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ABSTRACT

The fabrication of polymer-metal hybrids in an additive process makes it possible to further
improve the geometrical and material adaption in a multi-material design. In this work, PLA is
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fabricated through a fused filament fabrication process on AlSi10Mg structures manufactured

by laser powder bed fusion. The mechanical connection is realised by form fit, for which
different geometries are examined through tensile tests. Deep penetration of the PLA into the
metallic structures is achieved by optimisation of the process parameters. The penetration
depth is assessed through the use of micro-computed tomography. Finally, the interplay of

mechanisms leading to a firm connection is discussed.

1. Introduction

The available choice of materials in additive manufactur-
ing is constantly growing, offering both new fields of
application and increased lightweight construction
potential. For example, many alloys such as AlSi10Mg,
316L or CuCrZr alloys can now be processed in laser
powder bed fusion (LPBF) manufacturing. The avail-
ability of materials in the fused filament fabrication
(FFF) process is also increasing steadily. A wide variety
of polymers, such as PLA, PC or ASA as well as fibre-
reinforced polymers are available. The combination of
different filament stocks through multiple extruders
enables the combination of different polymers. In
LPBF, multi-material fabrication is still somewhat exper-
imental. Different research groups have shown multi-
material LPBF to be possible using different strategies
of powder distribution (Chen et al. 2019; Demir and Pre-
vitali 2017; Liu et al. 2014). For example, Liu et al. (2014)
have fabricated 316L/C18400 copper material through
the use of a separator in the recoater and achieved met-
allurgical bonding. However, the assembly of com-
ponents from polymer and metal fabricating processes
still mostly takes place by joining processes such as
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gluing, screwing or welding. For instance, Tang et al.
(2018) joined LPBF-fabricated stainless steel cellular
structures with FFF-fabricated ABS by ultrasonic
welding. The joint reached 55% of the ABS material
strength. Intrinsic hybridisation through simultaneous
execution of the manufacturing processes would allow
an increase in design freedom by eliminating assembly.
Therefore, a combination of these processes is desired to
produce hybrid components with high geometric com-
plexity. A potential application of such a combined
process would be the production of customised grippers
that combine the properties of polymer and metal
without an assembly step.

In principle, the micron-size roughness of the metal
part can be used to establish a bonding between
polymer and metal. Lucchetta, Marinello, and Bariani
(2011) used the injection moulding process to produce
polymer metal hybrids and examined the influence of
the micron-size roughness of an aluminium substrate
on the shear strength of the polymer metal interface.
They found that a higher temperature of the metal
part improved the infiltration of the thermoplastic melt
into the micrometre-sized roughness of the metal part.
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Differences in the micron-size roughness only played a
minor role if the preheating temperature of the metal
part was in the range of the processing temperature of
the polymer. Also investigations on the tensile strength
of bonded polymer metal parts have been conducted.
Kleffel and Drummer (2017) electrochemically treated
the surface of an aluminium sheet and produced
polymer metal hybrids in the injection moulding
process. They measured the tensile strength of the inter-
face and found that the tensile strength does not corre-
late with roughness parameters but with the presence of
undercuts. In these two studies, there is an injection
pressure above 300 bar and the surface was shot
peened or electrochemically treated. This pressure and
the surface treatment methods aren't feasible in a com-
bined LPBF and FFF process. In comparison, Bechtel et al.
(2020) used the FFF process to create a bond between
polymer and a metal sheet. They investigated the
influence of the preheating temperature of the sheet
on the shear strength of the joint and found that the pre-
heating temperature for PLA must be above 180°C to
achieve significant shear strength. Furthermore, as the
preheating temperature increases, the shear strength
increases. They justified this with the decreasing vis-
cosity, so that the wetting angle becomes smaller. In
addition to microscopic roughness, macroscopic under-
cuts can also be used to achieve a bond between metal
and polymer. Weflen and Frank (2021) fabricated
polymer metal hybrids by extruding carbon fibre-
reinforced ABS into a machined interlocking root struc-
ture in aluminium. Macroscopic undercuts can also be
created with the LPBF process. Such undercuts have
already been used to join LPBF and FFF components.
Leuteritz et al. (2020) fabricated a single conical cavity
with undercuts in the size range of several millimetres
in LPBF AlSi1T0Mg geometries and filled these cavities
in an FFF machine. To fill the cavities, the nozzle was
placed centrally above the cavity and the amount of
material equivalent to the volume of the cavity was
extruded. It was found that a high extrusion rate of the
polymer eased filling of the cavity. Slower filling resulted
in too early solidification of the polymer. Afterwards a
section above this layer was fabricated in an FFF
process. The tensile strength of these joints was in the
range of the PLA tensile strength. Most of the specimens
encountered failure through a fracture of the polymer in
the interface region, although some specimens failed
through a pull out of the polymer structure. Chueh
et al. (2020) used a combined LPBF FFF process with
an additional consolidation step to manufacture hybrid
316L/PET specimens. Therefore an array of 2 mm wide
and high structures was manufactured on top of the
LPBF part of a specimen. Then polymer was deployed

on these structures. Afterwards the polymer was
heated by a defocused laser and pressed into the inter-
locking structures by a punch. The consolidation step led
to a good impregnation of the interlocking structures.
The polymer also infiltrated microscopic pores and
surface roughness of the structures. Tensile tests of the
hybrid specimens showed fracture in the FFF manufac-
tured part and not in the interface region. This was
attributed to the densified structure of the polymer in
the interface region which reduced the weak points
caused by the interfaces between the FFF layers. Shear
strength of the hybrid parts was slightly lower and frac-
ture occurred at the top of the interlocking structures.
This was explained by the reduced load bearing area
at this location.

So far the group of Leuteritz et al. (2020) fabricated
only larger interlocking geometries and did not investi-
gate how the structures actually interlocked. The
group of Chueh et al. (2020) achieved good mechanical
interlocking joints through consolidating the connection
with external force and heat input. Furthermore, the
structures in these works were larger than the structures
that will be examined in the present work. In this work,
we will for the first time investigate joints in the sub-
millimetre scale (150-750 um) that are fabricated
without external consolidation and onto which
polymer can be applied in a standard FFF process. This
size range is especially challenging as it corresponds to
only a few multiples of an LPBF bead width. A focus is
therefore on micro-computed tomography (uCT) investi-
gation of the kind of structures that can actually be man-
ufactured and how the polymer is filling the structures in
comparison to the nominal geometry. Moreover, there is
a lack of research on which process parameters are
important to obtain good mechanical properties, so
experiments with different printing parameters are con-
ducted. The optimised parameters are used to fabricate
specimens with different interlock geometries. Mechan-
ical interlock quality is evaluated through tensile tests.
The anisotropy of failure strength of the structure
which shows the most promising results is then tested
through edge shear tests. A simple simulation of the
contact stresses induced by the thermal expansion of
the polymer and the resulting warpage is carried out
to investigate the contribution of the frictional forces
to the joint strength.

