of components, the adhesive was left at room temperature
for 15 minutes. The adhesive was then applied to the surfaces of
the metal plates by hand. The first and the second series of
samples were dried at room temperature. In the third series, a
primer was also applied and then the samples were vacuum dried
for 24 h.

Primer BR127, containing 60-75% methyl ethyl ketone, 10-
30% 2-ethoxyethanol, 0.1-1% methanol, 1-5% epoxy/phenolic
resin, 1-5% strontium chromate and up to 0.02% formaldehyde,
was used as a corrosion inhibitor in the third series of samples.

THE EXPERIMENTAL METHOD

Some samples from all three series underwent anodization
surface treatment in phosphoric acid (BETAHEM Ltd, 85.5%),
in a time interval of 15 minutes, after which they were washed
with water. The phosphoric acid in the anodizing bath is diluted
in a ratio of 0.5 L of acid to 3.78 L of water (pH = 1). The
anodization current was 2 A, and the voltage was 12 V.

The first series of five samples was prepared as follows:
adhesive was applied to two plates in different thicknesses, one
plate was anodized and the adhesive was applied to the treated
surface, while one was only anodized and without adhesive. The
fifth sample was non-anodized and without adhesive (pure

alloy).

The second series includes three samples. One sample was
non-anodized and without adhesive (pure alloy) and the other
two were anodized, one of which had an adhesive applied to it.

The third series includes 12 samples made of 24 plates. A
total of 12 plates were anodized and treated with primer, where
the three samples were made with adhesive within the service
life (Group 1) and outside the service life (Group 2). The other
12 plates were not anodized, but were also used to make six
samples following the same principle (Groups 3 and 4). Two
additional samples of the same dimensions were prepared: the
first was anodized and primed and with adhesive within the
service life, while the second was not anodized, not primed, and
with adhesive outside the service life.

B. Testing Protocols

1) Vickers method

The microhardness of the samples was tested using the
standard Vickers method, applying loads of 25, 50, 100, 250 and
300 gf, while the duration was 25 s per indentation of a regular,
four-sided diamond pyramid. Vickers hardness (HV) value was
calculated using the following equation [11]:
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where F is aplied pressing force (N) and d is mean value of the
diagonals (mm). The impression diagonals were measured using
the GIMP (GNU Image Manipulation Program) [12].

In the third series of samples, the microhardness was
measured using varying loads to determine the adhesion
parameter b, which depends on the combination of the film and
substrate and the adhesion between them. Parameter b was
calculated using the following equation [13]:

P
X

b= @
where p is radius of the plastic zone under the indentation and x
is insertion depth.

2) AFM method

The topography and surface roughness of the samples were
examined using an atomic force microscopy (AFM). AFM
characterization was performed using an Auto Probe CP
Research; TM Microscopes — Veeco Instruments, Santa Barbara,
CA, USA. AFM measurements were carried out using semi-
contact mode with a NSGO1 cantilever resonance frequency of
150 kHz. The cantilever was made of monocrystalline silicon (n-
type, 0.01-0.25 Q-cm), doped with antimony and coated with a
reflective layer of gold (Au). The set point during AFM
measurements was 60% of the amplitude of free oscillations and
all measurements were carried out with 256 points per line and
256 lines in total [14]. Root mean square roughness value (Sq) of
the surfaces of the prepared samples were determined using the
free software Gwyddion 2.61 (open source software, Czech
Metrological Institute, Jihlava, Czech Republic) [15]. In order to
analyze surface morphology, four scanned areas of 10 x 10, 30 x
30, 50 x 50 and 70 x 70 um? were used.

3) OWRK method

The surface energy (y) cannot be directly measured, therefore
several models have been proposed that measure contact angle.
The OWRK (Owens, Wendt, Rabel, Kaelble) model is one of the
most commonly used methods [16]. Calculating surface free
energy using this model requires measuring the contact angle
with two known liquids, in this case water and glycerin. The
following equation was used to calculate the surface energy:
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where 0 is the contact angle, ys and y._ are the surface energy of
solid and liquid matter, ydL and yi are the dispersion and polar
contribution of surface energy of liquid or solid yg matter. The

equation for estimated work of adhesion for water (WAw) and for
glycerin (WAg) is [16]:

n
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WA =1y, - (1 + cosb). 4)
where WA is the work of adhesion between the aluminum
substrate and the liquid (WAw or WAG) in mN/m?. The water
contact angle (WCA) or glycerin contact angle (GCA) is the
contact angle @ in radians. The surface energy of the liquid, y., is
the sum of the polar and dispersed parts. Contact angles of liquid
droplets were measured in the GIMP program.



4) Shear test

All samples were tested for shear strength using a shearing
machine, Shimadzu AG-X Plus 250kN. This testing was
necessary because shear strength is the maximum shear stress
that a material can withstand before fracturing. Therefore, all
samples were tested to determine which had the highest shear
stress value, and thus the greatest shear strength.

