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Abstract: AddJoining technique has been recently introduced to produce metal–polymer composite
hybrid layered structures. The methodology combines the principles of joining and polymeric
additive manufacturing. This paper presents three AddJoining process-variants investigated and
demonstrated for the material combination aluminum 2024-T3 and acrylonitrile butadiene styrene
to form hybrid single lap joints. The microstructure and mechanical performance were assessed.
The process variant using heating control showed the ultimate lap shear force of 1.2 ± 0.05 kN
and displacement at a break of 1.21 ± 0.16 mm as a result of strong bonding formation at the
interface of the hybrid joints. For instance, the other two process variants tested (with epoxy adhesive,
and with thin-acrylonitrile butadiene styrene (ABS) coating layer applied on the metal) presented
reduced mechanical performance in comparison to process variant using heating control, namely
approximately 42% and 8.3%, respectively. The former had a mixed adhesive–cohesive failure due to
the lower bonding performance between the adhesive and ABS printed layers. The latter displayed
a slight decrease in force in comparison to heat-control specimens. This could be explained by the
presence of micro-voids formed by solvent evaporation at the ABS coating layer during AddJoining.

Keywords: AddJoining; fused-filament fabrication (FFF); additive manufacturing; aluminum 2024-T3;
ABS; metal–polymer

1. Introduction

The substitution of conventional metals by lightweight materials is a recent trend
observed for structural applications. The driving forces in core industries (automotive and
aerospace) are weight reduction and reliable mechanical performance. Thus, there is a need
to search for the next generation of materials and innovative production technologies.

The application of multi-materials in a structure can bring essential benefits, but it is a
challenge to combine dissimilar materials due to their differing physicochemical proper-
ties [1,2]. The essential characteristics of the development of structure is based on material,
design, and manufacturing technique. Joining technologies and additive manufacturing
techniques are techniques that can contribute to the successful integration of material,
design, and manufacturing technique [3]. In fact, traditional joining methods can face
technological limitations when joining dissimilar materials, for instance the combination
of metals and composites. A good example is adhesive bonding, where the relatively
long curing time of the adhesive is a significant drawback. In recent years, new joining
techniques have been investigated to develop hybrid structures to overcome the limitations
of traditional joining methods [2,4]. These include novel energy efficient friction-based
techniques [5], such as friction riveting [6–8], friction spot joining [9–12], ultrasonic weld-
ing [13,14] and ultrasonic joining [15–17]. Other fusion-based joining technologies, such
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as laser joining [18,19], resistance spot joining [20], injection clinching joining [21–23], and
induction-heated joining [24,25], have also proven to be adequate to produce hybrid joints.

Currently, the manufacture of metal–polymer layered parts is very demanding; usually
long processing cycles are required to cure the thermoset-based resin, such as in epoxy-
based fiber-metal laminates (FML) [26]. Cortés and Cantwell [27] investigated emerging
thermoplastic-based FML (T-FML), such as carbon-fiber reinforced PEEK/Ti. An advantage
of T-FMLs is associated with its short thermoforming cycles. Although, there are challenges
on the automation and ability to make complex parts to manufacture current FML and
T-FML materials. The scenario is similar to traditional metal-composite layered structures,
such as those produced by co-bonding and co-curing. A recent alternative approach to
mitigate or overcome such state-of-the-art challenges involves automating the FML man-
ufacture by additive manufacturing (AM); besides AM normally improve the freedom
in complex part designing [28]. Recently, Janssen, Peters and Brecher [29] reported an
AM approach to join hybrid parts tailor-making carbon-fiber-reinforced polyamide-6 and
3D-printed polyamide-12 parts. Lately, an increased interest in the field of AM has pro-
moted the flexibility to produce complex geometric parts with net-shaped and mechanical
functionalities, e.g., in sandwich structures with AM honeycomb cores [30,31].

