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Abstract
The European collaborative research project ADALFIC (Advanced Aluminium Fittings in CFRP tubes) focuses on the
design, analysis, manufacturing and testing of ultra-lightweight carbon fiber reinforced plastic (CFRP) tubes with integrated
aluminium end fittings. Reliable joining technologies for combining aluminium and CFRP are of great interest since the
combination of superior mechanical properties and low density offer a wide range of applications. One such approach is the
use of form locking micro-pins on the surface of the metallic part enabling the joint between metal and CFRP by mechanical
interlocking. In this work Fronius’ Cold-Metal-Transfer (CMT) Print welding technology was used to generate very small,
minimum-mass, spike-head pins, which are optimized for form-locked joints between aluminium and CFRP components.
The aluminium pins are characterized on a macroscopic and microscopic level using light optical microscopy and hardness
testing. To evaluate the behavior of the pins under mode II load conditions a new shear testing method for pins was developed
and implemented. With this test equipment the maximum shear force and ultimate shear strength of individual pins were
measured at different temperatures and heat treatment conditions. The failure modes and fracture surfaces were analyzed
via scanning electron microscopy. The results demonstrate that the novel spike-head CMT aluminium pins can withstand
considerable shear forces, especially in the peak aged condition. This makes them a viable, flexible and lightweight option
for form-locked aluminium-CFRP joints.

Keywords z-pins · Aluminium · Hybrid-joint · CMT

1 Introduction

The benefit of employing cold metal transfer (CMT) welded
metallic pins as through thickness reinforcements in joints for
metal sheets and fiber reinforced plastics is well documented
in literature [1–6] and also used in the patent of Teufelberger
[7] registered under the trademark of T-IGELTM joint tech-
nology.Most studies focus on the effects of pin reinforcement
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on the overall joint properties [1–6, 8–11] while only limited
research was conducted, and is available on the performance
and characteristics of the (single) pins themselves [12–15], as
is the case in this work. Moreover, the majority of research
was conducted on (stainless) steel, in some cases titanium
pins [1, 3–5, 8, 9, 14], but only few results on aluminium
pins are available [4, 6, 12].

Reisgen et al. [14] investigated the metallographic and
mechanical properties of ER308LSi pins on AISI 304 sheets.
They identified six different zones in the pin microstructure,
which can be related to the different stages of the pin weld-
ing process and its associated solidification and reheating
(T-gradient) history. Tensile testing revealed ductile fracture
behavior of the pins, slightly depending on the overall heat
input during pinning.

A systematic study on the influence of various welding
parameters on the pin geometry on aluminium pins (AlSi5)
was conducted by Zhang et al. [15]. Key parameters affecting
the size and shape of the pins are: bowlmelt current, deposit
velocity and cooldown time of the droplet. Similar, albeit less
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detailed, observations for steel pins (G3Si1) were made by
Somosköi and Bianchi in [13, 16].

Four major different pin head shapes are reported in liter-
ature: cylindrical, ball head, spike, as well as ballhead-spike
like pins [1, 2, 17]. The pin head geometry of latter two types
influence the failure mode of composite joints. Cylindrical
and spike pins promote pull-out failure, whereas ball head
and ball head spike pins are more likely to fail in shear mode,
since they offer increased resistance against beingwithdrawn
from the composite [1].

The CMT pin welding process offers some flexibility in
terms of pin height, reported pin heights in the literature range
from 2.5mm to 15 mm [4, 8, 9, 17]. Figure1 shows the evo-
lution of aluminium pins manufactured at LKR since 2010
starting with very tall Al-pins in 2010 (a) and constantly
decreasing heights and improving pin-shapes by advanced
process control (b), optimization of process parameters (c),

Table 1 Chemical composition (wt %) of the S AL 2319 filler metal
and 2024 sheet material used in the welding experiments

Si Fe Cu Mn Mg Ti Al

2319 wire 0.11 0.15 5.88 0.29 0.01 0.12 bal.

2024 sheet 0.21 0.31 4.39 0.79 1.55 0.065 bal.

or the use of local energy input d). In this study the mini-
mum pin height was further decreased to 1.50 mm (Fig. 1 d)
increasing the efficiency for ultra-lightweight design.

