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Abstract: Additive manufacturing (AM) is often used for prototyping; however, in recent years,
there have been several final product applications, namely the development of polymer-metal
hybrid (PMH) components that have emerged. In this paper, the objective is to characterize the
adhesion of single-lap joints between two different materials: aluminium and a polymer-based
material manufactured by fused filament fabrication (FFF). Single-lap joints were fabricated using an
aluminium substrate with different surface treatments: sandpaper polishing (SP) and grit blasting
(GB). Three filaments for FFF were tested: acrylonitrile butadiene styrene (ABS), polyamide (PA),
and polyamide reinforced with short carbon fibers (PA + CF). To characterize the behaviour of these
single-lap joints, mechanical tension loading tests were performed. The analysis of the fractured
surface of the joints aimed to correlate the adhesion performance of each joint with the occurred
failure mode. The obtained results show the impact of surface roughness (0.16 < Ra < 1.65 um) on the
mechanical properties of the PMH joint. The ultimate lap shear strength (ULSS) of PMH single-lap
joints produced by FFF (1 < ULSS < 6.6 MPa) agree with the reported values in the literature and
increases for substrates with a higher surface roughness, remelting of the primer (PA and PA + CF),
and higher stiffness of the polymer-based adherent.

Keywords: fused filament fabrication; polymer-metal adhesion; single-lap joints; carbon fiber

1. Introduction

Current global policies in place plan to decrease greenhouse gas emissions, creating a
path for the world to become climate neutral by 2050 [1,2]. The European Union clearly
sets a common goal for every enterprise, where ecology and digital transformation come
together towards an enhanced portfolio of leading European sustainability companies [3].
Joining dissimilar materials can be highly demanding [4], but has the potential to increase a
product’s functionality and manufacturing efficiency, which is in alignment with the EU’s
sustainability objectives. Joining dissimilar materials spans multiple approaches and mate-
rials, which can increase its complexity in relation to other manufacturing techniques [5].
Examples of these applications can be found in the automotive [6,7], aeronautics [8-10],
textile [11], and tooling sectors [12], among many others [13].

The ever-increasing demand for sustainable and complex components opens a win-
dow of opportunity for additive manufacturing (AM) techniques that, after decades of
improvement, began to fabricate end-use products rather than simple parts and proto-
types [14]. Because AM is a tool-less technology it has flexibility to generate complex
parts without increasing costs, and is an interesting option for many companies worldwide
to adopt and fabricate products with it [15,16]. One possible application is to use AM
to fabricate parts and specimens with dissimilar materials due to the potential to create
optimal, lightweight, and high-performance components [5]. Regardless of the interest
in dissimilar materials using AM techniques, adopting the combining of aluminium and
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polymers using AM is far from widespread. There are several challenges to overcome, but
the potential for the automotive, power production, aerospace, medical, and many other
sectors exists [5]. Challenges arise with materials of different chemical, mechanical, thermal,
or electrical properties, or when those produced by different processes are to be joined
together, namely regarding the structural integrity of the joints [9]. Comparing with others’
materials, polymer/metal components are the best in terms of ease of manufacture and in-
creased weight-to-strength ratio [17]. The ability to fabricate such parts, added to industry’s
significant demand for them, provides a strong advantage to some AM techniques [18,19].

Among the available AM techniques [20], fused filament fabrication (FFF) is now
perceived as one major AM technology platform to produce polymer/metal multi-material
components [21-23]. The FFF is an AM technique that starts with filament material being
guided to the extruder, where torque and a pinch system is used to feed and retract precise
amounts of it. A heater block then heats the filament to a controllable temperature that is
well above the glass transition temperature of amorphous polymers or the melting point
of semi-crystalline ones [24,25], and is forced out of the heated nozzle. The extruded
material is laid down on the model through the correct positioning of the print head
and/or the build plate, placing the material where it is needed [26,27]. The value of FFF
techniques for rapid prototyping or end-user products is undeniable [28]. However, the
process is highly dependent on the optimization of numerous parameters to achieve parts
with a high-quality surface finish [29-32], dimensional accuracy [32,33], and mechanical
performance [32,34-37].

Adhesive joining is the most appropriate technique for bonding metallic and non-
metallic structures where the strength-to-weight ratio must be maximized [38]. This tech-
nique utilizes polymeric substrates to join a large variety of material combinations. The
adhesive joining between polymer-based materials and metals often involves the applica-
tion of heat and pressure [39,40].

The literature identifies six main mechanisms of adhesion [41,42]: absorption [43],
electrostatic attraction [44,45], chemical bonding [46], mechanical interlocking [47-49],
diffusion [50], and a weak boundary layer [51]. A proper compatibility of the interface
between both substrates desired is of extreme importance to form the adhesive joint. A
mixture of adhesion mechanisms is usually responsible for a given system [52], since a
definitive conclusion on which mechanisms best suit adhesive bonding is still lacking.