Falck et al. [32] recently introduced AddJoining technology as an alternative method
to produce metal–polymer (composite) layered structures based on the principles of joining
and the polymeric AM. In the early phase of this technology, it is necessary to understand
the adhesion forces and interactions between the metal and the polymer. In previous publi-
cations [32,33], the authors discussed the influence of process parameters on the mechanical
behavior of hybrid joints. More recently, Belei, Pommer and Amancio-Filho [34] investi-
gated the use of sandblasted, rolled Ti-6Al-4V substrates and short carbon fiber-reinforced
polyamide (PA-CF). The authors used simple Machine Learning algorithms—i.e., linear
and polynomial regressions—to evaluate the influence of layer height, printing speed and
printing bed temperature for the coating layer of unreinforced polyamide 6 on the ultimate
single-lap shear strength (ULSS) of the Add-joints. The linear model achieved a good accu-
racy, with a R2 = 0.76. The authors concluded that the ULSS was directly proportional to
the coating layer height, the latter being strongly dependent both on the printing speed and
on the input layer height. Not only wrought metals were hybridized by means of AddJoining.
Oliveira et al. [35] showed the feasibility of creating sub-millimetric textures on the surface
laser-powder-bed-fusion 3D-printed AlSi10Mg additively manufactured alloys. They used
submillimeter-sized mushroom-shaped structures which allowed for good micro-mechanical
interlocking with add-joined polycarbonate. PC/AlSi10Mg hybrid addjoints with excellent
lap-shear strength of 10.8 ± 0.6 MPa could be achieved.

This study enables the first insights into the understanding the available AddJoining
process variants. Two well-established materials were selected for this study: aluminum
alloy 2024-T3 and acrylonitrile butadiene styrene (ABS). The current work aims to evaluate
the influence of different AddJoining process variants—i.e., (a) use of epoxy-based adhesive,
(b) with heating control and (c) with thin-ABS-coated metal—on the mechanical behavior
and microstructure of hybrid joints.

2. Fundamentals of the AddJoining Process

AddJoining is inspired by AM and joining technology principles, where the new tech-
nique uses polymer 3D printing, e.g., fused filament fabrication (FFF). In the AddJoining
method, FFF is applied to form the polymeric part. Hence, the parts can be produced
with complex geometries by depositing extruded material layer by layer on a substrate.
This manufacturing technique is divided into three mains steps (Figure 1) [32]. Prior to
starting to produce the metal–polymer hybrid part, AddJoining begins by slicing a 3D
CAD data into layers. The first phase starts by fixing the metallic substrate on the build
platform (Figure 1a). Subsequently, the polymer material is uncoiled slowly and guided to
the extrusion head, where the resistive heated part is located closer to the nozzle. This is
heated to high temperatures (above glass transition temperature or melting temperature)
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to decrease material viscosity. At this stage, the softened or molten material flows smoothly
through the extrusion nozzle, where the polymer material is deposited to form a full layer
on top of the metal substrate (Figure 1b). Following each sequence, the building platform is
lowered down in Z-direction by the thickness of one layer, while the extrusion head moves
in X-Y plane, e.g., a horizontal plane. The process continues by adding polymer layers on
top of the previously consolidated polymer, until the final thickness of the polymeric part
is achieved (Figure 1c). The last stage of the process is by removing the metal–polymer
layered joint from the building platform (Figure 1d). Additional post-printing steps (e.g.,
thermomechanical treatment), such as hot isostatic pressing, may be applied to eliminate
intrinsic voids in the layered component. Note that post-processing was not considered
in this work. However, this technique is usually used to produce a homogeneous and
defect-free material for 3D-printed parts [36].

Metals 2023, 13, x FOR PEER REVIEW 3 of 12 
 

 

Prior to starting to produce the metal–polymer hybrid part, AddJoining begins by slicing 
a 3D CAD data into layers. The first phase starts by fixing the metallic substrate on the 
build platform (Figure 1a). Subsequently, the polymer material is uncoiled slowly and 
guided to the extrusion head, where the resistive heated part is located closer to the 
nozzle. This is heated to high temperatures (above glass transition temperature or melting 
temperature) to decrease material viscosity. At this stage, the softened or molten material 
flows smoothly through the extrusion nozzle, where the polymer material is deposited to 
form a full layer on top of the metal substrate (Figure 1b). Following each sequence, the 
building platform is lowered down in Z-direction by the thickness of one layer, while the 
extrusion head moves in X-Y plane, e.g., a horizontal plane. The process continues by 
adding polymer layers on top of the previously consolidated polymer, until the final 
thickness of the polymeric part is achieved (Figure 1c). The last stage of the process is by 
removing the metal–polymer layered joint from the building platform (Figure 1d). 
Additional post-printing steps (e.g., thermomechanical treatment), such as hot isostatic 
pressing, may be applied to eliminate intrinsic voids in the layered component. Note that 
post-processing was not considered in this work. However, this technique is usually used 
to produce a homogeneous and defect-free material for 3D-printed parts [36]. 

