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Abstract

This work proposes a novel solution for manufacturing hybrid metal-composite joints,
in which different pin shapes are evaluated for their capability to penetrate long carbon
fiber epoxy composites successfully and for the mechanical behavior determined by each
configuration. On the metal side, pins are manufactured by Laser Powder Bed Fusion
(LPBF), downsizing the currently adopted solutions and, at the same time, developing new
blocking features aimed at enhancing the mechanical properties of the joint. The different
configurations were evaluated in two distinct experiments: the first to evaluate the induced
defects in the composite substrate and the second to characterize the mechanical behavior
of the joint. It emerges that smaller pins produce much less damage and misalignments
in the composite structure with respect to the conventional pin solution, whereas the new
“blocking features” configurations consistently increase maximum pullout load and energy
with respect to the conventional pin solution, with the same level of fiber damage.

Keywords Hybrid metal-composite Joints - Micro-pins - Joints/joining - Failure

1 Introduction

In recent years, there has been a notable trend in the aerospace, automotive, and robot-
ics industries towards developing lightweight, structurally efficient composite structures by
incorporating dissimilar materials, such as metals and polymeric composites [1, 2]. This
strategic combination of materials with disparate physical and mechanical properties allows
for the precise tailoring of component characteristics, enabling designers to select the most
appropriate materials for specific, localized requirements. Composite materials are highly
prized for their superior strength-to-weight ratio, customizability, corrosion resistance, and
design flexibility, making them ideal for lightweight, high-performance applications. How-
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ever, composite materials also present challenges, including limited damage tolerance and
difficulty in joining and repairing [3—5]. Similarly, metallic materials are highly valued for
their inherent strength, ductility, machinability, resistance to high temperatures, wear resis-
tance, and ease of joining, which make them suitable for a broad range of applications
despite their relatively high density and potential for corrosion. Optimizing the interfaces
between the different materials represents the most remarkable technological challenge
to fully exploit the potential of multi-material hybrid structures. This optimization must
address a variety of tasks arising from the different mechanical, physical, and chemical
properties, such as varying stiffness, thermal expansion, and chemical compatibility [6].
Bolting, bonding, welding, self-piercing riveting [7] have been traditionally applied to join
these dissimilar materials [8]. A promising technology with the potential to create multi-
material components consisting of a metal part and an endless fiber-reinforced polymer part
is the use of 3D metallic pins structure protruding from the bulk metal substrate and embed-
ded into the composite substrate to facilitate load transfer and substantially influencing the
resulting structure’s strength, stiffness, and damage tolerance [9, 10]. Pin manufacturing
techniques include the Surfi-Sculpt™ laser treatment to produce COMELD™ pins [11],
cold metal transfer (CMT) [12], laser cutting and cold metal forming to form pins out of
a metal sheet [13, 14], and laser-based powder bed fusion (LPBF) additive manufacturing
(AM) [15-17]. In the current state of the art, LPBF has emerged as the most versatile solu-
tion for manufacturing thin, high-performance metallic pin structures directly on existing
metal substrates of various materials [18, 19]. This manufacturing process offers an unri-
valed ability to tailor the design of pin geometry when compared to Surfi-Sculpt™, CMT, or
metal forming, maintaining the potential to reduce AM build time and cost and allowing the
retrofitting of existing components by adding 3D metallic pins on their surface [20]. During
the LPBF manufacturing of thin structures, the laser melting of metal powders can result in
surface irregularities and roughness, as noted in [21]. Additionally, the rapid solidification
of molten metal can lead to partially fused particles and surface defects, as described in
[22]. Numerous authors have shown that these imperfections deliver added value in multi-
material joining by establishing supplementary interlocking mechanisms between the metal
and composite interfaces, significantly enhancing the joint’s load-bearing capacity [15, 23,
24]. The insertion of additively manufactured 3D pins into a composite substrate can lead
to defects such as in-plane fiber crimping and the formation of resin-rich regions [20, 25],
similar to those encountered in z-pinning, which is an established technique in the field of
composite materials [26, 27]; these defects are localized in a limited region surrounding
the pin, impacting the original fiber-polymer distribution and locally affect the mechani-
cal properties of the substrate [28, 29]. Reducing the diameter of the z-pin in the range of
0.3 mm+0.5 mm has been proven to provide a strategic pathway to mitigate those defects,
as suggested by several recent researches [30—32]. To date, proposed LPBF AM 3D pins are
mainly cylindrical [15, 16, 28, 33], with a diameter in the range of 1.00 mm+1.5 mm [15—
17,28, 33, 20]. This implies that there might be an opportunity for improvement by reducing
diameters, as observed in the successful mitigation of defects through smaller z-pin diam-
eters in the micrometric range. Furthermore, significant optimization opportunities of the
interface are given by fine-tuning the pin diameter; in fact, the interfacial strength between
the pin and the composite linearly increases with pin diameter [34] and, at the same time, the
material consumption is a quadratic function of pin diameter. In this work, the transition to
smaller diameters of the additively manufactured 3D pins in hybrid multi-material joints is
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experimentally evaluated to understand the effect of geometrical parameters variation on the
main processing issues. Several metal-composite hybrid joints with different pin geometries
were produced, in which the effect of pin diameter and pin shape were investigated to catch
the opportunities given by the precise forming capability of LPBF technology. The different
configurations were then used for two distinct experiments: the first aimed at evaluating the
induced defects in the composite substrate and the second for the mechanical characteriza-
tion of multi-material components.

