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A B S T R A C T

The combination of additively manufactured metallic parts with fibre-reinforced composites offers new oppor
tunities for constructing lightweight, high-performance structures. However, joining dissimilar materials remains 
challenging due to their differing properties. One promising method is mechanical interlocking, where compo
nents are physically interlocked, often via features referred to as pins. This study investigates the effects of 
macroscopic pin distribution and anodizing treatment on the mechanical strength and corrosion resistance of co- 
bonded joints. AlSi10Mg substrates, with their surfaces modified to realize pins, were manufactured by powder 
bed fusion-laser beam process and bonded with basalt fibre-reinforced epoxy composites. Both the influence of 
four different pin distributions and sulfuric acid anodizing surface treatment were analysed. Results showed that 
a low pin density (4 × 4 configuration) favoured interlocking, increasing joint resistance and shifting the failure 
mode from predominantly adhesive to cohesive. Anodizing further enhanced joint resistance, regardless of pin 
distribution. Polarization curves and electrochemical impedance spectroscopy confirmed that anodizing treat
ment improves corrosion properties by forming a porous oxide layer, which significantly reduces current density 
in the passive range. In conclusion, the present paper highlights the combined influence of geometric inter
locking and surface treatment in optimizing metal-composite adhesion, providing guidance for advanced 
structural applications in the aerospace, automotive, and marine industries.

1. Introduction

Polymer Matrix Composites (PMCs) are widely used in many in
dustrial fields due to their ability to provide good mechanical properties 
while maintaining a low weight. In industrial applications, PMCs are 
often integrated with metallic parts to obtain higher-performance as
semblies that can achieve a wide range of structural and functional 
properties. Joining these dissimilar materials poses many challenges due 
to their different mechanical and physical properties. Nowadays, the 

most common joining technologies are mechanical fastening methods, 
such as riveting, bolting, and clinching, and adhesive bonding processes, 
typically involving epoxy-based adhesive [1]. Although widely 
employed, these approaches present inherent limitations. For instance, 
mechanical fastening methods, such as riveting, require the creation of 
holes, which can lead to stress concentration and potentially weaken the 
material [2]. Adhesive bonding, on the other hand, often involves long 
curing times and is susceptible to degradation over time or under 
adverse environmental conditions [2,3]. Consequently, novel joining 

Abbreviations: PMC, polymer matrix composite; AM, additive manufacturing; PBF-EB, powder bed fusion-electron beam; CFRP, carbon fibre-reinforced polymer; 
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electron microscope; EIS, electrochemical impedance spectroscopy; OCP, open circuit potential; EDX, energy dispersive X-ray spectroscopy; EEC, electrical equivalent 
circuit.
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technologies are currently under investigation. Among these emerging 
joining methods, mechanical interlocking is gaining a large interest from 
many industrial fields thanks to its huge potential. Mechanical inter
locking is defined as the joining of parts through a geometrical interlock 
between components, often involving features such as grooves or pro
trusions – hereafter referred to as pins. Compared with traditional pro
cesses, this method offers high strength and toughness, achieved without 
the need for additional locking elements or holes, thereby reducing the 
risk of catastrophic failure [4,5]. Nevertheless, the performance of such 
joints is still highly dependent on the quality of metal-PMC interface. For 
this reason, interfacial modification techniques can effectively 
contribute to enhancing adhesion and promoting more reliable bonding.

The interlocking features can be produced through various conven
tional processes, such as machining, or by employing Additive 
Manufacturing (AM) techniques. In particular, AM enables the creation 
of complex and unique interlocking features that could strongly enhance 
the joining performance [6]. Furthermore, this would allow joining a 
PMC substrate together with a metallic component characterised by a 
topologically optimized design, resulting in a structure that is both high- 
performing and lightweight.

Consequently, the combination of mechanical interlocking with AM 
could represent a promising approach for the development of innovative 
joining solutions [7–10]. As a result, in recent years, many studies have 
focused on optimizing interlocking features built via AM to achieve the 
most suitable joining performances. Within this framework, pin geom
etry, spacing, and surface quality are identified as the primary param
eters governing joint performance [11–15].

Sarantinos et al. [15], for example, studied the joining performances 
of titanium substrates produced via Powder Bed Fusion Electron-Beam 
(PBF-EB) and Carbon Fibre-Reinforced Polymer (CFRP). The study 
considered three different pin geometries and demonstrated that the pin 
shape significantly influences the joint load-bearing behaviour and 
failure mechanisms. Notably, the introduction of undercut features 
resulted in the maximum pull-out force and energy absorption. Similar 
results were obtained by Parkes et al. [16] on Ti6Al4V components 
fabricated by Powder Bed Fusion Laser-Beam (PBF-LB) and CFRP joints. 
The authors confirmed that the conical head of the arrow-shaped pin 
enables effective embedding and anchoring of the fibres, providing an 

enhanced mechanical interlock. Graham et al. [17] worked on the 
joining performance of AISI 316 with glass fibre-reinforced polymer, 
demonstrating that an optimized pin distribution can reduce stress 
concentration and minimize the disruption of the fibre architecture. 
Furthermore, an effective pin distribution can shift the failure regime, 
promoting a more ductile failure mode, while increasing energy ab
sorption and improving the overall joint performance. These findings 
align with those of Woitun et al. [11], who highlighted that achieving 
uniform stress distribution, through evenly distributed surface features, 
is a key factor for enhancing bond strength.