2. Materials and methods
2.1. Materials

The chemical composition of the AlSi10Mg powder sup-
plied from m4p GmbH with a D10 of 21.0 um, a D50 of
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Table 1. Chemical composition of m4p AlSi10Mg powder.
Al Fe Si Mg Mn

Ti Zn Cu Pb Sn Ni

Composition in % Base 0.14 9.8 0.31 <0.01

0.01 0.01 <0.01 <0.01 <0.01 <0.01

35.3 um and a D90 of 57.5 um is shown in Table 1. The
powder bulk density is specified as 1.50 g cm~3. For
the FFF process, polylactide (PLA) from BASF was used.
PLA was chosen for its excellent processability. The
filament BASF Ultrafuse PLA has a recommended print-
ing temperature range of 210-230°C and a glass tran-
sition temperature of 61°C (BASF 3D Printing Solutions
BV 2020). The decomposition of the material starts at
250°C which indicates an upper limit for the nozzle
temperature. A recommended printing speed range of
40-80 mm s~ is given by the manufacturer. A tensile
strength of 34 MPa in the XY-plane and 21 MPa
between the layers is given in the data sheet.

2.2. Hybrid additive manufacturing procedure

The specimens were manufactured in a multi-stage
process consisting of the fabrication of a base structure
in the LPBF process and the fabrication of a PLA section
on top in the FFF process. For the production of the LPBF
part of the specimens an ORLAS Creator machine was
used. The machine is equipped with a 250 W Yb fibre
laser and a cylindrical build platform with a diameter
of 110 mm. The build jobs were created using the soft-
ware Cura version 4.7.1. The generated FFF G-code was
subsequently converted to ORLAS compatible G-code
using the in-house developed software GCode2GCode
which is available at sourceforge (https://sourceforge.
net/projects/ctfam/). GCode2GCode works by reinter-
preting the FFF parameters as LPBF parameters (e.g.
the nozzle temperature parameter as laser power par-
ameter) and adjusting the G-code commands to fit to
the LPBF machine. The specimens were fabricated with
a laser power of 245 W, a scan speed of 1000 mm s~ ',
30 um layer height and 140 pm line spacing using
Argon as shielding gas. Residual powder on the LPBF

especially the samples were not rinsed with fluids and
were left on the metallic build plate. This was done to
gain insights that can later be transferred to an in-situ
FFF printing process inside the LPBF chamber. For the
production of the PLA section of the specimens, a
custom made FFF printer was used. This printer was
developed and configured in-house and the material
flow is not actively controlled. The printer has a direct
drive extruder with an E3D-v6 hotend and a nozzle
diameter of 0.4 mm. The electronic circuit board of the
printer is an Duet 2 Ethernet with the firmware
RepRap 2.05. The printer supports bed temperatures
up to 119°C. Build jobs were also prepared with Cura
version 4.7.1. A layer height of 0.2 mm, an extrusion
width of 0.5 mm, a line distance of 047 mm, a print
speed of 50 mm s~', two perimeters, an infill of 100%
and an orientation of +45° were used for the generation
of the G-code. Unless otherwise noted for specific exper-
iments, for the first layer the infill was oriented with 0°
while the nozzle temperature was set to 250°C, the bed
temperature to 80°C and the cooling fan was turned
off. The extrusion rate was set to fill the first layer and
the empty space of the structure (see Table 2 for the
value of the extrusion multiplier used for each structure).
A standard toolpath was used without alignment of the
path to the geometric structures. This means that the
nozzle was not placed precisely between the structures
for extrusion, but rastered the surface with the standard
FFF line distance. Parameters deviating from the values
stated here are indicated in the corresponding results
section and a list of the FFF parameters investigated for
their influence on the mechanical properties is provided
in the appendix in Table A1.

A ring with an inner diameter corresponding to the
diameter of the LPBF build plate was fabricated on the
build plate of the FFF machine to act as a mounting
aid. The LPBF build plate was placed into the ring,

structures was only removed by a vacuum cleaner,  which defined the translational position of the

Table 2. Nominal dimensions of the examined interlocking structures.

Structure width Gap width g Structure height PLA content Number of Extrusion
Structure Figure s in pym in um hin um in % elements in - factor in —
Slots 62% Figure 2(a) 300 515 750 62 19 333
T-slots 50% Figure 2(b) 450 450 450 50 17 2.61
Covered pins 62%-high Figure 2(c) 300 515 750 62 19 4.01
Covered pins 62%-low Figure 2(d) 300 515 600 62 19 3.37
Covered pins 50% Figure 2(e) 300 311 750 50 25 3.78
Covered pins 80%-wide Figure 2(f) 300 1333 750 80 10 436
Covered pins 80%-thin Figure 2(g) 150 630 750 80 20 4.36
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tension

PLA

interface

AlISi10Mg

b)

Figure 1. Setup for manufacturing hybrid LPBF-FFF specimens. (a) The LPBF build plate was centred by a ring of PLA, the same material
that composes the sample FFF layers. (b) CAD of manufactured specimen. PLA (dark) on AlSi10Mg with structured interface (light).

specimens on the build plate. Rotational alignment was
performed by driving the nozzle at a defined position
and rotating the build plate until alignment of the
defined point was achieved. This position was then
fixed with adhesive tape. Figure 1(a) shows the manufac-
turing setup. The LPBF structures were preheated by
heating the build platform of the FFF machine to 80°C.
The start of the FFF process was deferred for 20 min to
ensure that the structures had a constant temperature.
The distance of the nozzle to the metallic structures
was calibrated by connecting the extruder and the
build plate to a continuity tester. To this end, the
nozzle was lowered in 50 pm steps until the continuity
tester indicated contact. To ensure the nozzle always
remained above the highest point of the structure at a
layer height of 200 pym, a level 150 pm below the
highest point was defined as the zero height for the
FFF process. The FFF process starts with the nozzle one
layer height above the zero height to extrude material.
After the FFF process finished, the specimens were
removed from the LPBF build plate by breaking off the
support structures from the build plate.

2.3. Specimen geometries

The specimens had a base area of 15 x 15 mm and a
height of 24 mm. The part of the specimen that was
manufactured in the LPBF process had a height of
11 mm plus the height of the structures on it for the
form fit. This part was also manufactured with a M8
internal thread to mount the specimen for the mechan-
ical test. A schematic CAD rendering of the specimen
geometry is visible in Figure 1(b).