2 Materials and Methods

This section is conceptually split in five. The materials and methods used to produce metal-
lic and composite substrates are described in Sect. 2.1 and Sect. 2.2, respectively; Sect. 2.3
describes the methodology used for fiber misalignment evaluation. The methodology for
mechanical characterization of multi-material parts and data elaboration are reported in
Sect. 2.4. Section 2.5 illustrates the methodology used for the morphological characteriza-
tion of the fractured surface of the multimaterial joint.

2.1 Metal Substrates

The metallic substrates were created using 12.2Cr-10Ni-1Mo-1Ti-0.6Al Precipitation-
Hardening Stainless Steel (PH-SS) via the LPBF process. This material was selected for
its ultra-high strength, satisfactory ductility, and excellent anti-corrosion properties [35]. A
SISMA MYSINT100 (SISMA SpA, Italy) machine was used to grow penetrative reinforce-
ments directly on 99 mm diameter cylindrical building platforms. Gas atomized Bohler
M789 powder, with particles ranging in size from 15 [um] to 45 [pm], obtained from Bohler
Edelstahl (Kapfenberg, Austria) was used for sample production. The printing parameters
were chosen to achieve higher component density [36]: 250 W laser power, 50 pm spot
diameter, and 20 pum layer thickness. To ensure product quality, prevent oxidation, and con-
trol porosity, a stable flow of inert nitrogen gas was introduced into the chamber before
printing, keeping the oxygen content below a 0.2% threshold. Four different 3D pin geo-
metrical configurations were considered for the manufacturing of multi-material compo-
nents: a conventional cylindrical pin (Fig. 1a), a thin cylindrical pin (Fig. 1b), an arrow
shape cylindrical thin pin (Fig. 1¢), and a Two-Headed Arrow shape cylindrical thin pin with
multiple features (Fig. 1d). All selected geometries present a 90° conical tip to ease insertion
[37] and a small fillet of 0.13 mm radius to prevent a potential reduction in diameter at the
pin root during printing [38]. Two different platforms, namely Platform A and Platform B,
were manufactured. Platform A, enclosing seven sectors with five different pin shapes, was
designed to allow defect evaluation in the infiltration experiment; Platform B, enclosing 12
single-pin adherends, was designed to fabricate samples for mechanical characterization.
Platform A (Fig. 2a) has seven 20 mm x 20 mm distinct sectors composed as following:

One unpinned sector used as a reference.

16 conventional cylindrical pins (F 1 mm) distributed in a square pattern.
32 thin cylindrical pins (F 0,5 mm) disposed in a chequer pattern.

36 thin cylindrical pins (F 0,5 mm) disposed in a square pattern,
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Fig. 1 Pin geometries. (a) conventional large cylindrical, (b) thin cylindrical, (¢) arrow, and (d) two-
headed arrow

® 36 single-arrow cylindrical pins disposed in a square pattern.
® 36 two-headed Arrow cylindrical pins disposed in a square pattern.
® 36 reverse cone cylindrical pins disposed in a square pattern.