Ultimately, when coupling dissimilar materials, surface properties – 
particularly surface roughness – also play a crucial role. This occurs 
because surface roughness enhances the effective contact area between 
the materials, enabling one material to mechanically interlock with the 
surface asperities of the other, thereby improving adhesion [18]. 
Therefore, several studies have focused on tailoring surface roughness 
through the modification of AM process parameters or through post- 
processing treatments to promote the activation of the micro- 
interlocking mechanism, which depends on the presence of micro
metric surface features. In this regard, some authors found that an 
anodizing treatment could strongly improve joining performances due 
to the formation of a nanoporous oxide structure, which enables effec
tive infiltration between dissimilar materials [12]. For example, Zhao 
et al. [19] studied the bonding strength of polyphenylene sulphide to 
aluminium alloy using constant current anodizing in tartaric acid. The 
optimal bonding strength (25 MPa) was achieved with 120 A/m2 current 
density, 30 min anodizing, and 45 min etching, resulting in anodic 
aluminium oxide films with balanced roughness and porosity. Similarly, 
Tseng et al. [2] investigated anodized AA5052 surfaces patterned with 
biomimetic microstructures and bonded with CFRP. In their work, 
anodization was carried out in 10 % sulfuric acid solution at 12 V for 30 
min, producing a porous oxide layer that enhanced adhesion and pro
vided a more stable interface.

It is well known that the anodizing process also leads to an increase 
in the corrosion resistance [13]. Accordingly, the anodizing process of 
the metallic component prior to interlocking can lead to improvements 
in joint quality and corrosion resistance, which is particularly relevant 
given that galvanic corrosion has been reported between certain PMCs 

Fig. 1. (a) Pin geometry and (b) spatial configurations. All dimensions are given in millimetres (mm).
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and metallic substrates [14]. This is a relevant issue for the aerospace, 
automotive and marine industries, in which the joint components are 
often exposed to corrosive environments [20]. However, nowadays, 
anodizing materials processed via AM presents a significant challenge 
due to their unique microstructure. For example, Revilla et al. [21,22] 
investigated the anodizing behaviour of Al-Si alloy samples produced 
via the PBF-LB method. They discovered that the silicon particles, being 
significantly smaller than those of the same alloy in the as-cast condi
tion, underwent complete oxidation. As a result, a substantial amount of 
the anodic charge was consumed during the process, leading to a much 
slower growth rate of the anodic layer in the PBF-LB samples compared 
to the cast alloy.

The present work aims to characterize interlocking joints between 
epoxy-based composites reinforced with basalt fabrics and AlSi10Mg 
substrates built via AM. Basalt fibres were chosen to reinforce the 
composite substrates due to their natural origin, less energy-intensive 
production, and superior environmental profile compared to glass and 
carbon fibres [23]. Additionally, their high mechanical properties, good 
temperature resistance, chemical stability, and excellent thermal and 
acoustic insulation make them a highly desirable reinforcement material 
[24,25]. AlSi10Mg was chosen due to its excellent strength-to-weight 
ratio, making it well-suited for lightweight applications [26]. The nov
elty of this study relies on the combination of these materials with a 
systematic investigation of two key factors to optimize joint perfor
mance: (1) the effect of macroscopic pins and their distribution on fibre 
interlocking and bond strength, and (2) the impact of electrochemical 
surface treatment on adhesion and corrosion resistance. Conceived as a 
feasibility study, it is intended as an important first step towards future 
optimization of metal-composite joining process, with relevance for 
lightweight and environmentally conscious structural applications.

2. Materials and methods

2.1. Design and distribution of the mechanical interlocking structures

In the present study, a refinement of the arrow-shaped pin design 
reported in the literature [15,16] was proposed (Fig. 1a). The defined 
geometry, consisting of a conical tip and a truncated-cone body, was 
designed on the basis of demonstrated advantages [15,16,27]. First, the 
conical tip has been proven to facilitate embedding into composite 
materials without damaging the fibres, an issue commonly encountered 
with traditional bolted joints [15]. Additionally, the undercut geome
tries created by the truncated-cone body are expected to enhance fibre 
interlocking, resulting in superior ultimate load capacity compared to 
simple cylindrical pins [15]. The pin dimensions were defined in the 
millimetric range to optimize production efficiency while ensuring 
robust interlocking performance.

To examine the effect of pin distribution within the overlap region 
between the PMC and the metal substrate, four different configurations 
were investigated. In detail, pins were arranged in a square matrix 
within a 25 × 25 mm2 overlap region, distributed across the following 
configurations: 12 × 12, 8 × 8, 6 × 6, and 4 × 4 arrays (Fig. 1b). The 
inter-pin spacing, measured as the distance between the symmetry axes 
of two adjacent pins, systematically varied from 2 mm in the most 
densely packed configuration to 5 mm in the least dense arrangement. 
Increased inter-pin spacing resulted in a corresponding decrease in the 
total number of pins, yielding evenly distributed arrays.