Different interlocking geometries were investigated.
As a starting point, ridges with varying spacing were
manufactured on top of the LPBF part generating a

slot geometry. Two specimens of this geometry were
fabricated to test which distances could be manufac-
tured without getting unintentional connections
between the ridges and to evaluate how the penetration
depth of the PLA into the structures depends on the size
of the cavities. To this end, the nominal spacing was
varied from 150 to 600 um in 150 um steps. The ridges
were designed to have 150 um width, as this was the
assumed width of a single weld bead. This caused the
slicer to traverse each ridge with one scan vector.
Based on the results of this investigation, different struc-
tures were designed for mechanical tests.

For mechanical testing of a structure without a
nominal geometrical interlocking capability (in the direc-
tion normal to the surface), specimens of a slot geometry
(cf. Figure 2a) with a constant slot width of 515 pm, a
height of 750 um and 300 pm ridge width were manu-
factured. The nominal dimensions of all structures are
given in Table 2. The T-slot geometry visible in
Figure 2(b) was also ground and polished to investigate
how the PLA flows into cavities below the undercut. This
geometry was also tested for strength.

Lastly, different types of a ‘covered pins’ geometry
were manufactured. This geometry had the purpose of
providing undercuts with short flow distances for the
PLA. The geometry was varied with respect to PLA
ratio in the interface by varying the width of the struc-
tures and their spacing. The rationale behind these
ratios is explained in Figure 3, which shows an idealised
unit cell of an interlocking structure. A, denotes the area
of the PLA at the top face of the structure, while A,
denotes the interface between the first and second fab-
ricated FFF layers. The tensile strength of additively man-
ufactured PLA in z-direction corresponds to the FFF
interface strength (0Frr_interface) @and is given by the man-
ufacturer as 21 MPa, while the tensile strength in a layer
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Figure 2. Structured interface geometries, with PLA contents ranging from 50% to 80%. The dimensions are given in Table 2.

is 34 MPa which is assumed to be the material strength
om. If the load in A; and A, is to be maximal relative to
the local strength, the equation

OFFF—interface - A1 = Om - A2 (1

must apply, when a pure form fit is assumed. The area
ratio in this case, therefore, results in

& __ OFFF—interface

= 62%. 2
A, - o (2

Area proportions lower than this value should result in
fracture of the PLA in the interlocks, due to exceeding

FFF interface

4.

’i
a;l;g

Figure 3. Sketch of unit cells of interlocking structures (not to scale). The area of the interface between the first and second FFF layers
is labelled A;, while the area filled by the PLA in the PLA/AISi10Mg interface is denoted by A,. The PLA base material has a tensile
strength of oy, while the interfaces of the FFF layers have a tensile strength of orrr_jnterface- (@) Model for slots geometry (Figure 2a); (b)
model for T-slots geometry (Figure 2b); (c) model for covered pins geometry (Figure 2c-g).

the material strength, while higher proportions should
lead to fracture between the PLA layers and not in the
PLA/AISi10Mg interface. The possibility of shear failure
of the undercut parts in structures 3(b) and 3(c) is neg-
lected in this model. In this model, complete filling of
the interlocking structures with PLA is assumed, although
undercut regions cannot be filled directly by the nozzle.
These regions must be filled by forcing molten PLA
through subsequently extruded PLA into the structures.

Table 2 shows the investigated geometrical par-
ameters. For comparison, 50% were chosen as low
ratio (see Figure 2e) and 80% as high ratio (see

FFF interface FFF interface

ayer 3

L(opprinterface
Layer 2

Layer 1
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a)

T
c)

Figure 4. Laser trajectory used for the fabrication of interlocking structures rendered in Paraview (Ahrens, Geveci, and Law 2005). The
paths used for the fabrication of the base specimen are shown in grey, while the paths for the interlocking structure are shown in red.
The depicted area is 1.5 x 1.5 mm in size. (a) Slot geometry; (b) T-slot geometry; (c) covered pins 62%-low geometry.

Figure 2f). The 300 um wide structures result in a high
gap width for the 80% structure, so a 150 um wide struc-
ture was manufactured for comparison (cf. Figure 2qg).
For the 62% PLA structures additionally the height of
the structures was varied to 600 um to evaluate a poss-
ible influence of the height (cf. Figure 2d).

Figure 4 shows the paths that were generated by the
slicer for the fabrication of the interlocking structures.
The 300 pm wide slot geometry is fabricated by two par-
allel laser beam paths. The T-slot geometry consists of a
single trajectory for the base and four trajectories on
top. The pin structures of the covered pins geometry are
scanned with a single rectangular path, while the cover
on top is built equal to the paths for the slot geometry.

2.4. Material characterisation

2.4.1. uCT image acquisition and analysis

MCT images were recorded using a YXLON Precision uCT.
An acceleration voltage of 165 kV and a target current of
0.09 mA were used to measure a total of 1860 projections
on a Perkin Elmer XRD1620 AN flat panel detector with
2048 pixel x 2048 pixel with a pixel pitch of 200 pm.
For each projection, three measurements were recorded
with an exposure time of 750 ms and averaged to
reduce noise in the projection images. Reconstruction
was carried out in VGStudio MAX 3.4 using the FDK algor-
ithm. Segmentation of the different phases in the image
was carried out using a region growing segmentation
algorithm in VGStudio MAX. Actual nozzle distance was
measured by finding the average height of the process
induced voids located between first and second layers,
which corresponds to the height of the upper side of
the first FFF layer. The distance from this plane to the
interlocking structures is equal to the actual average
nozzle distance to a structure. It was measured at 100
points distributed across the specimens.

2.4.2. Mechanical testing
Tensile tests. The LPBF part of the specimens was fab-
ricated with an M8 internal thread, which served as
clamping for the tensile test, whereas the FFF part
was gripped with wedge clamps. A pretension of
15 N was applied. The test parameters were chosen
based on DIN EN ISO 527-1. The cross head speed
was set to mm min~'. For each geometry or process
setting, 10 specimens were tested. All following ana-
lyses are done on nominal stresses referring to the
nominal cross section of the specimens of 225 mm?.
Edge shear tests. The structure that showed the highest
tensile strengths was also tested in an edge shear test. The
experiment was conducted according to Weidenmann,
Baumgartner, and Haspel (2015). The shear gap was set
to 1 mm. This value was chosen to prevent the failure
surface from being predetermined by the positioning of
the shear surfaces. Ten specimens were tested with load
applied perpendicular to the structures and 10 specimens
were tested with the load applied parallel to the structures.

2.4.3. Preparation of cross sections

For the preparation of the hybrid specimens for optical
microscopy, the specimens were embedded in resin
and ground for 2 min per grit (grits 320, 600, 1000,
2500, 4000) at a clamping force of 10 N and a rotation
speed of 120 rpm, while the specimen grip counter-
rotated at 60 rpm. The specimens were polished and
etched for 2 min with 2% NaOH solution.

