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Abstract: This article presents a study of the possibility of creating adhesive-mechanical bonds between aluminum and a thermoplastic
matrix composite. In detail, the influence of drilling process parameters on the shape of the bushing and the formation of joints with fiber-
reinforced composites during direct drilling using various tool speeds and feeds is examined. Finally, the load-bearing capacity of the

formed joints is presented.
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1. Introduction

In today’s engineering industry, particularly in the automotive
and aerospace sectors, there is a growing need to join dissimilar
materials in order to reduce the weight of structures while
maintaining their load-bearing capacity and safety. Joining thin-
walled components made of aluminum alloys and composites is
relatively complex because these materials have different physical
and mechanical properties. It is precisely the complexity of joining
these materials that requires the use of advanced technologies that
employ multiple joining principles simultaneously, such as the
application of pressure, heat, and mechanical interlocking of
materials [1-3]. In the joining of thin-walled materials, the geometry
of the mechanical joint plays a particularly important role, as it
significantly influences its load-bearing capacity [4-7]. By
appropriately modifying the shape and dimensions of the joint, it is
possible to increase its load-bearing capacity without the need to
add additional fasteners, which also helps maintain low weight and
reduce manufacturing costs.

The aim of the experimental work was to investigate the
possibilities of creating hybrid adhesive-mechanical joints between
fiber-reinforced composites with a thermoplastic matrix and glass
and carbon reinforcement and aluminum alloy sheets using thermal
drilling technology without the use of fasteners. The adhesive joint
is formed by pressing the heated composite with the thermoplastic
matrix and the sheet metal across the entire overlap area. At the
same time, the joint is secured by a metal bushing, which is created
by drilling through the overlapped pair with a thermal drill bit, such
that, thanks to the heated thermoplastic matrix, the reinforcing
fibers in the vicinity of the forming bushing deflect without
breaking. This prevents any weakening of the composite part’s
load-bearing capacity at the joint, Fig. 1.
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To improve adhesion between the composite and the aluminum
sheet, an organosilicate agent with organomodified silica
nanoparticles was used in the study; this agent is applied to the steel
surface using the sol-gel method, where it forms a colorless,
transparent gel layer. After dehydration, a three-dimensional
network of silicate compounds linked by siloxane bonds is formed.
The organosilicate molecule has three key parts:

e a molecular core of aryl or alkyl origin ((CH; )n, where n =0,
1,0r3)

e a molecular end group containing an organic functional group
(amino, vinyl, alkyl, etc.) that enables bonding to a specific
organic monomer or polymer molecule via functional group
interaction

e the other end of the molecule consists of an alkoxysilane group
(Si(OR)n), where n = 3, which can bond to inorganic materials
(metals, minerals, etc.).

By applying this preparation, we expect the formation of a
strong bond between the metal substrate and the thermoplastic
composite matrix via chemical bonds, which could result in
increased adhesion of the joint.

2. Materials and Methods

EN AW-6082 T6 (AlSilMgMn) aluminum alloy, a precipitation-
hardened silumin, was used to form the joints in the form of 2 mm
thick sheet metal.

Two types of composites were used: TEPEX Dynalite 102-
RG600(3)/47% and Tepex® Dynalite 202-C 200(7)/52%, both with
a thickness of 1.55 mm. The matrix is PA6 thermoplastic with a
melting point of 220°C; the bidirectional reinforcement is carbon or
glass roving fabric (Twill 2/2), Tab. 1.

Tab. 1 Mechanical properties of materials used

Mechanical properties EN AW-6082 T6 | PA6-GF | PA6-CF
Re [MPa] 299 - -
Rm [MPa] 345 340 487
Ago [%] 16 1.8 0.87

A Flowdrill Long tool with a diameter of 5.3 mm was used for
thermal drilling. The shape and dimensions of the test specimens
were derived from the tool diameter in accordance with STN EN
ISO 12996 and are shown in Fig. 2.
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Fig. 2 Shape and dimensions of test specimens and the sigle-lap joint for the
Flowdrill Long tool, @ 5.3 mm
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The surface of the aluminum sheet was degreased with an
alkaline degreaser, followed by rinsing, immersion in a solution of
an organosilicate compound in demineralized water, and then air-
dried.

The materials to be joined were placed in a clamping fixture,
where the composite was also heated; after reaching the melting
temperature of the PA6 matrix (>220°C, approx. 240°C), friction
drilling was performed to join the two materials. The joint was then
rotated, and a flange was created using the same tool to close the
joint, Fig. 3. During thermal drilling, the effect of tool speed and
feed rate on the formation of the bushing was also tested separately
in aluminum sheet metal, as well as in interaction with the
composite. The tested tool speeds were 2400 and 4800 min~ !, and
the feed was manual, slow (S, approx. 60 mm-min*) and fast (F,
approx. 240 mm-min™).

composite Al
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final joint closed by fl
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Fig. 3 Procedure for creating joints

The joints were then tested for load-bearing capacity using a
tensile-shear test with a loading rate of 10 mm-min™* in accordance
with STN EN SO 12996.

3. Results

Metallographic sections through the bushing, created by thermal
drilling of an aluminum sheet at two tool speeds and feed rates, are
shown in Tab. 2.

Tab. 2 Metallographic sections through the bushing created under various
process parameters

2400

4800

Tab. 2 shows the effect of process parameters on the shape of
the bushing. The ideal bushing should be long enough to pass
through a composite plate with a thickness of 1.55 mm and should
have a shape that tapers smoothly. The greatest thickness of the
bushing is just below the level of the sheet metal. It is precisely this
area that should ensure sufficient joint strength and should be the
point of failure of the bushing under tensile shear test.