2.2. Materials and production

The metal substrates were manufactured using the EOS M270 Dual 
Mode PBF-LB machine with AlSi10Mg spherical powder, comprising 
particle sizes ranging from 25 μm to 80 μm. Both the machine and the 
powder were supplied by EOS GmbH (Krailing, Germany). The process 
was conducted under a continuous argon flow, with the oxygen level in 
the building chamber maintained below 0.1 %. The platform 

temperature was kept at 100 ◦C. The scanning strategy involved the use 
of stripes with a width of 5 mm and a rotation of the scanning vector by 
an angle of 67◦ between consecutive layers. The process parameters are 
illustrated in Table 1. After the production, the samples were subjected 
to a stress-relieving heat treatment at 290 ◦C for 1 h. Subsequently, the 
samples were separated from the building platform using the Wire- 
Electrical Discharge Machining (wire-EDM) e-cut system by Suzhou 
Baoma (Suzhou, China).

The metal components realized for this study measured 80 × 25 × 2 
mm3 (Fig. 2). This design was developed in accordance with the ASTM 
D1002 standard for single lap shear test of adhesively bonded speci
mens. However, since the present work focuses on mechanical inter
locking rather than adhesive bonding, and considering the dimensional 
requirements of the AM process, the standard geometry was adapted 
accordingly, reducing its dimensions while preserving the overall shape.

As described in the previous section, each specimen exhibited a 25 ×
25 mm2 side area where pins were arranged in four distinct configura
tions. To ensure statistical reliability in the experimental analysis, 8 
replicas for each configuration were produced, for a total of 32 samples.

The PMC substrate was fabricated using a 13-layer lay-up of bi- 
directional woven plain basalt fabric with an areal weight of 220 g/ 
m2, supplied by Basaltex NV. Specifically, the cross-ply [0◦/90◦] stack
ing sequence has been chosen. This fabric was previously silane-treated 
with (3-Aminopropyl)trimethoxysilane and combined with an epoxy 
matrix obtained by mixing (weight ratio 100:22) a bio-epoxy monomer 
(Polar Bear) with an amine-based hardener (RecyclamineTM R*101), 
both supplied by R*Concept.

The fibre volume fraction of the manufactured composite was equal 
to 37 %. This value was calculated through equation (Eq. (1)): 

vf = 100 ×

(
n × m
ϱf × t

)

(1) 

where n is the number of fabric layers, m is the fabric nominal areal 
weight, ρf is the density of basalt fibres (i.e., 2.67 g/cm3), and t is the 
composite thickness.

Classified as bio-based, this epoxy matrix exhibits a bio-carbon 
weight content exceeding 28 % and is recyclable. The chemical recy
clability of the thermoset matrix stems from the nature of the hardener, 
which is a “cleavable” amine capable of opening the cross-links when 
the composite is soaked in a mild acid solution under specific conditions 
[28–30] (e.g., temperature, solution concentration, and immersion 
time). By following this procedure, a complete recovery of the rein
forcement is achievable, as the epoxy matrix transforms into a ther
moplastic material and precipitates out of the solution.

2.3. Aluminium alloy surface treatments

In this study, the anodizing electrochemical technique was utilized to 
bolster the interlocking mechanism between the aluminium alloy sur
face and the polymeric composite and to enhance the corrosion resis
tance. The samples, with the as-built (AB) surface roughness resulting 
from the AM process, were ultrasonically degreased in acetone for 5 min. 
The process involved immersing the sample in a stirred aqueous solution 
containing 3 M sulfuric acid (H2SO4) within a cell setup consisting of a 
galvanostat and an aluminium counter electrode, following the general 

Table 1 
Process parameters employed for AlSi10Mg with the 
EOS M270 Dual Mode system.

Parameters Value

Laser power 195 W
Laser spot size 100 μm
Layer thickness 30 μm
Hatching distance 0.17 mm
Scanning speed 800 mm/s
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anodizing scheme reported in [2]. A constant current density of 10 mA/ 
cm2 was applied for a duration of 20 min, rendering the process galva
nostatic. Hereafter, the Sulfuric Acid Anodizing surface treatment is 
referred to as SAA.

Four specimens out of the eight replicas per each pin configuration 
were anodized in sulphuric acid (AN). The denomination assigned to the 
specimens, reflecting the different spatial configurations and surface 
conditions investigated, is reported in Table 2.

2.4. Surface morphology analysis and corrosion resistance measurements

The porous layer structure formed during the anodizing process 
underwent examination using a FEI Quanta 200 FEG scanning electron 
microscope (SEM). By comparing the morphologies of all samples before 
and after the electrochemical process, microstructural differences were 
examined.

To evaluate the corrosion resistance, Electrochemical Impedance 
Spectroscopy (EIS) was employed. The samples were submerged in a 3.5 
% NaCl solution and linked to a Parstat 2273 potentiostat, configured in 
a three-electrode setup comprising the sample, a platinum counter, and 
an Ag/AgCl reference electrode. Initially, the open circuit potential 
(OCP) was monitored within the cell for 60 min. Subsequently, EIS 
measurements were conducted by applying a sinusoidal potential with a 
±10 mV amplitude relative to the OCP value, while varying the fre
quency from 100 kHz to 100 mHz.