 
Figure 1. Schematic representation of the AddJoining process for layered metal–polymer composite 
hybrid structures: (a) initial setup, (b) deposition of the first polymer layer on the metal substrate, 
(c) deposition of the subsequent polymer layers, (d) final layered metal–polymer hybrid structure. 
Reprinted with permission from ref. [32]. Copyright 2022 Elsevier. 

3. Materials and Methods 
3.1. Base Materials 

In this exploratory study, the base materials used were two-millimeter-thick 
aluminum alloy 2024-T3 rolled sheets (Costellium, Paris, France) with the following 
nominal chemical composition in weight percent [37]: ≤0.1% Cr; 3.8–4.9% Cu; ≤0.5% Fe; 
1.2–1.8% Mg; 0.3–0.9% Mn; ≤0.5% Si; ≤0.15% Ti; ≤0.25% Zn and 90.7–94.7% Al. The metal 
alloy has excellent mechanical properties and applicability in the transportation industry. 
Hence, such material belongs to the 2xxx series of precipitation hardening aluminum 
alloy, where copper and magnesium are the major alloying elements. Table 1 shows the 
physical and mechanical properties of the aluminum 2024-T3. 

  

Figure 1. Schematic representation of the AddJoining process for layered metal–polymer composite
hybrid structures: (a) initial setup, (b) deposition of the first polymer layer on the metal substrate,
(c) deposition of the subsequent polymer layers, (d) final layered metal–polymer hybrid structure.
Reprinted with permission from ref. [32]. Copyright 2022 Elsevier.

3. Materials and Methods
3.1. Base Materials

In this exploratory study, the base materials used were two-millimeter-thick aluminum
alloy 2024-T3 rolled sheets (Costellium, Paris, France) with the following nominal chemical
composition in weight percent [37]: ≤0.1% Cr; 3.8–4.9% Cu; ≤0.5% Fe; 1.2–1.8% Mg;
0.3–0.9% Mn; ≤0.5% Si; ≤0.15% Ti; ≤0.25% Zn and 90.7–94.7% Al. The metal alloy has
excellent mechanical properties and applicability in the transportation industry. Hence,
such material belongs to the 2xxx series of precipitation hardening aluminum alloy, where
copper and magnesium are the major alloying elements. Table 1 shows the physical and
mechanical properties of the aluminum 2024-T3.

Table 1. Primary physical and mechanical properties of aluminum 2024-T3 at room temperature [38].

Coeff. of Thermal
Expansion (µm/m-◦C)

Thermal Conductivity
(W/m-K)

Melting
Temperature (◦C)

Elastic Modulus
(GPa)

Tensile Strength
(MPa)

24.7 121 500–638 72 480

As a polymeric part, an unreinforced thermoplastic was selected and supplied by
VShaper, Rzeszów, Poland, in a spool with a filament 1.75 mm in diameter. ABS is an
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amorphous thermoplastic, which is a terpolymer with a glass transition temperature of
94 ◦C [39–41]. Table 2 depicts some of the physical and mechanical properties of ABS. This
polymer is widely used for engineering applications, such as to fulfill impact resistance,
strength, and stiffness [42,43].

Table 2. Primary physical and mechanical properties of ABS at room temperature [39–41].

Coeff. of Thermal
Expansion (µm/m-◦C)

Thermal Conductivity
(W/m-K)

Glass Transition
Temperature (◦C)

Elastic
Modulus (GPa)

Tensile Strength
(MPa)