Since three samples were made of each of four groups,
depending on the surface treatment and the adhesive resource, it
was necessary to calculate the average value of the maximum
stress for each type of sample. The shear stress is calculated as
the quotient of the force and the tested area, while the maximum
shear stress was calculated as the quotient of the maximum force
and the area. After the maximum shear stress was calculated for
each of the three causes, its average value was calculated, which
was further taken into account when comparing the results.

I1l. RESULTS AND DISCUSSION

A. Results of characterization methods

1) Vickers method results

Table | provides an overview of the results obtained using the
Vickers method, while Fig. 1 shows microscopic images of the
impressions left by the indenter.

TABLE I. VICKERS HARDNESS (HV) VALUES FOR THE TESTED SAMPLES
Applied _ H_v (GPa) .
load, P (gf) Samples with Anodized samples | Anodized samples
' adhesive with adhesive without adhesive
25 - - 5.05-102 + 0.005
50 - 7.55-102+0.006 | 5.03-102+0.005
100 8.93-102+0.007 | 7.80-102+0.007 | 5.00-102+0.007
250 9.55:102+0.009 | 4.82:102+0.005 | 5.43-102+0.006
300 1.01-10*+£0.011 | 537-102+£0.004 | 5.12:102+0.004

Fig. 1. Microscopic images of the indenter impressions: (a) sample with
adhesive (250 gf), (b) anodized sample with adhesive (50 gf) and (c) anodized
sample without adhesive (250 gf)

The anodized sample showed approximately the same HV at
each of the applied load. HV ranged from 5.00-1072 to 5.43-1072
GPa. A drastic change in the HV can be observed in the case of
an anodized sample with a layer of adhesive. It has a significantly
higher HV at lower loads, while at higher loads HV decreased.

Based on the change in the microhardness of the Al substrate
subjected to anodization, it is clearly seen that the change in the
microstructure and topography of the sample is a key influencing
factor on the mechanics of the substrate. This claim will be
proven through the change of topography. By modifying the
substrate, better adhesiveness of the epoxy resin was achieved.

At higher loads, the highest HV was shown by the sample
that was not subjected to surface treatment, but only a layer of
adhesive was applied to its surface. HV reaches a value of up to
1.01-10t GPa, when the load is 300 gf, which is the maximum
value of the load in this work. Also, at 100 and 250 ¢f, this
sample shows the highest HV value, while for the other samples,
the value of HV decreases with increasing load.

2) AFM analysis results

On the basis of 2D AFM images, representations of the
microstructure of the samples were obtained, and roughness
parameters were calculated using the profile analysis software.
On the basis of 3D AFM images, visual representations of the
appearance of the surface of the samples were obtained. On the
basis of the distribution histogram, it was determined whether the
sample has a nano- or micro-topography.

In the 2D AFM images of the pure alloy (Fig. 2a), parallel
polishing lines are clearly visible, reflecting the sheet’s industrial
finishing. In the 2D AFM images of the anodized sample without
adhesive (Fig. 2b), bright irregular aggregates are clearly visible.
These nodular formations vary in size and distribution, with
some appearing large while many of them are smaller, most
likely resulting from increased oxidation during anodization
[17]. In 7075 aluminum alloys, intermetallic phases such as
Al-Cu, MgZn,, and Fe-Si are commonly present, and their
influence during anodization can lead to locally thicker oxide
layers [18]. Parallel lines in the background, extending
horizontally, reflect mechanical polishing from industrial
processing, which becomes more pronounced after anodization.
A very smooth and uniform topography was obtained on the
epoxy surface (Fig. 2c). The values of the roughness parameter
(Sq) obtained from image analysis are: 40.83 nm (Fig. 2a), 251.8
nm (Fig. 2b), and 21.02 (Fig. 2c).
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Fig. 2. 2D-AFM images of: (a) pure Al-alloy (30 x 30 um?), (b) anodized
sample without adhesive (50 x 50 um?) and (c) anodized sample with adhesive
(10 x 10 pm?)

Because the alloy is relatively soft, these marks are easily
preserved. The 3D images (Fig. 3a) further reveal grooves and
ridges, confirming polishing as a mechanical surface treatment.
The furrows and bumps highlight an anisotropic topography,



with features spatially and periodically oriented by the polishing
process. The 3D AFM images (Fig. 3b) confirm uneven oxide
growth, showing sharp spikes that correspond to intermetallic
particles or inclusions initiating localized thickening. Numerous
small conical features indicate a porous and inhomogeneous
anodic film, with ridges suggesting local oxide accumulation or
residual impurities. The surface appears highly uneven, with
repeating pore structures that are sometimes exaggerated,
pointing to irregular dissolution or deposition processes. AFM
analysis of the anodized sample with adhesive shows a smooth,
homogeneous surface without defects, pores, or cracks (Fig. 3c).
Only slight undulations reflect the underlying anodized
substrate. The distribution histograms accompanying Figure 3
are shown in Figure 4.
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Fig. 3. AFM 3D images of (a) pure alloy (30 x 30 mm?), (b) anodized sample
without adhesive (30 x 30 mm?) and (c) anodized sample with adhesive (10 x
10 mm?)