Finally, a polarisation curve was recorded, again in the same solu
tion, from − 200 mV relative to the OCP value until 1 V to assess the 
effect of the various electrochemical treatments on potential, corrosion 
current, and passivity current.

2.5. Fabrication of the joint

Single lap co-bonded joints were manufactured via vacuum infusion, 
allowing the composite to be produced and joined to the metallic sub
strate in a single step [31]. Four metallic substrates, in AB or AN 

condition, were positioned in a plain mould, dry basalt fabrics were 
arranged over them within the pinned area, and the assembly was 
placed in a vacuum bag. Subsequently, the epoxy matrix was infused 
into the setup, driven by the pressure differential between the vacuum 
bag and the surroundings. The curing phase lasted for 24 h at room 
temperature under vacuum conditions, ensuring simultaneous curing of 
the resin and bonding to the metallic surfaces. Samples were then post- 
cured in an oven at 100 ◦C for 3 h. No additional complexities were 
introduced into the manufacturing process to maintain conditions as 
close as possible to conventional co-bonded joint fabrication.

Finally, the single lap specimens were cut using a Bosch GCM 800 SJ 
rotary blade to remove the excess material. The ultimate geometry of the 
samples is illustrated in Fig. 2.

2.6. Single lap shear test

All the specimens were subjected to single lap shear tests, utilizing 
the geometry depicted in Fig. 2. A universal testing machine, Wance 
model ETM-C, equipped with a 50 kN load cell, was utilized for this 
purpose. A crosshead speed of 1.27 mm/min was employed. Comparison 
of maximum load resistance (kN) was conducted across specimens, as 
lap-shear stress (MPa) could not be evaluated owing to the three- 
dimensional geometry of the joint surface. Moreover, using nominal 
stress would not provide further insight, since the actual contact area is 
modified by pins and anodizing and the load is not uniformly distributed 
across the overlap, potentially introducing uncertainties.

Additionally, visual inspections were conducted post-testing to 
assess any observable differences in the failure modes between the 
specimens. Fracture surfaces were imaged using a Leica S9i stereomi
croscope (Leica Microsystems, Wetzlar, Germany) equipped with a 
digital camera, at a ×10 magnification under reflected light. The ac
quired micrographs were subsequently processed through digital image 
analysis in ImageJ (v1.54 g, National Institutes of Health, Bethesda, MD, 
USA). Threshold-based segmentation was applied to distinguish the 
different fracture modes, and the corresponding area fractions were 
quantified relative to the total overlap area.

3. Results and discussions

3.1. Morphology of the AM surfaces and the effects of anodizing

SEM micrographs were useful to evaluate the morphology of the AM 

Fig. 2. Geometry of the single lap shear specimens, with the composite in transparency to evidence mechanical interlocking structures and the overlap zone 
highlighted in red.

Table 2 
Denomination of the tested samples.

12 × 12 8 × 8 6 × 6 4 × 4

As-Built 12-AB 8-AB 6-AB 4-AB
Anodized 12-AN 8-AN 6-AN 4-AN
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surface with the pins and how the anodizing process changed it. In 
Fig. 3a, the macroscopic morphology of the samples is very discontin
uous and rough, especially the surface of the individual pin, highlighting 
the limits of the AM system in producing such detailed small-scale fea
tures. These observations are in line with a previous study [32] based on 
computed tomography analysis, which revealed small deviations be
tween the nominal and actual geometry, mainly due to shrinkage and 
balling phenomena, and particularly affecting fine details such as the 
arrow tip. Moving to high magnification, in Fig. 3b, it can be noted that 
the AB pin surface appears homogeneous. Regarding the chemical 
composition, a non-complete uniformity with very fine silicon rich re
gions distributed on the surface is observed looking at the microstruc
ture of the AlSi10Mg samples which is made of α-Al cells surrounded by 
a fine Si eutectic network (Fig. 3c). The surface morphology changes 
because of the anodizing (Fig. 3d) and two different structures can be 
distinguished. The brighter part (highlighted by the yellow arrow) is the 
silicon that undergoes an oxidation process during anodizing, while the 

darker part (highlighted by the red arrow) is the porous alumina layer 
that develops during anodizing. The PBF-LB samples do not generate an 
oxide layer easily distinguishable as it happens in the cast aluminium 
alloy. In addition, the presence of silicon influences the anodizing pro
cess, because part of the anodizing current provided is used to oxidise 
the silicon itself, instead of growing the desired porous alumina layer 
[21].

All the chemical species are evidenced in the Energy Dispersive X-ray 
Spectroscopy (EDX) results, visible in Fig. 4. The region of interest for 
the EDX spectrum, indicated by the black circle in Fig. 3a, is the same for 
AB and AN samples. In the AN samples (Fig. 4b), there was the presence 
of sulphur, due to the anodizing bath and oxygen for the formation of 
aluminium and silicon oxides. The content of these two elements was 
almost negligible in AB samples.