While the fabrication and modification of aluminium pins
is well understood as highlighted above, the mechanical per-
formance of individual pins is poorly investigated. Numerous
studies investigated the overall performance of pin-enhanced
CFRP-metal joints consisting of a multitude of metallic pins
thus only providing the cumulative strength of the pin array

Fig. 1 Evolution of aluminium
pins generated by CMT in the
last 10 years: a cylinder pins
AlSi5 (h=15 mm; project
JOIN4+), b AlMgSc-pin
(h=7.45 mm, project IWB-TB),
c AlSi5-pin (h=4.2 mm, project
IWB-TB), d S AL 2319 pin
(h=1.50 mm, project ADALFIC
& SUSTAINair). Pictures by
courtesy of LKR Light Metals
Technologies
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Table 2 Mechanical properties of the S AL 2319 all weld metal in
as-built condition and EN-AW 2024 sheet material in T351 condition

Yield Strength Tensile Strength Elongation
MPa MPa %

2319 wire 70 160 12

2024 sheet 397–412 552–556 12.4–15.2

[1–6, 8–11]. To the authors knowledge only Ucsnik et al.
[6] conducted shear testing of individual aluminium pins
demonstrating their suitability for ultra-lightweight CFRP-
metal struts in aerospace applications. This work extends
aforementioned results to different test temperatures and heat
treatment conditions of the pins. Furthermore, additional
metallographic characterization, hardness testing as well as
fracture surface analysis was performed.

2 Experiments

2.1 Materials

EN-AW2024-T3 sheetmaterial, 1mm thick,was used as base
plates in the welding experiments. S Al 2319 solid wire with
a diameter of 1.2 mm was used as filler metal. The chemical

composition and mechanical properties of the filler material
are listed in Tables 1 and 2.

2.2 Welding

Instead of the conventional CMT Pin process, an adaption of
Fronius’ CMT Print technology (Fronius CMT Advanced
4000R + VR 7000-CMT 4R/G/W/F++, ABB IRB 4600-
45/2.05 IRC5 robot equipped with a tilting rotary table) was
used to achieve pin heights with an average of 1.50 mm. The
precise control and timing of wire-feed, current and voltage
allow the deposition of individual drops on the specimen.
The size of the droplets and the weld pool on the surface can
be modified via precise parameter variation.

The schematic in Fig. 2 shows the time-dependent wire-
feed, current and voltage characteristics for the deposition
of one drop in the CMT Print process. At the beginning of
the process (1) the wire-feed is slowly ramped up while the
voltage remains unchanged, and the current is very low. As
soon as the wire touches the surface (2), a short circuit is
completed resulting in a short circuit current and no-load
voltage. At that moment the welding arc is sparked (3) by
the short circuit current and the wire-feed is reversed while
the voltage rises again. The electric arc melts the specimen
surface and the tip of the welding wire. A droplet grows (4)
at the tip and the wire tip is dipped into the weld pool (5).

Fig. 2 Schematic,
time-dependent wire-feed (vd ),
current (I) and voltage (U)
characteristics including
corresponding high speed
recordings of the pin process,
modified from [18]
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Fig. 3 AW2024 sleeve with S
Al 2319 pins (left) and single
pin dimensions height, dlength,
dacross (right)

After the deposition the wire is retracted (6), and the process
starts again or ends (7).

Three dropletswith varying parameter settings are stacked
on top of each other using the modified CMT Print mode to
generate the new spiky design aluminium pins. Precise con-
trol of the parameters and boundary conditions is necessary
to ensure a stable process and consistent deposition of pins.
The cycle time for one pin is approximately 150 ms.

Figure 3 shows an exemplary rowofSAl 2319pins printed
on an EN-AW2024 sleeve (left) together with the dimensions
of one spiky pin in height-, dlength , and dacross direction.

2.3 Heat treatment

In general, the 2xxx class aluminium alloys retain their max-
imum strength only after appropriate heat treatment. In this
case the peak aged condition (T6) was investigated in addi-
tion to the as-built condition to assess their influence on
microstructure as well as mechanical properties in final pins.

The plates and pins were heated to 535◦C for 90 min for
solution annealing (Nabertherm furnace), water quenched
and subsequently artificially aged at 175◦C for 3 h (Heraeus
furnace).

2.4 Shear testing

To test individual pins in the most prominent loading direc-
tion, namely the In-plane shear (mode II) direction, a special
pin-coupon adapter for a standard tensile testing machine
(Zwick Z100) was constructed and implemented (see Fig. 4).
This adapter consists of three parts: a retainerwith aV-shaped
opening for the drawbar (1), a drawbar with a circular open-

ing for the pins (2), and the specimen mount with a housing
for the individual test plates (3).