A reverse cone cylindrical pin was introduced as a reference point, to measure the exact
positioning in thickness while polishing according to the protocol described in Sect. 2.3.
Care was taken to optimize the pin distribution to prevent the formation of resin channels
or scatters in waviness on the composite substrate during insertion [26]. An equally spaced
pattern of four times the diameter of the pin was adopted as a compromise between high
density and potential defect mitigation.
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Fig.2 AM Pins on platforms. (a) platform A with seven sectors and five pins design for defect evaluation
(b) platform B for single pin specimens sample holding for mechanical characterization (¢) single pin
aderends for mechanical characterization

Platform B (Fig. 2b) enclosed 12 separate cubic elements for mechanical testing sample
fabrication; on each cube, one pin was printed; in a later stage, after the composite insertion
process on the whole platform, the metal elements were simultaneously extracted altogether
with the composite; finally, the samples were cut one from the other by low-speed sawing,
to avoid sample damage. On platform B the printed elements were the following: (i) 3 ele-
ments with one conventional cylindrical pin each (sample C, Fig. 2c¢) (ii) 3 elements with
one thin cylindrical pin each (sample T, Fig. 2¢) (iii) 3 elements with one Arrow pin each
(sample A, Fig. 2c) (iv) 3 elements with one two-headed arrow pin each (sample THA,
Fig. 2¢) and (v) 3 reference flat samples for comparison (sample F, Fig. 2¢). The samples
produced were then subjected to mechanical testing as reported in Sect. 2.4.

2.2 Composite Substrate Preparation and Insertion

A commercial unidirectional prepreg supplied by Delta-Tech S.p.A. (IT) was used to create
the composite substrate. The prepreg is composed of high strength/standard modulus Toray
T700S carbon fibers impregnated with 40% (V) high toughness and slow-curing DT120
resin. The areal weight of the tape is 150 g/m? (approximate, as supplied), and its nominal
thickness is 0.3 mm=0.4%. This prepreg’s initial misalignment angle was measured to be
0.91°, following the procedure reported in [39]. The prepreg roll was extracted from cold
storage and put in a white chamber for 3 h. Square plies of 10 mm x 10 mm were cut to
produce the composite substrate for mechanical testing, while square plies of 20 mm x
20 mm were extracted to produce the composite substrate for misalignment analysis. The
joints were constructed by initially arranging the plies into sub-laminates of five compacted
layers in a [0]5 configuration. Each sub-laminate was manually pressed onto the pins until
the composite and metal substrates interacted. Both prepreg and metal substrate were pre-
heated at approximately 40 °C to facilitate insertion. This procedure was iterated until the
composite substrate’s thickness matched the total length of the pin. Afterward, an extra [0]5
sub-laminate was added to avoid pin piercing through the composite substrate. To mitigate
the worsening of fiber waviness, multi-material samples were cured using the vacuum bag-
ging technique. Samples were placed in an environmental chamber and subjected to a ramp
of approximately 1.5 °C/min followed by 4 h hold at 130 °C. A constant vacuum of approxi-
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mately 101 kPa was applied and maintained throughout the curing cycle to eliminate voids,
air bubbles, and excess resin from the laminate.

2.3 Fiber Misalignment Evaluation

Optical microscopy was used to investigate the in-plane fiber misalignment produced on
the composite substrate by the insertion of the different pin shapes. The specimen under-
went a multi-step preparation process. Initially, it was conditioned through wet grinding
using abrasive papers of varying grit sizes, including 240, 400, 800, 1000, and 2500. Sub-
sequently, a two-step polishing procedure was carried out using a water-based alumina sus-
pension. In the first step, alumina particles ranging from 3 um to 1 um were applied on a
low-napped silk polishing pad. In the second step, a high-napped silk polishing pad was
used with alumina suspension containing particles ranging from 0.5 um to 0.3 pm. Care
was taken in optimizing force, platen speed, and polishing time to avoid pullouts and arti-
facts. After each polishing step, the samples were cleaned in an ultrasonic water bath to
remove any contaminants or residues, and they were carefully inspected under an optical
microscope to identify any scratches or imperfections that may have been introduced during
the previous step. The final prepared samples were studied using a Zeiss Axio Observer 3
microscope at 50x magnification. Image acquisition was performed using an Infinity Lite B
camera with a resolution of 1.5 megapixels, resulting in a pixel resolution of 2.5 um/pixel.
Micrographs obtained from the samples were stitched and subjected to analysis using the
high-resolution misalignment analysis (HMRA) method [40], chosen for its relative insen-
sitivity to micrographic surface quality. A cell size of 60.5 um was selected to achieve a
stable standard deviation, and a binarization threshold of 0.45 was adopted. Other important
analysis parameters included setting the fiber diameter to 7 um (as measured on the pre-
preg), establishing a minimum fiber diameter of 3 pum, and setting a minimum aspect ratio
of 6. A 95th percentile filtering technique suggested by various authors [41, 42] was adopted
to mitigate spurious measurements.