Overall, the morphology and EDX results indicated that the anod
izing process impacts the samples. To further demonstrate the effec
tiveness of anodizing, corrosion and mechanical tests were carried out.

Fig. 3. SEM micrographs of a) the single AB pin; b) surface morphology of the AB pin edge at 100 kX magnification; c) microstructure of the XZ cross section of an AB 
sample; d) surface morphology of the AN pin edge at 100 kX magnification.

Fig. 4. EDX results on the pin edge: a) AB; b) AN.
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3.2. Corrosion resistance

To assess the corrosion resistance of the examined metallic substrates 
and their correlation with the resulting oxide morphology, polarization 
curves and EIS spectra were obtained in a 3.5 wt% NaCl aqueous solu
tion, simulating seawater, an extremely aggressive environment for 
aluminium alloys. As the corrosion measurements were normalized for 
the actual immersed area and the distribution of pins did not affect the 
tests, only 12 × 12 samples were used in Fig. 5 to compare the corrosion 
results before and after the anodizing process. For simplicity, the names 
PIN-AB and PIN-AN, corresponding to 12-AB and 12-AN, respectively, 
were used to generalize the sample types.

The potentiodynamic polarization curves for PIN-AB and PIN-AN 
samples are presented in Fig. 5.

The anodizing process significantly influences the current density in 
both the anodic and cathodic branches. As depicted in Fig. 5, it is worth 
noting that the anodizing (PIN-AN) shifts the corrosion potential to more 
positive values and reduces the current density in the passivity region by 
two orders of magnitude. These results demonstrate an improvement in 
the corrosion resistance of the PIN-AN samples compared to the PIN-AB 
and are also supported by EIS results.

Nyquist plots, resulting from EIS measurements at OCP, are shown in 
Fig. 6.

The spectra exhibit depressed semicircles, with their diameter 
depending on the surface treatment. Specifically, these spectra were 
modelled using the Electrical Equivalent Circuit (EEC) shown in the 
insert of Fig. 6, which consists of the electrolyte resistance (Rel) in series 
with a parallel RQ circuit, where Q represents a constant phase element 
used to account for the non-ideal capacitive behaviour of the interface. 
In PIN-AB, this element corresponds to the double-layer capacitance 

(QDL), whereas in PIN-AN, it represents the charge stored in the barrier 
alumina layer (QOX). This difference was required because the PIN-AB 
had no protective oxide layer other than the naturally formed one, 
whose thickness is negligible. In both cases, the constant phase element 
is placed in parallel with the polarization resistance (Rp). The EIS spectra 
fitting parameters for PIN-AB and PIN-AN samples are summarized in 
Table 3.

Experimental results evidenced that the polarization resistance of 
PIN-AN is higher than that of PIN-AB samples, confirming the higher 
corrosion resistance already evidenced by polarization curves (Fig. 5).

Valuable insights can also be gained from the modulus of the con
stant phase element and its exponent n. The Qox values obtained from the 
fitting parameters allow for the estimation of the barrier layer capaci
tance, Cox, using the Brug formula (Eq. (2)), as detailed by Hirschorn 
et al. [33]. The barrier layer thickness, dox, can be calculated starting 
from Cox, and aluminium oxide dielectric constant, ε = 9, as follows (Eq. 
(3)) [34]: 

Cox =
(RelQox)

1
n

Rel
(2) 

dox =
ε0ε
Cox

(3) 

where ε0 is the vacuum permittivity.
The results reported in Table 3 evidenced that the anodizing treat

ment on this particular form of aluminium alloy surface generated an 
oxide layer a few nanometres thick, which protects the metal substrate 
from the aggressive environment. In contrast, the untreated aluminium 
alloy remains more susceptible to corrosion. Overall, this paper showed 
that anodizing can create a porous layer even in additively manufac
tured specimens with complex three-dimensional shapes, protecting 
them from corrosion and enhancing mechanical performance, as high
lighted in the following paragraphs.

Fig. 5. Polarization curves of PIN-AB and PIN-AN samples.

Fig. 6. EIS spectra in Nyquist representation of PIN-AB and PIN-AN.

Table 3 
Fitting parameters derived from EIS results.

Rel (Ω cm2) Rp (Ω cm2) QDL, QOX (S sn cm− 2) n dox (nm)

PIN-AB 25.6 2.4 × 104 3.6 × 10− 5 0.83 −

PIN-AN 32.2 1.1 × 105 1.8 × 10− 5 0.81 2.46

Fig. 7. Maximum load exhibited during single lap shear test at varying pin 
distribution and surface treatment. Values represent the average maximum load 
of the four specimens per configuration; error bars indicate the stan
dard deviation.
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3.3. Single lap shear tests

The results of single lap shear tests performed on specimens varying 
the distribution of pins with and without anodizing are shown in Fig. 7.