During testing the sample plates (30x30x1 mm) are
inserted in the specimen holder, which is then mounted onto

Fig. 4 Adapter on the tensile testing machine for mode II shear testing
of individual pins
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Fig. 5 Exemplary force-displacement curves of pin testing at -80◦C
Celsius showing staggering of the individual curves

the retainer by twohigh-precision bolts and additionally fixed
with a fast-fixation bell-crank lever.

The drawbar is retracted and shears off the pins. Traverse
resolution is used to record the shear displacement. The test
speed was set to 1 mm min-1 and the maximum test distance
limited to 2 mm. The pins are preloaded between 0 N to 100
N, depending on the test temperature of the coupons. The dif-
ferent preloading levels do not influence the maximum force
recorded, which is the primary focus of the shear testing.

The shear tests revealed difficulties in the early stages
of the experiment. The combination of global displace-
ment measurement and settling effects of the specimens in
the mount and the circular counterpart sometimes resulted
in staggered force-displacement curves (see Fig. 5). These
effects could potentially be eliminated by a local displace-
ment measurement during testing, which will be imple-
mented for future investigations. However, this shift does
not influence the maximum force recorded and the overall
quality of the measurement.

Fig. 6 Unetched LOM pictures of one exemplary pin including dimensions (a), depiction of the three layers (b) and magnification of the top part
including measurement of maximum pore sizes (c)
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Furthermore, to increase the robustness of the shear testing
results, 10 individual pins were tested for each condition,
ensuring meaningful average and standard deviation values.

2.5 Metallography and hardness testing

The metallographic specimens were precisely cut in the
middle of the pins, carefully ground and polished for light
optical microscopy. The micrographs were analyzed with
an Olympus BX60 microscope in polished condition for
macrostructure and porosity. To visualize the grain struc-
ture the Barker etchant was employed. Scanning electron
microscopy was performed using a Tescan Mira 3 micro-
scope at 20 kV in secondary electron (SE) and back-scattered
electron (BSE) modes.

The hardness measurements were conducted on a Zwick/
Roll DuraScan 70 G5 using HV 0.1 (100 g) with an indent
time of 15 s.

3 Results

3.1 Light optical microscopy

3.1.1 Macrostructure

The pins possess a cone-like shape with an average base
diameter of 1.9 mm and height of 1.1 mm. The solidus line
during welding is approximately 0.3 mm below the plate sur-
face (Fig. 6a). The deposition of the three individual droplets
is visible in form of slight bulges on the outside of the cones
(b).

The amount of porosity, due to trapped hydrogen, is quite
low and restricted to the two top layers. The maximum pore
size is below 50 µm, with the majority of pores ranging
between 10 µm to 20 µm (c).

Very little to no variation or scatter was observed in the
shape and size of the pins.

Fig. 7 Etched (Barker) LOM micrographs showing the microstructure of an exemplary pin in as-built (a,b) and T6 heat treated condition (c, d)
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3.1.2 Microstructure

The etched cross-sections of the as-built condition (Fig. 7
a, b) reveal two very distinct microstructures in the pins. In
the bottom droplet area columnar grains, orientated in the
direction of the heat flow during pinning, are dominant. The
grains grow across the layer boundary between droplets and
can reach a maximum length of approximately 450 µm and
maximum width of 60 µm.

In the second (middle) droplet area the columnar grain
structure is continued, only the maximum grain size is
slightly diminished. The columnar grain structure is also
present in the lower part of the final droplet, however, at the
top the microstructure changes to a more equiaxed composi-
tion. This so-called columnar-to-equiaxed transition (CET)
is caused by the inhomogeneous temperature distribution
within the weld pool. The development of different grain
sizes and morphologies in weld metal can be described as
a relationship between temperature gradient G (K m-1) and
growth velocity R (m s-1) during solidification, see Fig. 8. On
the one hand, the ratio G/R determines the grain morphol-
ogy, high values result in planar and low values in equiaxed
dendritic grain morphologies. On the other hand, the product
GxR affects the grain size, whereat higher values yield finer
structures [19–22].