2.5. Simulation model

2.5.1. Estimation of the process-related contact
pressure on the contact surface

During the tensile tests, it turned out that the macro-
scopic form fit is not the only factor influencing the
mechanical strength. The process induced irregular
surface of the LPBF structure (mesoscopic form fit) or
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Figure 5. Schematic geometry for estimating the contact
pressure on the contact surfaces using FE simulation.

frictional effects (microscopic form fit), which can occur
due to the warpage-related contact pressure to the
metal surface, also influence the achieved interfacial
strength. In order to separate the influences of this
meso- or microscopic form fit, the process-induced
contact pressure on the contact area of PLA and
AISi10Mg is evaluated. In the case of low contact press-
ures, friction would have a small effect on the strengths.
An idealised FE model of the printing process is used to
determine the contact pressure resulting from the
thermal expansion and the resulting warpage of the
polymer structure. The geometry of the LPBF structure
corresponds to the geometry specified for the printing
process of the slot-geometry in the G-code (cf. Figure 5).

In a coupled thermomechanical simulation, the indi-
vidual extruded polymer filaments in the FE model are
each activated after 0.4 s according to the printing strat-
egy, as shown in Figure 6. The complete structure is then
cooled to room temperature (25°C). At the time of acti-
vation, the elements are assigned the nozzle temperature
of 250°C as an initial condition. The flow depth of the
polymer is assumed to be 0.6 mm, the width of the indi-
vidual extruded filaments to be 0.5 mm, and their length
to be 4 mm. The bottom surface of the AlSi10Mg structure
is fixed in all directions. In addition, a temperature bound-
ary condition is given here, which represents the heating
plate during the process. This boundary condition heats
the metal structure to 80°C during the printing process

VIRTUAL AND PHYSICAL PROTOTYPING . 7

Table 3. Material parameters used for the simulation for
AISiT0Mg and PLA. The values are taken from Wu, Wang, and
An (2017), BASF 3D Printing Solutions BV (2020), Ferreira et al.
(2017), Louvis, Fox, and Sutcliffe (2011), SD3D (2014), 3D-
Laserdruck GmbH i.G. (2020), 3D Laser BW GmbH & Co. KG
(2021) and Rudolph, Chen, and Dick (2019).

AlSi10Mg PLA
Density in kg m™—3 2680 1248
Young's modulus in GPa 70 2.31
Poisson’s ratio in — 0.32 0.34
Linear thermal expansion coefficient in K™ 23 x 107 41 x 107
Thermal conductivity in Wm~" K~' 140 0.13
Specific heat capacity in J kg™ K~ 910 1800
Air heat transfer coefficient in Wm=2 K~ 80.0 80.0
Emissivity in — 0.36 0.95

and is lowered to 25°C during the cooling process.
According to Patankar (Patankar 1978, 1980), the heat
transfer between PLA and AlSi10Mg can be assumed to
be the harmonic mean of the respective thermal conduc-
tivity coefficients from Table 3 with 0.24 Wm~" K=! The
coefficients to account for convection and radiation
effects are given in Table 3.

The model is discretised with trilinear thermally
coupled elements with eight nodes and reduced inte-
gration (in the case of Abaqus: C3D8RT elements). The
element size is 0.05 mm in the complete model. Corre-
sponding discretisation is shown in Figure 7. To estimate
the normal forces that occur, the forces are evaluated
after the polymer has cooled to 25°C.

2.5.2. Material modelling

Both the PLA and the AISi10Mg used in the experiments
are modelled with a linear elastic behaviour. Any plastic
deformation or strain hardening that may occur, as well
as crystallisation effects, are not considered. For estimat-
ing the contact stresses during the printing process, as
described in Section 2.5.1, this conservative material
modelling is considered sufficient. In order to estimate
the heat transfer during the process and the resulting
deformation, the heat conduction, the specific heat
capacity and the thermal expansion must also be
specified. Table 3 shows the material parameters used.

04s

0.4s

Figure 6. lllustration of the schematic reproduction of the printing process.
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Figure 7. Discretisation of the model to estimate the normal
forces on the contact surfaces.

3. Results
3.1. Manufacturability and polymer penetration

To assess the structure size that is possible to be manufac-
tured in the process, two of the structures with varying slot
widths were manufactured in the LPBF process and

printed on with the FFF toolhead. Figure 8(a) shows a
metallographic cross-section of one of the structures
(specimen A). The lightest phase corresponds to
AlISi10Mg, the darkest phase to PLA, and the material in
the slots and under the PLA to the embedding medium.
Compared to the designed ridge width of 150 pum, the
ridge width of the structures manufactured through a
single scan vector in each layer was between 180 and
190 pm, which corresponds to the track width at this
location in the sample. Subsequently, this deviation
affected the widths of the slots, which were lower than
intended. This relation is shown in Figure 8(c) in black as
a constant offset to the bisectrix that visualises the
intended spacing. The depth of the penetration of the
PLA into the gaps of the two specimens is shown in red
in Figure 8(c). It was measured as the average of the

800 800
‘ maximum depth
I I
700 T—=—, = specimen A 700
—x— X . i -
- 600 41 X specimen B 600 £
g — bisectrix . /45 g
=]
= 500 500 &
g e S
£ :
= 400 24 400 £
— 300 300 «=
£ // :
£ 200 - 200 &
100 ‘/ 100
0 0
0 100 200 300 400 500 600

nominal gap width in pm

c)

Figure 8. Cross-sections of hybrid specimens with dimensional measurements. (a) Cross-section of specimen A with varying slot dis-
tance. PLA penetration depth increased with increasing gap width. (b) Cross-section of specimen with T-slot geometry (cf. Figure 2b).
The PLA flowed into the cavities down to the metal surface and also partially filled the undercut voids. (c) The graph shows the actual
gap width and the depth of penetration in two specimens with varying slot width (specimen A and B). The actual gap width is reduced
about a constant offset to the nominal gap width. The depth of penetration increases with increasing slot width.



depth of penetration in all gaps with the same width. Since
the slots were 750 pm high, this was the maximum poss-
ible penetration depth. The nominal 150 um narrow gaps
were almost not penetrated by the PLA (around 70-90 um
average penetration depth) while penetration depth
increased with increasing gap width. In Figure 8(b), a
cross-section of the T-slot structure (cf. Figure 2b) is
shown. The opening between the structures was 450
pm wide and the gap was 450 um deep. The PLA filled
the structure down to the solid metal surface. It is apparent
that the PLA was also able to penetrate into the undercut
areas, although voids remained in the undercuts.

Figure 8(b) also shows that the overhanging area of
the T-slot geometry was produced with sloping
instead of horizontal overhangs. This was due to the
surface tension of the melt, which hindered an exact
reproduction of the geometry. There are also process-
related deviations between the structuring elements.