The first noteworthy result is that surface modification via the 
anodizing process led to an increase in resistance, regardless of the pin 
distribution. Considering the maximum load, calculated as the average 
of the four specimens tested for each configuration (Fig. 7), 12-AN 
reached 6.2 ± 0.2 kN, corresponding to a 31 % improvement over 12- 
AB (4.7 ± 0.3 kN). Likewise, 8-AN and 6-AN yielded 5.3 ± 0.3 kN and 
5.2 ± 0.4 kN, with increases of 15 % and 18 % over their AB counter
parts (4.6 ± 0.4 kN and 4.4 ± 0.3 kN, respectively). Finally, the samples 
that exhibited the highest increase were 4-AN, which achieved 8.3 ±
0.3 kN, representing a 34 % increase compared to 4-AB (6.2 ± 0.3 kN).

A further finding indicates that high pin distribution correlates with 
reduced resistance. In fact, 12-, 8-, and 6-AB (as well as 12-, 8-, and 6- 
AN) samples reported similar values of maximum load. However, 
decreasing the distribution from 12 × 12 to 4 × 4 led to approximately 
31 % and 34 % increase in maximum load for AB and AN samples, 
respectively. Even among the differences between AB and AN, the 4 × 4 
configuration yielded the best results. While the overall trend confirms 

the beneficial effects of reduced pin density and anodizing treatment on 
joint strength, minor deviations from the expected positive progression 
were observed. Specifically, the 12-AN configuration displayed a 
maximum strength exceeding that of intermediate pin densities (8-AN 
and 6-AN). This anomaly may be attributed to possible non-systematic 
local variations occurring during the joint manufacturing process. 
Moreover, this behaviour may also be related to the compensating effect 
of a greater number of anchoring points, which could contribute to the 
load-bearing capacity in configurations where the effect of mechanical 
interlocking is limited.

Fig. 8 reports the load–displacement curves for each pin distribution, 
directly comparing AB and AN cases. Shear strength is expressed as load 
(kN) rather than the nominal shear stress (MPa), since all configurations 
share the same overlap area and a normalization would not change the 
trends. By contrast, the effective contact area, affected by pin density 
and anodizing, cannot be determined with sufficient accuracy. More
over, as reported in literature [17], load transfer is non-uniform across 
the overlap. The curves shown are the most representative of each 
configuration; in all cases, the four replicates exhibited nearly over
lapping responses.

Analysing the graphs, it can be observed that across all configura
tions, the initial slope is comparable, indicating similar joint stiffness; in 
line with literature [35], pins do not significantly affect the initial 
stiffness. Anodizing, however, shifts the curves to higher peak loads and 
larger displacements at failure. In the 12-AN configuration, the average 
displacement at maximum load reached 2.6 ± 0.1 mm compared to 2.2 
± 0.3 mm in 12-AB, corresponding to an increase of 18 %. Similar im
provements were observed in 8-AN and 6-AN, which reached 2.7 ± 0.4 
mm and 2.4 ± 0.3 mm compared to 2.2 ± 0.2 mm and 2.0 ± 0.4 mm, 
with increases of about 23 % and 20 %, respectively. Finally, 4-AN 
achieved 2.9 ± 0.3 against 2.6 ± 0.2 mm in 4-AB, with a 12 % in
crease. In addition, AN curves display a more progressive failure, while 
AB responses tend to drop more abruptly. This further confirms the 
beneficial effect of anodizing: such behaviour is consistent with 
enhanced interfacial adhesion, that allows crack-bridging at the inter
face, delays debonding, and increases energy absorption [35].

The influence of pin distribution remains evident also in these 
load–displacement profiles: the lowest areal density attains the largest 
peak load and the widest stable extension before rupture, while denser 
patterns provide smaller gains. Reducing the distribution from 12- to 4-, 
in both AB and AN cases, led to an increase in maximum displacement of 
respectively 18 % and 12 %. The improvements in displacement in the 

Fig. 8. Load–Displacement curves of AB and AN samples for each pin distribution.

Fig. 9. Failure mode classification based on ASTM D5573-99 (left column) and 
the corresponding adaptation developed for the paper case study 
(right column).
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AB series were more pronounced when reducing the pin density; while 
in the AN series the effect was more evident for the intermediate dis
tributions, as the 4 × 4 configuration already achieved the largest 
deformation capacity.

In summary, both anodizing and pin distribution significantly affect 
the mechanical response. In terms of deformation capacity, the effect of 
anodizing is more evident, enabling maximum increases of about 23 % 
and promoting a more progressive failure mode. For maximum load, 
instead, anodizing and pin distribution exert a comparable influence, 
leading to maximum increases of about 33–34 % when anodizing is 
coupled with the lowest pin density, suggesting that this pin distribution 
is the one, among the investigated ones, that better fits with the basalt 
fabric used in this work.

To understand the mechanisms leading to these different behaviours, 
the fracture surfaces of the samples were observed. The analysis was 

conducted following the ASTM D5573-99 (2019) standard, which pro
vides a systematic classification of failure modes based on visual in
spection. Although this standard is intended for adhesively bonded 
fibre-reinforced PMC joints, it was adapted here to evaluate mechani
cal interlocking joints between AlSi10Mg alloy and basalt-PMC substrate 
(Fig. 9).