In this case, in the base and middle drop a steep temper-
ature gradient occurs, due to increased heat conduction into
the "cold" base plate, resulting in a G/R ratio that supports
columnar dendritic grain growth. During the deposition of
the third drop the G/R ratio is lower, mainly because of a
shallower T-gradient, and equiaxed grain growth is favored
[21–23].

The T6 microstructure is comparable to the as-built con-
dition (Fig. 7c, d). In the lower two droplets the grains are

Fig. 9 Hardness Vickers indents (HV 0.1) across one aluminium pin
(top) and corresponding hardness profiles (HV 0.1) in as-built (red) and
T6 heat treated (turquoise) condition (bottom)

Fig. 8 The influence of interface velocity and temperature gradient on the development of grain morphology and grain size (a) and schematic
representation of possible nucleation and growth mechanisms in the melt pool during metal deposition (b) [22]
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columnar andgrowacross the layer boundary. The topdroplet
again exhibits an equiaxed grain structure. Distinct changes
between the as-built and T6 condition can only be found in
the base plate. The solution annealing results in visible grain
coarsening (Fig. 7d, lower part).

3.1.3 Hardness

Themicrohardness profile of as-built pins (Fig. 9, red points)
exhibits a decreasing hardness in build direction. The indents
in the bottom two rows are still in the unaffected base mate-
rial and show the highest hardness values in the range of
130 HV 0.1 to 140 HV 0.1. The next row of indents lies in
the partially melted zone (PMZ) of the first droplet and the
hardness slightly decreased to 127 HV 0.1. The hardness in
the bottom droplet is on the one hand impaired by the coarse
columnar grain structure and on the other hand elevated by
the dilution between base material and filler material (higher
strength level of the AW2024 base plate). An intermediate
microhardness of 105 HV 0.1 was measured in this region.
The fifth row of indents (from the bottom) lies in the heat

affected zone between first and second droplets. Here, the
hardness is only slightly reduced by the heat input to 101
HV 0.1. In the second droplet the lowest microhardness of
85 HV 0.1 was recorded. This can be explained by the com-
bination of relatively coarse columnar grains and the missing
dilution with the base material. The hardness level in the top
droplet is similar to the second droplet, the small increase
can be attributed to a smaller grainsize.

The T6 heat treatment reverses the hardness profile. The
hardness increases in build direction. Interestingly, the base
material shows a hardness level identical to the as-built con-
dition. The hardening effect of the heat treatment is probably
rescinded by the grain coarsening (see Fig. 7d). However,
in T6 condition the microhardness of the pins is strongly
increased, by 50 HV 0.1 to 60 HV 0.1, compared to the pins
in as-built condition.

The porosity in the top region may affect the hardness
values (in both temper conditions) due to changed material
flow conditions. However, we believe the effect to be negli-
gible since no scattering of the individual indent values was
detected.

Fig. 10 Shear force-displacement curves of all tested single pins. The maximum displacement was limited to 2 mm
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3.1.4 Shear testing

Shear testing of as-built pins was performed at -80◦C, room
temperature (RT, +24◦C) and +200◦C. Additionally, T6 heat
treated samples were tested at RT.

As stated in the testing section, settling effects of the pins
at the beginning of the measurements result in shifted force-
displacement curves. This effect is especially pronounced for
the pins tested at room temperature (Fig. 10, top right).

At -80◦C and RT the shape of the force-displacement
curves is similar for most of the tested pins. As soon as the
pin is settled in the test apparatus the shear force steadily
increases, reaches is maximum and rapidly decreases back
to the starting point after the pin is sheared off. On average
25% of the pins exhibit a different behavior and much lower
maximum shear forces were recorded. These outliers will
be further discussed later on in the section about Fracture
surface analysis.

The shape of the force-displacement curves changes at
+200◦C testing temperature. After the maximum shear force
is reached, the force decreases only slightly as the pins
deform plastically until fracture. The zone of plastic defor-
mation is more pronounced compared to testing at -80◦C
or RT because of the enhanced ductility of the material at
elevated temperature.

At room temperature the maximum average shear force
was 382.5 MPa with a deviation of 24.9%. The val-
ues decreased to 259.6 MPa (29.9%) at -80◦C and 240.8
MPa (25.3%) at +200◦C test temperature. After T6 heat
treatment the maximum average shear force increased by
+42,6% to 547.0 MPa (29.4%) compared to the as-built
condition (Fig. 11). The higher shear force values in T6

Fig. 11 Comparison of maximum average shear force and average
shear strength at different testing temperatures and heat treatment con-
ditions

Fig. 12 Exemplary (sample #2) stereographic micrograph showing
shear fracture surface and measured fracture area

condition are consistent with the increased hardness levels
shown in Fig. 9.