3.2. Analysis of FFF-Parameters

The influence of the FFF process parameters print speed,
raster orientation, nozzle temperature and nozzle dis-
tance in the first layer on the mechanical strength of
the joint was tested in a one parameter at a time
approach on the slot geometry shown in Figure 2(a).
The effects found are depicted in Figures 9(a) —(d). In
each of the figures, the unchanged parameters are
given for clarity. In all tests, a high scatter of the mech-
anical strength of the joint could be observed. There
was a small influence of print speed on the interlock
quality (see Figure 9 a). The tensile strength of the speci-
mens manufactured with a speed of 5 mm s~ was lower
on average (7.6 MPa) than the strength that could be
achieved with speeds of 50 mm s~ (9.8 MPa). Figure 9
(b) shows the results of a variation of the first layer orien-
tation. 0° corresponds to the orientation of the slots.
Orienting the FFF tracks in the first layer in this orien-
tation yielded slightly higher average tensile strengths
(8.9 MPa) than a 45° degree orientation of the tracks
(6.3 MPa). Figure 9(c) shows that the average tensile
strength of specimens increased with higher nozzle
temperatures. The average tensile strength of the speci-
mens manufactured at 210°C was 5.5 MPa while the
tensile strength of specimens fabricated with 250°C
was 9.4 MPa. Figure 9(d) depicts the impact of the
nominal nozzle distance on the mechanical strength.
The difference in nominal nozzle distance was created
by building up a portion of the samples three layers
lower in the LPBF process, which created a height differ-
ence of 90 um. The increased distance resulted in a low
tensile strength of 2.7 MPa compared to 9.4 MPa at the
smaller nozzle distance.
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3.3. uCT imaging

Figure 10(a) shows slice images of the specimen with
62% PLA ratio and 750 pum height. The upper left part
shows a slicing plane in the pin region of the structure,
while the upper right part clips a covered line and the
lower left slicing plane is perpendicular to this plane. It
is visible that the pins were produced in a round
shape instead of the desired rectangular shape. PLA par-
tially flowed into the undercut regions of the structure
but the depth of penetration varies. Figure 10(b)
shows slice images of the structure with the same PLA
ratio and 600 um height. The PLA penetrated the under-
cut parts less. In the 50% PLA structure, the PLA pen-
etration is further reduced, with a higher variety in the
penetration depth compared to higher PLA ratios.
Figure 10(d) shows slice images of the structure with
80% PLA and 300 pm wide structures. The PLA pen-
etration between the lines is high as the PLA reaches
the solid metal surface. In contrast only a small fraction
of the PLA does flow into the undercuts here. In com-
parison, Figure 10(e) shows the 80%-thin structure.
Most of the PLA is located between the line structures
(vertical in the upper left image) and a relative high
amount was able to flow between the pins in the
undercut.

Figure 11(a) shows a graph visualising the ideal com-
position of the material in the interlock location based
on the CAD of the 62%-high geometry. Basically four
regions can be differentiated: the mono-material
AlISi10Mg region, the region of the pins, the region of
the covering lines and the PLA mono-material region.
In comparison, Figure 11(b) shows a graph visualising
the composition of the material in the interlock location
of a specimen of the 62%-high geometry measured in
uCT. For this graph, the pCT image was segmented
into three phases (AlSi10Mg, PLA and air) and the area
occupied by each material was measured in relation to
the total area. The AlISiT0Mg content is shown in red.
In the region under the pins, the material consists of
nearly 100% AISi10Mg, apart from a few pores. Over
the solid part the pins of the structure, contributing to
approx. 25% of the material at this level, are located.
The cover on top of the pins has a maximum area ratio
of approx. 41% compared to 38% that was intended
for it in CAD. The height for the measurement of the
material composition at the cover was determined by
the maximum of the AISi10Mg ratio. The green dashed
line visualises the desired proportion of PLA in the struc-
ture which corresponds to the rest of the area. In com-
parison PLA is not able to fill every void between the
pins, so the PLA fraction is low in the lower parts of
the structure (approx. 71% voids maximum). In the
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Figure 9. Influence of FFF parameters on tensile strength. The whiskers of the box plot show the range from minimal to maximal
measured value. A circle visualises the average and a line the median of the respective data. (a) A print speed of 50 mm s~ increased
average tensile strength; (b) parallel orientation of paths resulted in minor improvement of tensile strength; (c) a higher nozzle temp-
erature improved the joint strength; (d) a high dependence of tensile strength on nozzle distance was found.

height where the cover of the pins is located, the differ-
ence between desired PLA fraction and real PLA fraction
decreases as less voids are present (2.6%). The material
composition in the 62%-low structure is similar in the
AISi10Mg part aside from the reduced height. The void
percentage at the top of the interface is higher with
5.1%. Compared to the 62%-high specimen, the PLA
ratio in the undercutting region (the region of nearly
constant AISi10Mg ratio, i.e. the pin structures) is low.
The voids in the cover region of the 50% PLA speci-
men (see Figure 11d) contribute to 1.1% of the area.
Below this plane, the PLA ratio is relatively lower than

in the 62% specimens. The material composition in the
80%-wide specimen is shown in Figure 11(e), while the
material composition of the 80%-thin specimen is
shown in Figure 11(f). Although nominally equal (20%),
the AlISi10Mg proportion is 22% in the wide specimen
compared to 29% in the thin specimen. The PLA is
filling the wide structure to a higher proportion in the
lower heights than in the thin specimen. The
maximum void proportion in the thin specimen is 71%
compared to 57% in the wide specimen. The measured
material proportions at the top of the interlocking struc-
tures are given in Table 4.
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Figure 10. Slice images of interlocking region of hybrid structures. AlSi10Mg is the brightest phase whereas PLA corresponds to the
dark grey phase. The upper left part of the images shows a slice image in XY-plane at the height of the pins, while the slicing plane in
the upper right part is clipping a covered line. The lower left part of each image shows a slice image perpendicular to the covered
lines. The lower right images are 3D renderings of the AISi10Mg parts: (a) covered pins 62%-high; (b) covered pins 62%-low; (c)
covered pins 50%; (d) covered pins 80%-wide; (e) covered pins 80%-thin.

To further improve the PLA penetration, the influence
of the FFF bed temperature was also investigated. Figure
12(a) shows the material composition in specimens of
the 62%-high geometry fabricated with different FFF
bed temperatures in comparison. A bed temperature
of 119°C, which is the maximum bed temperature poss-
ible on the machine, was compared to 60°C, which is the
recommended bed temperature for PLA. It is visible that
higher bed temperatures lead to deeper PLA pen-
etration. The PLA curve at Tg = 119°C shows the

highest ratios. Also this curve is the only one that
shows a notable rise of PLA ratio under the cover, indi-
cating good penetration of undercuts. The results of
the tensile tests of these structures are shown in
Figure 12(b). Tensile strength of samples printed with
119°C bed temperature was 17.2 MPa on average com-
pared to 9.2 MPa at 60°C bed temperature. The measur-
able strength improvement of the highest bed
temperature compared to 80°C bed temperature was
only small in relation to the high scatter of the results.
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Figure 11. Composition of material in interlocking geometry of covered pins geometry: (a) ideal proportions in 62%-high structure;

(b) 62%-high; (c): 62%-low; (d) 50%; (e) 80%-wide; (f) 80%-thin.