Subsequently, direct joints were created under the given process
parameters. Their cross-sections are shown in Tab. 3.

Tab. 3 Metallographic cross-sections of AI-PA6CF joints created under
various process parameters by direct drilling

Al-PA6CF

2400

2400

4800
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Tab. 3 shows changes in the shape of the bushing under various
process parameters. The most suitable shape is observed at 2400S
and 4800S. A slower feed rate creates better conditions for forming
a bushing with the desired shape. From previous research, we know
that for non-ferrous metals, it is more appropriate to select higher
speeds, which is also recommended by the manufacturer of thermal
drilling tools. Delamination of the composite around the bushing is
also visible, which may be related to insufficient heating. However,
this problem is mitigated by flanging the joints. The same cuts were
made for AI-PA6GF joints, Tab. 4.

When drilling aluminum sheet on a composite panel, the
influence of process parameters is less noticeable because the glass-
fiber composite consists of only three layers of prepregs (unlike CF,
which has seven layers for the same thickness), the fibers are
thicker, the mat strands are more robust, and the fibers as a whole
offer less resistance to tool penetration during thermal drilling. For
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the subsequent creation of joints intended for load-bearing capacity
testing, a tool speed of 4800 rpm and a slow feed rate (approx. 60
mm/min) were used.

Tab. 4 Metallographic cross-sections of Al-PA6GF joints created under
various process parameters by direct drilling

Al-PA6GF

2400

4800

=

Al-PAGCF

Cross-sections of joints created under these process parameters
and closed with a flange are shown in Tab. 5.

Tab. 5 (AlI-PA6GF) also shows potential defects resulting from
manual feeding, namely excessive flattening of the bushing during
flanging. CNC control of the process is, of course, possible, but it is
very difficult to integrate the heating unit into a CNC-controlled
process.

Tab. 5 Cross-sections of joints closed with a flange

Al-PA6GF

A properly executed flange closes the layers of composite fibers and
prevents their delamination, Fig. 4.

fiber-rich zone

Fig. 4 Proper hem finishing

Figures 5 and 6 show the load-displacement curves obtained during
joint load-bearing capacity testing, as well as the failure patterns.
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a) load-displacement curve of Al-PAGCF joint

b) failure mode of Al-PAGBCF joint
Fig. 5 Load-bearing capacity testing and failure mode of the Al-PA6CF joint

Fig. 5 clearly shows that the tensile loading of the Al-PA6CF
joint exhibits a behavior typical of the progressive shear failure of
the bushing. The maximum load-bearing capacity of the joint,
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which consists solely of mechanical interlocking, is 2.1 kN. Failure
occurs over a distance of approximately 2 mm, which would ideally
correspond to the gradual shearing of the bushing—an aluminum
alloy ring. However, observation of the joint failure surface shows
that the bushing was only deformed when the joint was stressed; no
shearing occurred. The composite slid along the outer conical
surface of the bushing, causing it to move away from the sheet
metal and finally pull out.

The loading history of the AIOS-PAG6GF joint, Fig. 6, is different; it
exhibits the characteristics of a hybrid adhesive-mechanical joint.
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a) load-displacement curve of AIOS-PAG6GF joint

b) failure mode of AIOS-PA6GF joint
Fig. 6 Load-bearing capacity testing and failure mode of the AlI-PA6GF joint

The load-displacement curve shows two distinct regions: first, a
peak is observed, corresponding to the transfer of forces through the
adhesive bond between the two materials via the PA6 thermoplastic
matrix across the entire overlap area. The adhesive bond fails at a
load of 3 kN, and subsequently, the connection between the two
materials is maintained only by the bushing, which gradually
deforms, just as was described for the Al-PAGCF joint.

The measured data indicate that the organosilicate layer has a
positive effect on the adhesive bond between the materials;
however, there must be sufficient polymer matrix on the composite
side, which, after melting, would contribute to the formation of the
adhesive bond. According to the results, the glass fiber composite
has more matrix available than the carbon fiber composite.
Therefore, a hybrid bond does not form in the carbon fibre
composite.

However, deformation of the bushing is not an ideal mode of
joint failure; it does not guarantee that the mechanical properties of
the Al sheet are fully utilized. Maximum utilization would occur if
the failure took place immediately below the level of the sheet, at
the point where the bushing is thickest, where there is the most
material ensuring load-bearing capacity. To achieve this, it is
necessary to eliminate the tangential component of the force during
loading, which causes the composite to slip out of the bushing. We
will address this issue in future research.
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Conclusion

Based on the experimental results, it can be concluded that thermal
drilling technology is an effective method for creating hybrid
adhesive-mechanical bonds between aluminum alloys and
thermoplastic composites without the need for additional fasteners.
The study confirmed that the process parameters, specifically higher
rotational speed (4800 min~ ') and slow feed rate (60 mm.min~ '),
ensure optimal formation of the aluminum sleeve and flange, which
seals the composite layers and prevents their delamination. The use
of an organosilicate primer demonstrated a positive effect on
adhesion, which was particularly evident in the glass-fiber
composite (PA6-GF), where the joint achieved a load-bearing
capacity of 3 kN due to a combination of adhesive and mechanical
principles. In contrast, for carbon-fiber composites (PA6-CF), the
load-bearing capacity was lower (2.1 kN), and the joint was purely
mechanical in nature due to the lack of a polymer matrix to form an
adhesive bond. The primary failure mechanism remains
deformation and pull-out of the sleeve, which opens the door for
further research aimed at optimizing the joint geometry and
eliminating the forces causing the composite to slip.
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