2.4 Mechanical Testing

The single-pin pullout response was assessed using a custom setup previously developed by
the authors (as referenced in [29]) and schematically depicted in Fig. 3.

This setup was designed to ensure precise alignment between the loading axis of the test-
ing machine and the samples’ geometric axis. Specimens were loaded with a monotonically
increasing opening displacement at a 0.5 mm/min speed up to the complete debonding into
an Instron 8032 universal testing machine equipped with a 1 kN load cell. To secure the
base of each sample to the testing machine’s load cell, threaded connections and a spherical
joint were utilized. To mitigate the effects of noise and spurious measurements induced by
the compliance of the load train, pullout displacement s. recorded by the machine was cor-
rected with the procedure described in [29] using the formula:

o

S = S.—

K*
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Fig. 3 Pullout test setup

where F is the opening force recorded by the load cell and K™ is the stiffness of the load
train, estimated by tractioning a bulk AMPO M789 specimen in the same testing equipment.

Absorbed energy E was calculated from the pullout load 7 and the pullout displacements
as

E= / Fds @)

2.5 Morphological Characterization of the Fractured Surface
Following the pullout test, the fractured surfaces of the samples were initially examined

using a ZEISS Stemi 508 Stereo Microscope equipped with a SMP ZEISS Axiocam 105
color camera. This analysis aimed to investigate the macroscopic failure behavior of the
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samples. The morphological fracture modes were further assessed at higher magnification
through Scanning Electron Microscopy (SEM) using a Phenom ProX instrument.

3 Results and Discussion

Results from Fiber misalignment are shown and discussed in Sect. 3.1; Mechanical testing
results are presented and discussed in Sect. 3.2; Results of morphological characterization
of the fractured surface are shown and discussed in Sect. 3.3.

3.1 Fiber Misalignment Evaluation

Examination of various regions within Platform A through micrograph analysis uncovered
multiple mechanisms affecting the microstructure of the composite substrate, correspond-
ing to changes in the pin geometry. As visible throughout Fig. 4, the eyelet-shaped defect
described in z-pin literature [27] was consistently present across all examined morphologies.

Upon inserting the 3D pin into the laminate, adjacent fibers underwent removal and lat-
eral compression, inducing a waviness in the laminate and giving rise to a void area with
an eyelike shape; subsequently, during the curing process, the void area is filled with resin,
resulting in the formation of a resin-rich area where some voids can be present.