In addition to the maximum shear force, the maximum
shear stress was evaluated by measuring the fracture area
of the tested pins (see Fig. 12). The average fracture area
was 1.6 mm2 for the pins tested at -80◦C and +200◦C. At
RT the average fracture area increased to 1.8 mm2 and in
T6 condition to 2.3 mm2. Due to the distinctly larger frac-
ture area of the T6 pins, the maximum shear stress is only
slightly higher compared to the as-built pins tested at room
temperature (Fig. 11).

3.1.5 Fracture surface analysis

As already mentioned in the section about Shear testing
results, 25% of the pins show a different failure behavior.
Fracture surface analysis by means of scanning electron
microscopy of corresponding pins revealed the underlying
cause for these differences.

Pin #3 (maximum shear force 261 N) tested at room tem-
perature, representing the outliers, exhibited a ragged and
uneven fracture surface, with a multitude of visible pores and
cracks (Fig. 13a). Most of the surface shows signs of ductile
failure as revealed by the honeycomb structure (Fig. 13c).
Only very little clear shear zones are observed. The pores
act as a preferential cracking path, thus reducing the crack
resistance.

Pin #5 (maximum shear force 438 N) tested at RT, exem-
plary for the standard failure mode, shows a completely
different fracture surface. The surface is very smooth and
only very few and small pores and cracks are visible. The
smooth and shiny surface is a result of the two fracture
surfaces being smeared together. This is consistentwith dom-
inant shear fracture mode [24, 25].
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Fig. 13 Scanning electron micrographs (back-scattered electron mode, BSE) of the fracture surfaces of pin #3 (a) and pin #5 (b) tested at RT. The
marked regions are shown in panels c) and d) at higher magnification and in secondary electron (SE) mode

4 Discussion

The macroscopic measurement of the S Al 2319 pins on
AW2024 substrate sheets revealed almost no variation in
shape and size of the individual pins. This was accom-
plished by precise parameter control during the modified
CMT print process proving its robustness for continuous
and high throughput pin production. The combination of low
cycle time and high repeatability makes it suitable for a wide
range of future applications [1, 6].

The amount of porosity was moderate and, in most cases,
limited to the top two layers of the printed aluminium pins
with a maximum height of 1.50 mm. In some instances,
grouping of the pores along the boundary lines was observed
which is consistent with literature on porosity in layered

aluminium structures [26, 27]. The remelting allows the
hydrogen to rise and cross over to the next layer. However,
since the weld pool is very small and quickly solidifies, part
of the hydrogen is trapped and forms pores upon solidifica-
tion.

Although the degree of porosity is consistent for most
investigated pins, sometimes the porosity was significantly
higher in poor pins (Fig. 14). In these cases, pores were also
observed in the bottom layer of the pins and the maximum
pore diameter increased to 100 µm to 200 µm. The abnormal
porosity did not coincide with changes in the pin shape or
size, hinting towards an instability in the printing process.
One reasonable explanation, which is also observed and dis-
cussed in other studies [28, 29], is varying quality of the
welding wire. Especially residues, mostly lubricant from the
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Fig. 14 Exemplary poor pin with significantly higher porosity, espe-
cially in the bottom layer

manufacturing process, are oftentimes found at the wire sur-
face. These are trapped in grooves or scratches and remain
there if not adequately cleaned. The amount of residues on
the wire surface can vary strongly, even within one spool
and strongly affects the quality of the welding process. A
higher quality welding wire, with no unwanted inclusions
or residues on its surface, would probably result in lower
porosity hence higher quality pins.

In the top part of the pin the heat conduction is reduced
by the smaller cross-section for heat flow, which results
in a lower cooling rate. Consequently, the grains are more
equiaxed and evenly distributed in this area. This change
in microstructure is often observed in wire-arc-based direct
energy deposition manufactured parts [30–32].