The height histogram is narrowly distributed, with a main
peak around 190 nm, corresponding to the epoxy film thickness.

Few values fall below 150 nm, confirming complete coverage,
while minor elevations (250-300 nm) suggest localized epoxy
accumulation in pores or microdomes formed during drying.
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Fig. 4. AFM histograms of (a) pure alloy (30 x 30 mm?), (b) anodized sample

without adhesive (30 x 30 mm?) and (c) anodized sample with adhesive (10 x
10 mm?)

3) OWRK method results

Table 1l shows the results of the OWRK test. The OWRK
analysis showed that the pure alloy surface exhibits low wetting
angles for both water and glycerin (<90°) and both liquids spread
nicely on the surface of the sample (Fig. 5), which means that the
alloy is hydrophilic.

TABLE II. PARAMETER VALUES OF OWRK METHOD
Pure alloy Anodized Anodized sample
Parameter ; ]
sample sample with adhesive

WCA (°) 5721+32 68.18+4.1 5321+28
GCA () 60.39+4.1 7525+53 765749
vs® (MN/m) 4.50853 0.68193 5.3293
vP (MN/m) 418779 41.6605 93.3305
v (mN/m) 46.3864 42.3425 98.6599
WA,, (MN/m?) 112.257 99.8999 116.426
WA (MN/m?) 95.6517 80.3357 78.9066
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Fig. 5. Drops of water (left) and glycerin (right) at the surface of (a) pure
alloy, (b) anodized sample without adhesive and (c) anodized sample with
adhesive

Anodization creates a rougher surface with micropores and
channels (Fig.4). Contact angles are larger than those of the pure
alloy (Table II), resulting in reduced wetting, especially for
higher-viscosity fluids such as glycerin. The total surface energy
also decreases. This outcome is expected for an anodized sample
because the oxide layer formed on the surface contains fewer free
electrons, leading to weaker polar interactions with water [19].
Compared to glycerin, water exhibits better wetting and a smaller
contact angle, and due to its lower viscosity, it can partially fill
the pores created by anodization. Compared to the pure alloy
sample, the anodized sample has lower surface energy, higher
contact angles, and lower adhesiveness, but is chemically more
stable.

The sample with an applied layer of epoxy on the surface
showed the highest values of surface energy, with a particularly
strong polar component, which proves very good adhesiveness
and hydrophilicity. The contact angle for water is less than 60°,
so the surface is very hydrophilic. The surface shows a very polar
character, which means that it reacts dominantly with polar
liquids (water). A low value of y< indicates that the adhesion of
the epoxide was primarily chemically (polarly) driven and not
entirely via van der Waals forces [20]. The analysis of y?and y»
values shows that this sample had an extremely high polar
component and a very small dispersed component. Therefore, the
epoxy adhesive has many polar functional groups (carbonyl,
amide, hydroxyl), so water has a smaller contact angle on such a
surface compared to glycerin. Glycerin cannot maximally
respond to the polar surface because it contains a combination of
polar and dispersed components. In addition, glycerin is a larger
molecule and more viscous than water, which leads to a limited
orientation of the —OH groups towards the surface and a larger
contact angle [15].
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B. Service Life Extension

Shear test results (Table I11) show that Groups 1 and 2, which
underwent anodization and priming, achieved the highest shear
stress values, confirming the importance of substrate treatment
before adhesive application. Interestingly, Group 2, bonded with
adhesive beyond its nominal service life, exhibited higher
strength than Group 1, where the adhesive was within service
life. The lower strength of Group 1 may be due to inadequate
storage or transport conditions affecting the adhesive quality.
This finding suggests that extending adhesive service life is
possible under proper handling. In contrast, Groups3 and4,
which lacked surface treatment, showed significantly lower
shear strength, underscoring the critical role of anodization and
priming in achieving reliable adhesion.

TABLE III. AVERAGE VALUES OF MAXIMUM SHEAR STRESS
Group of Surface treatment Adhesive Shear stress (kPa)
samples
Anodization and Within the
1 Priming service life 8,585.6 £2,296.8
2 Anodlgat_lon and Outs_lde t_he 12671.0 £ 2,072.0
Priming service life
3 No Within the 2,847.0 +155.2
service life
4 No Outside the 2,219.0 + 602.4
service life

The parameter b for the sample with the adhesive within and
outside the service life was 56 and 41, respectively. These results
indicate a higher adhesion for the sample that was anodized,
primed and applied with the adhesive within the service life.
Surface treatment enabled better contact between the adhesive
and the substrate.

1V. CONCLUSION

The research carried out within this work included the study
of different types of materials with a special focus on adhesive
processes and surface phenomena of aluminum alloy 7075.
Special attention was focused on the examination of interfacial
adhesion and the influence of surface treatment on surface
properties, which resulted in a comprehensive picture of the
connection between microstructure, roughness, surface energy
and the strength of the bond between the epoxy coating and the
substrate. Also, the possibility of extending the shelf life of the
same epoxy adhesive that has been used commercially in
aviation for many years was presented.
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