When utilizing a conventional large cylindrical pin (Fig. 4a), the internal structure of the
composite substrate undergoes significant modifications due to the substantial lateral move-
ment of the fibers to accommodate the pin. In this configuration, a pronounced swelling
effect coupled with fiber dilution is present, as documented by the appearance of quite big
resin pockets in the mid-planes between adjacent pins rows (Fig. 4a). On the other hand, the
orientation of the fibrous material in the region surrounding the eyelike defect displays the
well-documented fiber waviness, with upper values over 15° near the flanks of the resin-rich
areas, as shown in Fig. 5a. When thin cylindrical pins are used to penetrate the composite
substrate (Fig. 4b), the eye-shaped defect is the sole observable anomaly in the laminate,
with much less misorientation defects; in fact, at a short distance from the pin, the micro-
structure of the fibrous material remains homogeneous and aligned in the range [-2°,2°]
between adjacent pins rows, as demonstrated by the waviness measurements illustrated in
Fig. 5b. The microstructure of the composite substrate undergoes significant changes when
using arrow or double-arrow pins, as visible in Fig. 4c and d, where it can be assumed
that this variation is directly attributable to the particular design of both pins. As the pin is
inserted, the fibrous substrate is initially forced outwards through the pin head, which has
a comparable diameter to that of a conventional pin. Afterward, the fibers may rearrange
inwards around smaller diameters as insertion progresses to bridge the gap between the
pin and the composite material. It can be argued that the different flow conditions of the
composite material in the thickness (divergent above the pin head, convergent below the pin
head) are behind the formation of the micro-cracks found in Fig. 4c and d. Misalignment
analysis results for the arrow pin are presented in Fig. Sc. Outside the eye-shaped defect,
in-plane waviness is consistently in the range of [-4°,4°] with some scatters in the proximity
of microcracked regions. Similar results were obtained for the two-headed pinned sample,
shown in Fig. 5d, despite some local mismatches caused by the extreme heterogeneity of
the microstructure. Thin pins positioned in cequer pattern caused a slightly increased defec-
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1 mm

Fig. 4 Cross-sectional view of representative inner regions of Platform A, at the midplane of the arrow
head: (a) conventional large cylindrical; (b) thin cylindrical; (¢) arrow; (d) two-headed arrow; (e) thin
cylindrical in cequer pattern
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Fig. 5 Distributions of fiber misalignment angles with a spatial resolution of 60.5 pm. Note that some
regions exceed the minimum and maximum limits in the color bar. (a) conventional large cylindrical; (b)
thin cylindrical; (¢) arrow; (d) two-headed arrow
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Fig. 6 Opening traction load vs. crack opening displacement curves of 3 single pin specimens for each
geometry compared to flat samples (F1-F3). (a) conventional large cylindrical (C1-C3); (b) thin cylindri-
cal (T1-T3); (c¢) arrow (A1-A3); (d) two-headed arrow (THA1-THA3)
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Fig. 7 Summary of experimental pullout test results of single-pin specimens with geometry features (a)
maximum pullout load; (b) absorbed energy

tology in the composite substrate characterized by the presence of small resin pockets as
visible in Fig. 4e. Fibrous material remains homogeneous and aligned in the range range
[-3°,3°] between adjacent pins rows as displayed in Fig. Se.

3.2 Mechanical Testing

Experimental pullout load-displacement results for the single-pin specimens are presented
in Fig. 6 and summarized in Fig. 7. Good repeatability was seen across all configurations,
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with a coefficient of variations (CV) values below 6% in maximum load and below 13%
for energy absorption, except for the conventional cylindrical pin, for which a CV value of
20% was recorded. A summary of elaborated results is reported in both conventional and
thin cylindrical pins, which exhibited frictional sliding pullout, while Arrow and double
arrow-shaped pins led to pin fracture. The opening traction load versus crack opening dis-
placement graphs for conventional pins demonstrated typical linear-elastic behavior until
the failure of the interface, transitioning to an exponential decrease of frictional force up to
the complete pull out of the pin, as shown in Fig. 6a. In thin pins, load-displacement curves
exhibit an abrupt load drop after reaching the maximum, followed by the subsequent fric-
tional pullout of the pin, as depicted in Fig. 6b.

In this configuration, the frictional force was characterized by an initial decrease fol-
lowed by a significant phase of enhanced debonding/friction of the pins with high bridging
forces before the final pullout phase was reached (Fig. 6b). To compare the strength of the
conventional cylindrical pin and the thin one, the maximum interfacial stress Ty, was
calculated as:

_ Fmrm: 3

where ¢ and [, are the diameter and length of the pin, respectively, F},,, is the maximum
opening load and 4 the pin pullout displacement at F},,,, . The maximum interfacial stress
was 38 MPa for the conventional cylindrical pin, with a CV (coefficient of variation) of
nearly 10%, and 38 MPa for the thin pin, with a CV of 2.24%. Since the difference between
the results falls within the range of experimental variability, it can be argued that the reduc-
tion in diameter does not have any impact on the strength of the interface. On the other
hand, the mechanical properties of the joint are stabilized by reducing the pin diameter, as
evidenced by the reduction from 10% to approximately 2% of the coefficient of variation.