The subsequent application of T6 heat treatment did not
affect the grain size of the pins. The as-built pin microstruc-
ture is undeformed and thus the driving force for recrystal-
lization and grain coarsening during annealing is very low.
The base material, however, was cold worked (T3 condition)
prior to the welding and heat treatment process. Evidently
the critical degree of deformation was exceeded, resulting
in prominent grain coarsening during the annealing process
(Fig. 7 bottom) [24, 33].

While the influence of the heat treatment is not visible in
the etched grain structure of the pins, it becomes apparent
in the hardness distribution. The T6 condition shows higher
hardness values over the entire pin height compared to the
as-built condition. This hardness increase is a direct result of
the precipitation hardening during T6 tempering. In the base
material the hardness does not vary between as-built and T6
condition. The strength increase due to T6 heat treatmentwas
probably counteracted by the grain coarsening.

The pins are primarily designed to withstand shear forces
during operation. To the authors knowledge no standard-
ized test methods exist to test small pin-like structures in
mode II loading conditions. Therefore, a new test method
was designed and implemented for this study, as explained in

Section 2.4 “Shear testing”. Preliminary testing revealed dif-
ficulties with settling effects of the pins in the mount, which
could be alleviated by preloading the pins with 10 N to 100 N.

Asmentioned in Section 3,most of the force-displacement
curves exhibit similar shapes for testing at -80◦C and at room
temperature. After settling of the pin in the test apparatus the
shear force rapidly increases to its maximum and quickly
drops as the pin is sheared off (Fig. 10). At 200◦C testing
temperature, however, the maximum average forces reduce
significantly, and the zone of plastic deformation is much
more pronounced, changing the overall shape of the force-
displacement curves. This can be attributed to increased
ductility as well as decreased yield strength of aluminium
alloys at elevated temperatures as is well documented in the
literature [34–37].

On average 25% of the samples, regardless of testing con-
ditions, showed significant different behavior during shear
testing. Fracture surface analysis using scanning electron
microscopy revealed the underlying cause for these outliers.
A higher number of pre-existing welding defects such as
pores and cracks offer preferential cracking paths thus reduc-
ing the crack resistance and maximum recorded shear force,
and ultimately results in reduced performance. The strong
influence of weld quality in terms of porosity and cracks on
the pin’s shear resistance attests the need for an optimized
welding process aswell aswire feedstock.Overall weld qual-
ity depends on amultitude of factors but for porosity themain
contributors are suitable process parameters and usage of
high-quality welding wire [26, 28, 29, 38–40]. The adaption
of process parameters is limited by the restricted processing
window for pin fabrication further amplifying the necessity
of high-quality welding wires.

5 Conclusions

The generation of novel small and spiky head aluminium
pins with a nominal height of 1.50 mm was demonstrated
in this work. In conjunction with the presented shear test-
ing methodology it facilitates future application in ultra-
lightweight CFRP-metal joints.

After comprehensivemetallographic andmechanical char-
acterization of the novel spiky head aluminium pins the
following major conclusions can be drawn:

• A very robust pin printing process can be established by
precise parameter control of themodified CMT print pro-
cess. A low cycle time of approximately 150 ms enables
fast and reliable pin fabrication.

• The quality of the welding wire plays an essential role in
the properties of the pins, dominantly in terms of porosity.
Distinct variation in the number and size of pores in the
different pins was found.
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• The presented adaption of the tensile test enables sim-
ple and effective shear testing (mode II) of metallic pins.
This modification can be easily implemented in differ-
ent tensile testing equipment, allowing more widespread
usage. However, further improvements, such as locale
displacement measurement and better clamping of indi-
vidual pins, are needed to improve the robustness of the
testing method.

• The new small and spiky head pins are able to with-
stand considerable shear forces, thanks to their wide
base and proper welding connection with the base plate.
The average shear force recorded at room temperature
in as-built condition was 382.5 MPa and 547.0 MPa in
peak aged condition, respectively. The T6 heat treatment
results in increased shear resistancedue to highermaterial
strength.

6 Outlook

This study was limited to the metallographic and mechanic
characterization of aluminium pins independent of their
potential applications. In light of already shown applications,
such as joint elements in ultra-lightweight aluminium-CFRP
structures [6], further research on pin generation and modifi-
cation improving the overall performance of components is
ongoing. Commonly used strengthening fibers in CFRP (e.g.
carbon fibers) are very brittle and easily damaged by the
pins during the joining process. A reduction of fiber damage
and better interlocking of the fibers with the pins could be
achieved by further adapting the pin head geometry.
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