10.1 0.21 94 2.4 26

3.2. Manufacturing Procedure

Prior to manufacturing of the AddJoining hybrid joints, the surface of the metal
was sand-blasted with corundum (Al2O3) with particle size ranging from 100 to 150 µm
(WIWOX Surface Systems, Erkrath, Germany) using a pressure of six bar. The samples were
cleaned with pressurized air and immersed cleansed in ethanol ultrasonic bath for three
minutes. The sand-blasting treatment helps to create crevices in the surface of the metal,
which will act as micro-mechanical anchoring sites for the polymer after consolidation
of the coating layer [33,34]. Currently, AddJoining was reported to have five controllable
manufacturing parameters, with four of these depending on the 3D printer and process
variant selected [33]. In this study a commercial VShaper PRO (VShaper, Rzeszów, Poland)
fused filament fabrication (FFF) 3D printer was utilized to manufacture the hybrid Add-
joints. Four controllable parameters were used: printing temperature (PT: 250 ◦C), road
thickness (RT: 0.2 mm), deposition speed (DS: 40 mm/s), and number of contours (NC: 2).
With the defined controllable parameters, the total manufacturing time per sample is
55 min. Moreover, road angle at [−45◦, 45◦] (i.e., deposition directions alternately for
different layers in −45◦ and 45◦) and building surface temperature at 115 ◦C were kept
constant. In this investigation a simple one-factor-at-a-time, OFAT design of experiment
(DoE) was carried out to obtain the initial understanding of the AddJoining technique for
this combination of materials. The following joining parameters and their ranges were
investigated: PT: 230–280 ◦C; RT: 0.1–0.3 mm; DS: 20–60 mm/s and NC: 2–22. A more
advanced DoE is required to fully maximize mechanical strength of each process variant.
However, this is out of the scope of this manuscript.

The first variant of the process was tested using the epoxy-based adhesive DP490 3M,
Saint Paul, MN, USA) applied on sandblasted metal parts (average thickness of uncured
adhesive of 200 µm). Following that the ABS part was directly add-joined to the metal
with adhesive before curing. Finally, curing procedure was applied following the supplier
procedure in two cycles, whereby the adhesive hybrid joints were kept one day at room
temperature and subjected to the second cycle in the air-circulating oven Nabertherm TR60
(Nabertherm, Lilienthal, Germany) at 80 ◦C for 1 h. The second process variant was tested
using a heating-control system, where a first layer of ABS was deposited on the surface of
the sand-blasted aluminum part by 3D-printing/indirect heating as follows: (1) printing
a stand-alone layer of ABS (13 mm × 26 mm × 0.2 mm); (2) heating the aluminum part
with the stand-alone ABS printed coating layer using an external hot plate at 250 ◦C for
one minute (to remelt and homogenize the stand-alone printed ABS layer); (3) allowing a
two-minute consolidation time for ABS coating. The third variant consists of forming the
thin ABS coating layer in the sand-blasted metal using an adapted dip-coating method. To
perform the coating, the ABS filament was dissolved in pure acetone at room temperature
for 24 h to form a 15 wt.% ABS solution. A homogeneous coating was manually applied
with a customized gauge-tool to support uniform spreading and to ensure a constant
coating thickness (60 µm) on the aluminum surface [33]. The samples were subsequently
dried in the horizontal position for five minutes at room temperature to allow for hardening
of the deposited coating. For each process variant, three replicates of the lap shear test
specimens were produced and tested.
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3.3. Microstructure and Mechanical Analysis

For each process variant, the microstructure and mechanical performance were evalu-
ated. To analyze the microstructure of the hybrid joints, a cross-section of the joints was
cut from the overlapped zone (specimen size approximately 12.5 mm × 12.5 mm × 4 mm)
longitudinally to the length of the lap-shear testing specimens (Figure 2). This was then
mounted, ground, and polished, following standard methods to obtain a smooth surface
and examined by reflected-light optical microscopy (RLOM) using a Leica DM IRM optical
microscope (Leica Microsystems, Wetzlar, Germany). The hybrid joints were evaluated
under quasi-static loading to assess the mechanical performance. Based on ASTM D3163-01,
the single-lap shear test was performed in a Zwick/Roell 1478 universal testing machine
with 100 kN force cell (Zwick/Roell, Ulm, Germany) at room temperature with a transverse
speed of 1.27 mm/min. The final AddJoining lap joints had the specimen geometry of
101.6 mm × 25.5 mm × 2 mm with an overlap area of 12.5 mm × 25.5 mm (Figure 2).
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Figure 2. Schematic of lap shear testing specimen geometry for the AddJoining hybrid joints.