Although the CVs values are calculated from only three data points in all configurations,
it is still considered a reasonable indication of the variance in the results. This approach
also minimizes the occurrence of microstructural defects in the composite substrate. Load-
displacement curves for the Arrow and two-headed harrow pins are shown in Fig. 6¢ and d.
All determined pullout curves exhibit a distinctive pattern characterized by elastic deforma-
tion of the pins, an intermediate load drop attributed to interface debonding, and subsequent
load recovery involving plastic deformation of the pins until failure. In the case of the arrow
pin, the load drops occurred at different opening tensile loads, whereas for the two-headed
arrow pin, the drop happened at very much repeatable loads. Although the composite mate-
rial had a more damaged microstructure, the design of the two-headed pin proved to be more
effective in stabilizing the joint’s mechanical properties. A substantial increase in absorbed
energy is measured across all geometries with respect to the unpinned counterpart, as shown
in Fig. 7b. Due to its bigger size, the conventional cylindrical pin could absorb more energy
than the thin cylindrical one. On the other hand, both the Arrow and Two-headed arrow pins
increased the pullout load of the joint and absorbed energies like the conventional cylindri-
cal pin solution, thanks to metal plasticity.
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Fig. 8 Fractured surfaces of samples. (a) conventional large cylindrical pin metal substrate; (b) con-
ventional large cylindrical pin composite substrate; (¢) thin cylindrical pin metal substrate; (d) thin cy-
lindrical pin composite substrate; (e) arrow pin metal substrate; (f) arrow pin composite substrate; (g)
two-headed arrow pin metal substrate; (g) two-headed arrow pin composite substrate
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Fig. 9 Magnification of fractured areas on the metal substrate. (a) representative metal substrate with
mixed adhesive/cohesive failure at a magnification of 240x (b) resin graft on a metallic substrate at a
magnification of 710x

3.3 Morphological Characterization of the Fractured Surface

The analysis of the fractured specimens revealed the different failure mechanisms associ-
ated with each pin geometry, and representative results of stereomicroscopic analyses are
shown in Fig. 8. The metal side of the control flat substrate showed only a minimal amount
of resin residue on its base, suggesting that the samples failed due to adhesive failure. Con-
versely, no residual metal was detected on the CFRP side, supporting the hypothesis that
the fracture was merely adhesive at the macroscale level. Regions with a limited amount of
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epoxy grafts and debris were detected With this setup, the composite substrate’s interface
is non-uniform, featuring alternating areas of resin richness and scarcity, as documented by
the presence of the voids illustrated in Fig. 8b, which could have been caused by insuffi-
cient compaction or as a consequence of the microstructural redistribution of the composite
during the insertion phase. In the cases where a thin cylindrical pin is used, the adherends’
metal side displayed traces of resin in larger areas compared to conventional cylindrical pin
samples. These areas are primarily located at the pin root’s base, near the specimen’s bor-
ders, and along the eyelike defect footprint, as illustrated in Fig. 8c. on the metal substrate
of the conventional cylindrical pin (as shown in Fig. 8a), situated at the pin’s root and near
the borders of the specimen. This confirms that the sample experienced mixed adhesive/
cohesive failure at its base, which in turn contributes to enhancing the joint’s strength during
pullout. Figure 8d did not reveal any metal particles on the composite substrate interface for
this configuration; the resin was still unevenly distributed on the surface, with less extended
void regions than those encountered on conventional cylindrical pin CFRP substrates. It can
be argued that these configurations enhanced the composite material’s compaction during
processing thanks to the trough thickness interlocks provided by the head design of the pins.

Similar results were observed on both the Arrow and Two-headed arrow metal substrates
(Fig. 8e and g). In both configurations, resin grafts and debris were consistently present
close to the fractured root of the pin, along the eyelike defect footprint, and at the edges of
the samples. At the same time, a marked plastic deformation of the pin at its base is consis-
tently observable, thus confirming that a large part of the failure energy exploited during the
tests by both Arrow and two-headed arrow specimens is due to the progressive yielding of
those regions. The composite substrate counterparts exhibited an almost perfect distribution
of the resin at the interface, as shown in Fig. 8f and h.