The fracture analysis revealed that all samples exhibited mixed 
failure modes, comprising both adhesive and cohesive failures (Fig. 10). 
Adhesive failure refers specifically to the separation occurring at the 
interface between the adhesive and the adherend, which here corre
sponds to the interface between the resin matrix and the metal substrate 
(Fig. 9). Cohesive failure, conversely, refers to a fracture within the 
adhesive itself; in the present context, this is represented by fractures 
occurring within the composite structure (Fig. 9).

In the fracture analysis, it is essential to distinguish between the 

Fig. 10. Rupture surfaces of samples AB and AN: a) 12-AB; b) 12-AN; c) 8-AB; d) 8-AN; e) 6-AB; f) 6-AN; g) 4-AB; h) 4-AN. Dimensional details are consistent with 
those provided in Figs. 1–2.
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effects related to pin distributions and those resulting from the anod
izing treatment. The effect of pin distribution was clearly evident from 
visual inspection. In the high-density configurations – 12 × 12 and 8 × 8 
– the reduced inter-pin spacing hindered the effective penetration of the 
composite into the interlocking structures. This led to a stratified 
structure: a layer of densely packed pins with poor resin infiltration, 
followed by a resin-rich layer above the pin tips, and the composite 
reinforced region (Fig. 11a). Visual inspection of these specimens prior 
to single lap shear test confirmed this structure, revealing good adhesion 
at the overlap region edges, but a noticeable swelling in the central area 
with the pins. During fracture, almost all pins remained intact, and 
failure mainly occurred within the resin-rich layer above the pin tips 
(Fig. 10a-d). This correlates with the lower maximum strength values 
measured for these configurations (Fig. 7). In the 6 × 6 configuration, 
the reduced pin density allowed slightly improved composite infiltration 
(Fig. 11a), although the central part of the overlap region still appeared 
insufficiently wetted by the resin. In this case, a mixed failure was 
observed, predominantly adhesive (Fig. 10e-f). Finally, in the configu
ration with the lowest pin density (4 × 4), a complete composite 

infiltration was achieved (Fig. 11a), resulting in full engagement of the 
pins during loading and subsequent fracture (Fig. 10g-h). This thorough 
integration contributed directly to an observable increase in maximum 
strength, underscoring the essential role of pins and their distribution in 
promoting mechanical interlocking and effective stress transfer.

These qualitative observations were complemented by post-testing 
digital image analysis, which enabled quantification of the area frac
tions associated with cohesive and adhesive failures. For the 12 × 12 and 
8 × 8 configurations, stereomicroscope inspection confirmed the inad
equate composite penetration, with a resin layer visible above the intact 
pin tips (Fig. 12a). Since the failure mechanisms in these cases were 
dominated by the resin-rich layer rather than by effective adhesive or 
cohesive modes, they were excluded from quantitative image analysis.

For the 6 × 6 and 4 × 4 configurations, instead, it was possible to 
measure the relative fractions of failures (Fig. 12b). The 6 × 6 specimens 
exhibited mixed failure, with cohesive fracture areas of 14.6 ± 5.6 % 
(AB) and 42.6 ± 13.5 % (AN) (Fig. 13). This outcome reflects partial 
resin penetration, with some pins engaged during loading, but not 
enough to significantly change the overall load-bearing mechanism, 

Fig. 11. a) Effect of reduced inter-pin spacing on composite penetration; b) effect of surface treatment on metal-composite adhesion (dimensions are not to scale and 
are shown for illustrative purposes only).

Fig. 12. Comparison between fracture morphologies of two representative configurations: a) 12 × 12 AN, showing a continuous resin layer covering the pins, and b) 
4 × 4 AN, showing a mixed fracture with adhesive and cohesive regions, fibre tear, and fractured pins.
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which remained largely sustained by the resin matrix. Accordingly, the 
maximum strength values were similar to those of the denser configu
ration (Fig. 7). By contrast, the 4 × 4 configuration showed a much 
higher degree of interlocking efficiency, with cohesive fracture areas of 
57.4 ± 41.6 % (AB) and 86.6 ± 7.9 % (AN) (Fig. 13). In both AB and AN 
specimens, fibre tear was also detected, amounting to about 15.0 % of 
the cohesive area, which is indicative of a stronger and more robust 
joint. Nevertheless, a high standard deviation was observed for the 4-AB 
specimens, suggesting variability likely related to manufacturing pro
cess conditions. Although similar sources of non-repeatability may occur 
in all configurations, their influence appeared to be amplified in the 4- 
AB case, where the lower pin density leaves a larger fraction of the 
interface unsupported by mechanical interlocking, making failure 
modes more sensitive to local process-related defects.