Table 4. Measured material composition at top of interlock. The ratios are measured at the height of local maximum AlSi10Mg

content.

Structure Figure PLA nominal in % PLA actual in % AISi10Mg actual in % Voids actual in %
Covered pins 62%-high Figure 2(c) 62 56.4 40.9 26
Covered pins 62%-low Figure 2(d) 62 553 39.6 5.1
Covered pins 50% Figure 2(e) 50 39.9 58.9 1.1
Covered pins 80%-wide Figure 2(f) 80 75.6 21.8 2.6
Covered pins 80%-thin Figure 2(g) 80 69.5 28.6 19

3.4. Mechanical properties

3.4.1. Tensile strength

Figure 13 shows the tensile strength of the different
structures investigated. The slot geometry reached an
average tensile strength of 9.3 MPa. The T-slots speci-
mens yielded slightly higher tensile strengths with 11.8
MPa. The covered pins 62%-high geometry showed
the highest mechanical strength with an average of
16.5 MPa. The same geometry with a reduced height
of 600 um only achieved a tensile strength of 10.4
MPa. These structures failed either through pull out of
the PLA or through fracture of the PLA in the interlock-
ing region. Similar strength was obtained with the

covered pins 50% geometry (12.3 MPa). Two of 10 speci-
mens of this geometry failed through PLA pull out, while
the other 8 specimens failed through fracture of the PLA
in the interface region. Covered pins 80%-wide showed
the lowest mechanical performance of 4.5 MPa on
average. The same PLA proportion with thinner struc-
tures of 150 um width showed high mechanical strength
of 14.1 MPa on average. All of the covered pins 80%-
wide failed through a pull out of the PLA part, while
only 3 out of 10 of the 80%-thin specimens failed
through pull out. Instead, this geometry showed a
failure mode none of the other geometries exhibited.
Seven specimens encountered fracture of the metal
structures which remained in the PLA part.
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Figure 12. (a) Material composition in 62%-high geometry fabricated with different bed temperatures Tg. (b) Interlock strengths at

different bed temperatures.
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Figure 13. Tensile strengths of different interlocking structures. The whiskers of the box plot show the range from minimal to maximal
measured value. A circle visualises the average and a line the median of the respective data.

Figure 14 shows the tensile strength measured for
two specimens of each structure that were also
measured in uCT. The tensile strength is plotted vs..
the measurement of the average nozzle distance the
structures were fabricated with. The distances shown
here are deviating from the intended 50 um as a result
of the fabrication setup and process fluctuations. As
the 50 um distance was defined from a single highest
point found on the surface, a systematic deviation was

to be expected. For all specimens investigated, a
smaller nozzle distance correlates with a higher tensile
strength, although the strengths were different for
different geometries despite similar nozzle distances.

3.4.2. Shear strength

Figure 15(a) shows the results of the edge shear test on
the structure of the covered pins 62%-high. This structure
was selected for the edge shear tests as it showed the
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Figure 14. Tensile strength of covered pins structures (colour
coded) in relation to nozzle distance measured in pCT scans.

highest mechanical performance in the tensile test. The
tests were conducted with the loading direction parallel
to the cover lines and the loading direction perpendicular
to the lines. The shear strength of the structure was
higher on average than the tensile strength. Moreover,
the scatter of the shear strength was lower than that of
the tensile strength. Only a small anisotropy of shear
strength was found. The parallel loaded specimens
failed at an average of 19.0 MPa while the perpendicular
loaded specimens failed at an average of 20.7 MPa. The
upper slice image in Figure 15(b) shows a fractured speci-
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men after a shear test with the perpendicular loading
condition. The interlocking structures are broken off at
their base and remained in the PLA part. All specimens
loaded perpendicular to the cover lines failed at the
base of the pin structure and not through pull out or frac-
ture in the PLA section like in the tensile tests. Eight tests
of the parallel loaded specimens were interrupted
through reaching the force switch-off threshold criterion
(80% of the maximum force) before separation of the
specimen and two of the specimens through fracture of
the base pins like the perpendicular loaded ones.

An assessment of the tested samples by uCT shows
the damage. Figure 15(b) shows a slice image of a
sample loaded perpendicular to the covered lines
which was separated at the base of the pin structure.
The middle and lower parts of the image show slice
images of a parallel loaded specimen. The lower image
shows a covered pins line which was situated in the
inner area of the specimen. All pins fractured at the
surface of the AISi10OMg base structure and some
additionally at the cover. The upper image shows a
covered pins line which was situated at the edge of
the sheared specimen. It is visible that only a part of
the pins fractured and the rest remained intact. The
PLA at this part sheared in the loading direction.

3.5. Simulation results

The idealised FE model of the overprinting process pre-
sented in Section 2.5.1 generated the contact pressure

Figure 15. Results of shear tests on covered pins interlocking structure. (a) The whiskers of the box plot show the range from minimal
to maximal measured value. A circle visualises the average and a line the median of the respective data. (b) Slice images of damaged
specimens. The upper image shows the PLA half of a perpendicular loaded specimen. The interlocking structure is still located in the
PLA and the pins fractured at their base. The middle and lower images show a specimen loaded parallel to covered pins structure. The
lower image shows a covered line from the inner area of the specimen. The induced bending load lead to a fracture of the pins at the
base. The middle image shows a covered line at the edge of the specimen. Here only a part of the interlocking structure fractured.
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Figure 16. Process-induced contact pressure on the contact surface of AlSi1T0Mg and PLA. The metal structure is shown here.

on the metal structure shown in Figure 16. In the area
shown in white, the pressure is zero. The PLA structure
thus detaches from the metal structure in this area due
to thermal expansion and the resulting warpage.
Overall, the contact pressures are low. Only at the
edges of two of the three centre slots, the PLA structure
is pressed against the metal structure.

4. Discussion
4.1. Polymer penetration behaviour

4.1.1. Influence of process parameters on
penetration

The penetration of PLA into the AISiTOMg structures is
driven by the pressure generated by the stream of the
extruded material. This pressure must overcome the
shear forces that hinder the PLA flow into the cavities.
The shear forces depend on the viscosity of the material,
which in turn depends on the temperature and shear
rate of the PLA. As pointed out in the literature by
Kleffel and Drummer (2017) and Lucchetta, Marinello,
and Bariani (2011), the mechanical properties of
polymer-metal hybrids are governed by the penetration
of the polymer into voids (of different scales) in the
metal. Therefore the presented cross-sections of the vari-
able slot width specimens and the investigations on the
influence of FFF parameters on tensile strength allow an
assessment of the penetration behaviour in the hybrid
process.