For all specimens, a larger magnification analysis performed on the metal substrates
revealed a high number of epoxy debris in the range of 50-100 um (Fig. 9a) as well as
large areas of fractured polymeric matrix, indicating a mixed adhesive/cohesive failure at
the microscale level. The finest epoxy residues were consistently found close to the valleys
between adjacent hatching lines. Intermediate epoxy residues were primarily present around
partially melted particles with ridges in between, produced during laser manufacturing of
the samples. When the wet prepreg comes in contact with the surface, the resin flows around
these particles, increasing the contact area and forming effective particle hooks within the
adhesive. As observed by [23, 24] on different alloys, this interlock ultimately leads to a
stronger bond between AMPO M789 and epoxy, outperforming pure adhesive strength
alone without requiring additional surface treatment methods [43]. More significant resin
grafts with pulled-out fibers (Fig. 9b) were found in proximity to the pin roots and along
the edges and Representative fracture surfaces of the different pin geometries are shown in
Fig. 10. Without exception, all of the hybrid joints initially failed due to the growth of cracks
along the interface between the substrates. Along pin length, two different textured surface
regions were identified in conventional and thin cylindrical pins: a coarse-textured surface
region and a smoother-textured surface region, as shown in Fig. 10a and b. The surface
close to the base of the pin was consistently found to be coarse-textured; this area contained
partially melted metal particles that could firmly adhere to the epoxy resin.

As visible in Fig. 10a and b, fibers were found embedded into the adhesive matrix in this
region, confirming that the prepreg could reach the pin root for both configurations. Along
the pullout direction, the pin surface displayed varying morphologies, with some regions
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Fig. 10 Scanning electron micrographs showing fracture surfaces of different pin shapes onto the metal
substrate. (a) conventional large cylindrical; (a) thin cylindrical; (¢) arrow; (d) two-headed arrow

being coarse-textured and others being smoother-textured. The smoother regions had mini-
mal resin residues and fewer partially melted particles, indicating that they experienced
significant abrasion during mechanical testing. Figure 10a shows a more gradual transi-
tion between the coarse and smooth textured surface for the conventional cylindrical pin
compared to the thin pin sample shown in Fig. 10b, further justifying the different trends in
pullout exhibited by the two geometries (see Sect. 3.2). Both fractured Arrow (Fig. 10c) and
Two-headed Arrow (Fig. 10e) pins exhibited a coarse-textured surface at their bases, similar
to the thin cylindrical pin. Resin graft and resin-embedded unmelted particles were consis-
tently present. corners shared with neighboring squares of the chessboard pattern adopted to
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manufacture the metallic adherend. Voids in the cup-cones fractured areas suggest a moder-
ate ductile failure of both pins geometries.

4 Conclusions

Pin size and shape can be effectively used to fine tune the behavior of a hybrid material
metal-composite joint with respect to the conventional 1 mm pin cylindrical solution present
in literature. In this work, the following was found:

e Both thin and conventional design lead to a pullout mechanism lead by slipping. Thin-
ner cylindrical pins of 0.5 mm in diameter determine much more minor damage in the
composite structure while keeping the maximum tensile stress at the interface of the
conventional 1 mm diameter one. This can lead to better design of cylindrical pins hy-
brid joints where the same global pin interface is generated by more pins of smaller size.

e Using simple-arrow or two-headed arrow pins instead of cylindrical ones can signifi-
cantly increase interfacial pullout strength by forcing the pin fracture to be the primary
failure mechanism. This can be achieved while maintaining the same pullout energy
level and fiber defects as the conventional 1 mm cylindrical solution. In particular, the
two-headed arrow pins configuration effectively improves the mechanical behavior of
the joint and the consistency of the results.

This study focuses on reinforcement effect of different metal anchors based on single pin
specimens. Future works will analyze numerically the multimaterial joint formation by
means of virtual process simulations. Structural finite element analysis will be performed
to understand the impact of main geometric parameters over failure mechanism of the joint
such as base debonding, pin debonding, pin fracture or composite failure. This will allow for
an optimal pin design were both composite sliding and pin fracturing occurs, to fully exploit
the strength potential of each material constituent. Different loading condition will be tested
to provide a more extensive understanding on the toughening potential of micro penetrative
anchoring technique. Scalability of the technique on large assemblies with multiple rein-
forcement pins at different densities will be demonstrated.
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