4. Results and Discussion

The quasi-static mechanical performance of AddJoints is shown in Figure 3. The
stiffness among the process variants are similar (Figure 3a). The force-displacement curves
of the different process variants showed a linear elastic behavior and similarity on the
stiffness prior to failure. The variant using adhesive showed limited displacement at
break (DaB: 0.67 ± 0.04 mm) representing the low-ductility of the adhesive. In contrast
to the process variant using heating control, the displacement at break was 79% higher
than the variant using adhesive (DaB: 1.21 ± 0.16 mm). For the variant three (using thin-
coating layer), the displacement at break was 67% higher than the variant using adhesive
(DaB: 1.12 ± 0.06 mm). Figure 3b compares the average ultimate lap shear force (ULSF)
obtained from force-displacement curves. Process variant two (the heating-control variant)
displayed an average ULSF of 1.2 ± 0.05 kN. Hence, process variant one and three showed
lower mechanical performance compared to the heating control variant, about 42% (ULSF:
0.7 ± 0.1 kN) and 8.3% (ULSF: 1.1 ± 0.06 kN), respectively.
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For process variant one (epoxy adhesive), the poor mechanical performance using
commercial adhesive can be explained on one hand by the inherent difficulties of bonding
thermoplastics to other polymers or metals because of their low surface tension [44,45];
thermoplastic adherends usually requires specific surface treatments applied by physical
(e.g., peel-ply, grit blasting) or chemical (e.g., plasma surface treatment) means to produce
high performance adhesively bonded joints [2,45–49], which were not applied in the tested
polymeric coatings used in this work. On the other hand, a reduced final average thickness
of 32 ± 2 µm of the epoxy adhesive in the hybrid joints was observed (Figure 4a). During
the printing of the ABS part, the extruder head movement removed part of the uncured
adhesive from the metallic part’s surface due to the contact with the 3D-printing nozzle.
According to Boutar et al. [50], the ideal bond line thickness using structural adhesive is in
average between 200 µm to 500 µm. The authors reported that interface stresses are higher
with thin adhesive bond line thicknesses, which may reduce the carry load capability of
the adhesive [50,51]. For process variants two and three, Figure 4b,c, respectively, a close
contact could be achieved between the coating layer and the surface of the aluminum and
between the deposited polymer and coating layer. For process variant three, the presence of
voids in the ABS coating is believed to be related to the evaporation of residual acetone from
the coating solution during the AddJoining printing stage. This is a reasonable assumption,
considering that PT = 250 ◦C and pure acetone has a boiling point of 56 ◦C [52]. Moreover,
such phenomenon was not present in the process variant two (heating-control) specimens;
this suggests the flaws in Figure 4c are not thermal degradation gases. Mendelson [53]
correlated the melt viscosity dependence of ABS with temperature. The author reported
that a variation in temperature reduced the melt viscosity up to 50% (4600 Pa-s (230 ◦C)
and 2500 Pa-s (260 ◦C)), where the bonding between the layers is activated because the
consolidation process is thermally driven by the polymer viscous flow process [54]. Keeping
the temperature above the glass transition temperature (Tg = 94 ◦C [33,39,55]) in AddJoining
helps to ensure that there would be good bonding between successively deposited layers,
explaining the absence of defects and the presence of smooth welding line for process-
variant two specimens. Therefore, for both variant two and three specimens, the primary
bonding mechanisms between the printed layers are by thermal fusion and interlayer
bonding (i.e., intermolecular diffusion), whereby pores were formed by the evaporation of
residual solvent molecules in the applied ABS coating.

Figure 5 illustrates the failure type of the process variant (1) with adhesive layer,
(2) ABS coating obtained with heating control and (3) ABS coating achieved with ABS
solution. There are clearly three different failure types among the AddJoining process
variants. These are a result of the different bonding mechanisms among the process
variants. Figure 5a illustrates the joint fracture surface observed for process variant one.
Due to the limited bonding performance between the 3D-printed ABS and adhesive (black
areas) in the surface of the aluminum 2024-T3 part, failure took place mostly at the interface
between adhesive and add-joined ABS; however, one may observe a few adhesive-rich
areas in the ABS part (see arrows in Figure 5a). Therefore, specimens of process variant one
presented an adhesive–cohesive failure [56,57].