The dependence of the penetration depth on the
width of the gaps, visible in Figure 8(c), can be explained
by different mechanisms. After leaving the nozzle, the
molten PLA hits the metallic structure where it starts
to cool down. The more the PLA cools down, the

higher its viscosity becomes (see Bechtel et al. 2020 for
measurements of PLA viscosity) until eventually the
flow front solidifies and the PLA can no longer penetrate
deeper into the interlocking structure. Thinner gaps
promote the cool down of the molten PLA since a
larger surface area is in contact and thus hinders pen-
etration. In addition, with narrower cavities and higher
viscosity, more pressure is needed for filling, as the
PLA has to be sheared more as it flows in.

The influence of the orientation on mechanical
strength is due to the fact that the nozzle always alter-
nates between structures and cavities when printing
with a 45° orientation and deposits a contiguous track
on top of the metal. PLA deposited on top of the struc-
tures hinders the downward flow of the PLA deposited
between the structures. With a 0° orientation, the
material flow is not hindered by material deposited on
top of the neighbouring structures and thus penetration
of the structures is improved.

The conducted investigations show that the set
nozzle distance has a decisive impact on the mechanical
properties (cf. Figure 9 d). With higher nozzle distances,
the PLA is sheared less when flowing sideways than
when flowing downwards into the cavities. This is also
visible when evaluating the actual nozzle distance
versus the obtained mechanical strength in Figure 14.
Higher tensile strengths are linked to smaller nozzle
distances.

The influence of print speed, nozzle temperature and
bed temperature can be explained by their influence on
the solidification of the flow front. When changing the
print speed, the speed of extrusion is automatically
adapted by the slicer. This means that a higher printing
speed is accompanied by a higher extrusion speed and
thus a faster filling of the cavities. The structures can
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therefore be filled deeper until the flow front solidifies. A
higher nozzle temperature results in a lower viscosity of
the extruded PLA which facilitates the flow of the PLA
into the structures and also allows for a longer time for
filling until solidification. A higher bed temperature
reduces the heat that flows from the PLA melt into the
metal and thus provides a later solidification of the
flow front.

4.1.2. Penetration of covered pins structures

The proposed covered pins structure had the purpose of
providing an easily infiltratable interlocking structure.
The extent to which this objective has been achieved
can be assessed with the pCT images and material frac-
tion curves shown in Figures 10 and 11. The PLA fraction
at the top of the interlocking structure was too low in
every specimen studied in uCT. First of all, this was
due to the fact that the structures themselves became
somewhat wider than intended (cf. the overestimated
spacing of the slots in the slot structures in Figure 8c)
and thus the AISi10OMg content was higher than
intended. Second, the interface area was not completely
filled and porosity remained (cf. Table 4). The PLA
content along the height of the pins can serve as a
metric for the penetration behaviour of the PLA. A note-
worthy higher PLA area fraction in the pin section than
in the cover section is not reached in any of the speci-
mens in Figure 11. The specimen that is closest to the
ideal curve (dashed line) of PLA in Figure 11 is the
curve of the 80%-wide specimen (Figure 11 e). The
wide void of 1333 um width allowed for a deeper
filling than in the 80%-thin specimen (630 um gap
width). In contrast, the pCT images in Figures 10(d)
and 10(e) show that penetration into the undercut
areas is poorer in the wide specimen compared to the
thin specimen. Thus the wide opening allows for a
good filling of the area between the covered lines but
not between the pins. A possible reason is that the
wide opening allows the extruded material to remain
in the gap without being sheared as much as with
flowing between the pins. The smaller gap width in
the thin specimens enforces material flow into the
undercuts. In comparison, the PLA penetrated the
62%-high structure better than the 62%-low structure,
even though the gap width was the same (compare
Figures 10a to 10 b). This is caused by a process-
related effect. The extrusion amount was adapted to
the cavity volume through the extrusion multiplier for
each structure. To this end, the extrusion multiplier
was calculated by dividing the cavity volume (from
CAD) by the nominal first layer volume. As the print
speed of the FFF head was kept constant for the
different geometries, the extrusion speed could not be

kept constant. The higher amount of extruded material
in the high geometry therefore resulted in a higher
extrusion speed which, as explained above, leads to a
better penetration of the structure. The poor pen-
etration of the 50% structure (cf. Figure 10c) is therefore
due to the low gap width of nominally 311 um as well as
a lower extrusion speed. The uCT images of the 62%-
high and 62%-low structures confirm the differences
visible in the material composition curve. More PLA
has penetrated the high structure and also has flowed
under the cover lines. The 50% structure shows only a
small amount of PLA in the cavity although some
material penetrated the undercuts. It is possible that
the narrow gap resulted in low penetration volume of
PLA into the structures, but it facilitated penetration
into the undercuts as the flow between the covered
lines required more shearing compared to the shearing
required at wider spacing. In conclusion, the material
fraction curves provide an indication of how well the
structures have been filled. However, it is not possible
to assess how well undercuts are used in the structures,
as this property is not evenly distributed across the
structures.

Better utilisation of the undercuts can be achieved by
a higher bed temperature. As Figure 12(a) shows, a
higher bed temperature leads to a higher amount of
material penetrating deeper into the structures. The
PLA fraction curve of the specimen fabricated with
119°C bed temperature is the only sample showing a
noteworthy higher fraction of PLA in the pin section
than in the cover section. This is also reflected in the
average measured strengths. While the average tensile
strength of samples manufactured with 80°C bed temp-
erature was measured as 16.5 MPa, a lower bed tempera-
ture of 60°C resulted in a lower tensile strength of
9.2 MPa on average. Conversely the highest bed temp-
erature of 119°C leads to the highest average tensile
strength of 17.2 MPa. The observed strength increase
between 80°C and 119°C seems to be lower than
between 60°C and 80°C, but this may also be due to
the high process variation that masks effects.

4.2. Factors determining the mechanical
properties

Different factors contribute to the measured mechanical
properties. The interplay of the various process vari-
ations leads to a high scatter in interlock strength. One
key factor that was identified in the present work is
the nozzle distance. As visible in Figure 9(d), a difference
of 90 um in the set nozzle distance has a big influence on
the tensile strength of the interface. When fabricating
the FFF part of a hybrid specimen, the nozzle distance



gets set through driving the nozzle downwards in 50 um
steps until electrical contact is established. This pro-
cedure is carried out at 10 points on the structures on
the build plate and the highest value obtained is
selected as the zero point. The nozzle distance is
defined from this height. Deviations of the actual
nozzle distance from the set distance result from
process inaccuracies such as an inclined (LPBF-) build
plate and general imperfections in the built height
from the LPBF process such as spatter on the parts
that result in an overestimation of the height due to
the choice of the highest point as the zero height. As
visible in Figure 14, the actual nozzle distance varies
between specimens. For example the difference in
nozzle distance between the two specimens of the
62%-high geometry is approximately 75 um. The differ-
ences in nozzle distance and tension interface strength
correlate in each of the geometries investigated.
Another reason for the high scatter in mechanical prop-
erties could be the tool path of the FFF head. The tool
path was not tuned to hit the cavities so random influ-
ences in toolhead registration lead to variations in the
extrusion quality into the cavities. Moreover, the LPBF
interlocking structures show unsolicited variations in
geometry, which influence the load distribution in the
interface. These variations are visible for example in
Figure 10 for the covered pins and in Figure 8(b) for
the T-slots.