Evaluating the influence of anodizing treatment, a clear enhance
ment of composite-metal adhesion was observed, affecting both sub
strates and pin surfaces (Fig. 11b). Consequently, AN specimens 
consistently showed a higher proportion of cohesive failure across all pin 
distributions compared to their AB counterparts, indicating improved 
bonding (Fig. 10f-h and Fig. 13). This is particularly evident in the 4 × 4 

configuration (Fig. 10h), where the 4-AN specimens yielded the highest 
maximum strength and the largest cohesive fracture area among all 
tested combinations (as shown in Fig. 7, Fig. 8, and Fig. 13). Moreover, 
anodizing reduced the standard deviation of the measured cohesive 
fracture area (Fig. 13), indicating a more reproducible behaviour. This 
may be attributed to the more controlled surface condition provided by 
the porous anodized oxide layer, which increased the effective surface 
area and facilitated resin infiltration and fibre interlocking during pro
cessing, thereby reducing process-dependent variability.

These findings clearly indicate that the combined effect of optimized 
pin distribution and anodizing treatment promotes effective mechanical 
interlocking and enhanced interfacial adhesion, thereby increasing the 
actual contact surface area and resulting in superior mechanical per
formance, a more progressive fracture, and a higher percentage of 
cohesive failure.

Finally, focusing specifically on interlocking features performance, it 
was observed that pin rows adjacent to internal overlap edges broke in 
all configurations, aligning with literature identifying this zone as prone 
to stress concentration [17,36]. As previously discussed, this is also 
justified by the fact that high pin density impeded effective resin 
penetration, leading to central swelling and stronger lateral adhesion at 
specimen edges. Furthermore, with a reduction in pin density, nearly all 
pins participated actively in the failure process, fracturing approxi
mately at their mid-section, just beneath the tip, in both AN and AB 
configurations (Fig. 14a-c). In this case, the pin heads remain embedded 
in the composite substrate after rupture, as exemplified by the 4 × 4 
configuration in Fig. 14b, confirming the effectiveness of the inter
locking mechanisms. Nevertheless, this fracture location underscores 
that although undercut geometry effectively anchors composite fibres, it 
simultaneously creates a region susceptible to fracture due to abrupt 
geometric transitions. Therefore, refining the arrow-shaped geometry 
may represent a promising direction for future studies.

In conclusion, when using the vacuum infusion joining technique in 
combination with a composite reinforced with high areal weight fibre 
fabrics, reduced pin density facilitates resin infiltration and full 
engagement of interlocking mechanisms. In this way, decreasing pin 
density from 12 × 12 to 4 × 4 allowed transitioning the primary resis
tance mechanisms from resin-dominated, at high densities, to an opti
mized synergy of resin adhesion, fibre reinforcement, and mechanical 
interlocking, at lower densities. Concurrently, anodizing treatment 
consistently enhances interfacial adhesion, thus promoting stronger 
bonding and progressive predominantly cohesive failure. The optimized 

Fig. 13. Cohesive fracture area (%) over the overlap for 6 × 6 and 4 × 4 
configurations. Values correspond to the mean fraction of the four replicates for 
each configuration, with error bars as standard deviation. Only the cohesive 
fraction is reported, as the adhesive contribution is its complementary.

Fig. 14. Rupture surfaces of a) 4-AB; b) 4-AN composite substrate; c) 4-AN. Dimensional details are consistent with those provided in Figs. 1–2.
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4-AN configuration emerged as the most effective combination, 
providing robust evidence for the importance of a tailored pin distri
bution and surface treatment in improving the structural integrity of 
multi-material joints.

4. Conclusions

This study investigated the effect of macroscopic pin distribution and 
anodizing on the mechanical strength of co-bonded joints between 
additively manufactured AlSi10Mg aluminium alloy substrates and 
basalt fibre-reinforced epoxy composites. The results from the experi
mental analysis, specifically tailored to the mechanical interlocking 
case, indicated that pin density should be carefully optimized in relation 
to the fabric areal weight used as reinforcement of the composite. In 
particular, an excessively high pin density should be avoided, as it 
prevents the composite from fully penetrating the interlocking features, 
thereby limiting joint strength. Conversely, tailored pin density pro
motes effective composite infiltration and mechanical interlocking 
within the matrix, resulting in higher joint strength. Among the tested 
configurations, the 4 × 4 exhibited the best performance with respect to 
the basalt fabric used, enhancing fibre interlocking and shifting the 
failure mode from predominantly adhesive to predominantly cohesive. 
Nonetheless, this effect showed a certain variability, depending on 
manufacturing process conditions.

Anodizing using sulfuric acid resulted to be a promising post- 
processing treatment that can enhance the corrosion resistance of 
additively manufactured aluminium thanks to the formation of a porous 
oxide layer, which protects the metallic substrate from an aggressive 
environment. The results also demonstrated that this treatment consis
tently improved adhesion and interlocking performances, leading to 
more robust and process-independent joint behaviour. All anodized 
samples (PIN-AN) exhibited higher strength, larger displacement at 
failure, and a predominantly cohesive fracture mode compared to the as- 
built ones (PIN-AB).

In conclusion, the integration of optimized macroscopic interlocking 
structures with electrochemical surface treatments enabled superior 
composite infiltration and fibre interlocking, together with enhanced 
interfacial adhesion and controlled fracture progression. This combined 
synergy is therefore essential to improve the mechanical and durability 
properties of hybrid metal-composite joints. These results are particu
larly useful for the development of lightweight, high-performance 
structures applied in aerospace, automotive, and other critical 
applications.
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