On the contrary, the strong bonding formation obtained with the heating-control
approach (process variant two) resulted in specimens failing in the ABS printed part. Stock-
break failure [58] occurred by tensile failure outside of the overlap joint area across the
width of the 3D-printed ABS (Figure 5b). This typical failure is rarely reported for hybrid
single-lap joints, suggesting the presence of a strong interface between the adherends
(i.e., aluminum 2024-T3 and 3D-printed ABS). When single-lap joints have strongly joined
overlap areas, the failure is driven to possible areas with peak stress concentrations, which
are located at the free edges of the lap joint [2,59]. In this work AddJoining uses the
FFF process as the main backbone to produce the hybrid joints. A well-known current
limitation of the FFF process is the presence of intrinsic voids related to air gaps during
printing [55,60–63]. The voids act as stress concentrators, contributing to anisotropy of
the mechanical properties. Thus, for the process variant using heating control, the strong
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interface drives the failure to the 3D-printed part to fail at lower stresses—in comparison
with injection molded ABS parts [64]—due to FDM-process-related intrinsic voids.Metals 2023, 13, x FOR PEER REVIEW 7 of 12 
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application during lap-shear testing is aligned from the bottom to the top of the figures.
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Figure 5c shows a dominant adhesive failure regime, with a very thin layer of ABS
coating remaining attached to the metallic surface. Moreover, one can see the presence of
voids (tiny bubbles) in the ABS coating owing to the evaporation of residual acetone during
AddJoining. Nevertheless, at the microscopic level, the presence of voids in the ABS coating
does not appear to sufficiently affect the overall mechanical performance of the AddJoining
hybrid joints. This may be associated to two factors: (a) the coating deposition was very
effective and good micro-mechanical interlocking was achieved between the coated metal
substrate and the 3D-printed polymer, and (b) good bonding between the coating and
printed ABS (i.e., good intermolecular diffusion) was achieved during AddJoining. Further
in-progress investigations will help to confirm these assumptions regarding the micro-
mechanisms of failure in AddJoining specimens.

5. Conclusions

The AddJoining technique has been successfully applied to combine aluminum 2024-
T3 and acrylonitrile butadiene styrene to form hybrid joints. Furthermore, the quasi-static
properties of different AddJoining process variants one (with adhesive), variant two (with
heating control) and variant three (with thin-coating layer) were evaluated.

Process variant one (with epoxy-based adhesive) and three showed lower mechanical
performance compared to the heating control variant, 42% (ULSF: 0.7 ± 0.1 kN) and 7%
(ULSF: 1.1 ± 0.1 kN), respectively. The lower mechanical performance for hybrid joints
using commercial adhesive is, on one hand an indication of the low surface tension from the
thermoplastic (i.e., limited adhesion forces), and on the other hand due to the decrease from
200 µm (originally applied adhesive layer) to 32 ± 2 µm, whereby the uncured adhesive
was partially removed due to the contact of the nozzle on the extruder head during the
printing of the first layers. As known from the literature, adhesive layers in bonded joints
should have a thickness between 200–500 µm to avoid high interface stresses, reducing the
carry load capability. For the process variant three (with thin-coating layer), the presence
of voids in the ABS coating was visible, caused by the evaporation of residual acetone.
Compared to process two (with heating control) specimens, at the microscopic level, micro-
voids in process-variant-three specimens were not sufficiently decisive to strongly decrease
the overall mechanical performance of the AddJoining hybrid joints. This is mainly due to
the good intermolecular diffusion between ABS-coating and printed ABS. As voids were
not visually found present in process variant two (heat-control) and similar intermolecular
diffusion (i.e., thermal fusion and interlayer bonding) between coating and printed part
took place, these specimens presented the highest quasi-static mechanical performance of
1.20 ± 0.05 kN in this study.

All in all, the results of this study opened up the possibility to further understand
and advance the AddJoining technique for future polymer–metal hybrid structures. In this
study, the heating control process variant has been shown to be the preferred strategy to
improve the mechanical performance and reproducibility of the process. The application of
a heating control is believed to contribute to increasing the build temperature above the
polymer glass transition temperature, thereby supporting the bond formation between the
3D printed layers by macromolecular autohesion between polymeric printed layers and
better wetting and spreading at the aluminium surface. Intensive ongoing work—to be
published in a separate manuscript—on the correlation between processing, microstructure
and mechanical performance at the coupon level will allow for process scaling-up to
produce future layered metal–polymer structures.
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