Another key factor is the interlock structure used.
Even though no geometrical undercut was intended
for the slot geometry, the mechanical strength was
higher than in the covered pins 80%-wide. As visible in
the cross-section in Figure 8(a), due to the characteristics
of the LPBF process, small interlocks are created on a
mesoscopic scale through the process. These surface
irregularities in turn offer interlocking possibilities,
which are important for the mechanical strength. All
structures possibly benefit from these mesoscopic inter-
locks. The mechanical strength of the slot geometry
must therefore be achieved by either friction or these
mesoscopic interlocks. To shed light on this issue, the
simulation of the contact pressure is considered, since
high contact pressures are needed for high frictional
forces. As the simulation of the process-induced
contact pressure on the slot geometry showed (see
Figure 16), the contact pressure induced by the
thermal expansion and the resulting warpage is small
and only exists in a small location at the upper edges
of the two outer ridges. It can be concluded that friction
at the microscopic level makes only a negligible contri-
bution to the interlock strength and that the small
surface irreqularities are decisive for the interlock
strength. In comparison to the actual geometry of the
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ridges in the slot geometry (cf. Figure 8a) the ridges in
the simulation have sharp edges. Thus the simulation
likely overestimates the contact stress at the edges.
More in-depth understanding could be gained with
more detailed material and process models. For
example, the crystallisation behaviour of the PLA, the
actual geometry of the AISi1OMg structure and the
exact process control during the injection of the PLA
could be modelled to obtain accurate values for the
contact pressure.

The T-slot structures offer a higher mechanical
strength, since macroscopic undercuts are utilised. Due
to their higher width, less structure elements can be
placed on the same area as with the covered pins of
the same material ratio, which is a disadvantage when
particularly small structures are to be produced. The
covered pins in turn provide smaller structuring
elements. The covered pins 62%-high showed the
highest mechanical strength. In comparison the
covered pins 62%-low structures showed a lower
strength which is supported by the results on the pen-
etration behaviour of these two structures. Similarly
the differences in the mechanical strength of the 80%-
wide and 80%-thin can be explained through the pen-
etration behaviour that was made visible through the
MUCT images. The undercuts were used less in the wide
structure which led to lower mechanical strength. This
is also supported by the failure mode of the specimens
as all specimens of the wide structure failed through a
pull out. Moreover less contact surface area is available
in the wide structure for mesoscopic interlocks since
the number of structure elements is half of the elements
in the thin structure. The fracture of the metal structures
in the thin geometry can be explained by the fact that
these structures were thinner and thus had lower load
bearing capacity. A good penetration of the undercuts
prevented a pull out failure. The failure mode of the
covered pins 50% also fits the explanation presented
in Figure 3, since most of the specimens fractured in
the interface.

4.3. Anisotropy of shear strength

The shear strength in both shearing directions of the
covered pins 62%-high geometry was on average
higher than the tensile strength and scatter of the
results was lower. The reduced scatter is due to the
fact that the fluctuating nozzle distance and thus fluctu-
ating penetration depth are less important under shear
loading, as a pull-out failure is less likely. The difference
in shear strength depending on the loading direction
can be explained by the different failure modes. All
specimens tested perpendicular to the lines of the
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covered pins failed through abrupt fracture of the pins.
Thus mechanical strength is limited by the bending
load capacity of all pins. In contrast, the parallel loaded
specimens failed at a lower shear load due to partial
breakage of the pins. In these cases, the tests were termi-
nated by the force switch-off threshold at 80% of the
maximum force before separation of the specimen. As
shown in Figure 15(b), the covered pin lines at the
edges of the specimens were only partially fractured.
This means that also the load was not equally distributed
over all pins of the structure, so that the load in the inner
pins was relatively higher, resulting in earlier failure.

5. Conclusion

Hybrid AISi10Mg/PLA specimens were manufactured
through sequential manufacturing of a metal part with
the LPBF process and additively adding an FFF part on
top of the metal structure.

e Mechanical bonding was realised through the use of
interlocking structures. The structures with a size of
a few multiples of an LPBF bead width proved to be
manufacturable in the LPBF process and were
tested for tensile strength. A covered pins structure
was shown capable of being filled to a high degree
with PLA and yielded high tensile (78.5% of the PLA
strength) as well as shear strengths.

o Different process parameters of the FFF process were
investigated for their influence on mechanical proper-
ties. The viscosity reduction induced by higher nozzle
temperature, the faster filling of the structures
through a higher print speed and lower nozzle dis-
tance improved the tensile strength.

e uCT investigation of the structures showed how PLA
was able to flow into undercut areas and created an
interlock and quantified the amount of PLA and
AISi10Mg in the structures.

 Distance of the FFF nozzle to the structures was deter-
mined through pCT, revealing unintentional differ-
ences between specimens. These differences were
identified as a main cause of a high scatter in mech-
anical properties.

o Contact pressure generated by the thermal expansion
and the resulting warpage of the PLA was evaluated
through a simulation. Only a minor contribution to
the tension interface strength was found.

¢ Depending on geometric variations of the interlock-
ing structure, the failure mode of the parts can be
influenced.

The presented results are meant to help in enabling
hybrid LPBF/FFF processes but can also be used to

improve injection overmoulding processes, as additively
manufactured structures providing undercuts make
additional coupling agents superfluous. This also
would presumably lead to lower process requirements,
as less process pressure and preheating of the metal
would be necessary. Nonetheless preheating of the
metal substrate led to a higher strength of the joint for
the structures investigated in this work.

As an outlook, the local arrangement of interlocking
structures that was not examined in this work could be
optimised. For example, Droder, Brand, and Kiihn
(2017) found that the shear strength of a FRP/metal
joint by mechanical undercuts was influenced by the
arrangement of the structures. The additive fabrication
of the structures in this work would allow an optimised
placement of the structures according to loading con-
ditions, which could further improve the mechanical
properties.

In this work, PLA was chosen because of its excellent
processability. In the next step, the process should be
adapted to high-performance polymers such as ASA or
PEI to enable the use of the process for applications
with higher temperature requirements.
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