Surface treatments are currently being used to improve this adhesion. An increase
in the friction coefficient correlates with an increment in the surface roughness of the
material [53,54]. Furthermore, an increase in wettability when combining the incorporation
of polar functional groups to a polymer joined with a silicon coated steel positively influ-
ences the adhesion strength [54,55]. The grit-blasting technique is believed to be the ideal
surface treatment for metallic media [43,56,57]. Despite these surface treatments, some
substrates may still provide only negligible adhesion. At this point, primers or adhesive
promoters may come to aid with further improvements of the joining strength [58,59]. The
adhesion strength evaluation can be performed by mechanical tests (tensile, shear and peel
tests) [60], or by nondestructive tests [61], which also permit the assessment of damage of
the joints [62].

Previous works explored the potential of ABS and polyamides (PA) in terms of being
successfully coated with metals, evidencing the potential of using these polymers when
joining dissimilar materials [63-66]. The ABS arises as an ideal choice for engineering
applications, as it possesses high toughness, mechanical strength, good thermal stability,
and cheapness, to name a few advantages of it [36,67-70]. On the other hand, reinforced
PA can also be classified as a high-performance engineering material, since the presence of
fillers within a PA matrix enhances its mechanical properties and decreases the influence of
humidity [71]. Some constraints must be pointed out with regard to using these polymers
in FFF applications. The most inconvenient one for the conduction of this experiment was
the warping effect (a non-wanted distortion on the surfaces of a part), which is already
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extensively described in numerous papers and is frequent when printing with PA and ABS
filaments [72,73].

In recent years, several works reported the use of AM to produce parts with polymer-
metal hybrid materials (PMHM), demonstrating the timeliness and growing interest in this
technology. The first study of this technology using AM was undertaken by Cham et al. [74],
where the design and manufacturing of products with embedding components through
a layered process termed Shaped Deposition Manufacturing was addressed. This work
presents a combination of process planning algorithms and manufacturing methods for
the design of parts with PMHM, and provides an insight into the multiple applications
of these components in industries such as automotive and electrical systems [74]. In ad-
dition to aspects related to product design and process planning, it is crucial to study the
mechanical properties of parts produced with PMHM in order to successfully implement
this technology. The mechanical properties of PMHM structures comprised of a photoresin
and an amorphous layer metal (NiB) obtained by 3D printing and electroless deposition,
respectively, were studied in the work of Mieszala et al. [75]. The authors focused on the
deformation mechanisms and energy absorption capability of cellular structures produced
with these PMHM, and found that chemical bonding is essential in promoting a good
adhesion between the polymer and metal in these microstructures. The mechanical prop-
erties of PMHM joints obtained by a combination of laser powder bed fusion (LPBF) and
FFF processes were studied in the work of Chueh et al. [55]. The proposed fabrication
method starts with the production of metal (stainless steel) interlocking structures by LPBF,
followed by the deposition by FFF of the melted polymer (PLA or PET) on the top of
the metallic substrate. During the FFF process, the substrate is heated to decrease the
polymer’s viscosity and facilitate its flow into those metal interlocking structures. In the
final step of the process, the melted plastic material is compressed and the laser is scanned,
boosting the inter-molecular adhesion between the metal and polymer. The use of the FFF
process is of great interest given its widespread use in commercial 3D printers. However,
the application of FFF technology with the use of PMHM still requires further study. In
2017, Fanferot et al. [21] demonstrated the deposition of PMHM with the FFF process using
polymer-metal hybrid filaments, and PLA reinforced with bronze and iron. The mechanical
properties of the parts were studied, and the authors concluded that although the tensile
strength of parts produced with hybrid materials were similar to the ones of PLA, the
interfacial adhesion of PMHM was reduced when compared with the PLA. The FEF process
was also employed to fabricate PMHM joints between aluminium and ABS [22,23], or
between aluminium and alternate layers of polyamides (PA) and continuous carbon fiber
(CF) reinforced PA [22], in a process referred to as the AddJoining technique. The authors
observed that the mechanical behavior of the AddJoining parts is comparable to the joints
produced with state-of-the-art adhesive bonding.

Due to the popularity of FFF equipment and the need to understand the mechanisms
of joining dissimilar materials, in this work the feasibility of adhesion between aluminium
and three polymer-based materials: ABS, PA and PA reinforced with short CF, was studied.
Single-lap joints of aluminium substrate with polymer-based adherents were produced by
FFF using a customized printing bed. The effect of surface roughness and the presence
of fibres on the adhesion strength between each pair of materials was also studied. The
experimental work includes standard tensile tests, optical profilometry measurements, and
morphological observations using scanning electron microscopy (SEM). The analysis of
the fractured surfaces and failure modes of the single-lap joints was also performed. To
the best of our knowledge, this is the first time that the adhesion of single-lap joints of
aluminum-PA and aluminum-(PA-CF) produced by FFF was reported, and it correlated
with the aluminum surface roughness and the failure modes of the joints.
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2. Materials and Methods
2.1. Materials

As previously mentioned, single-lap joints with two different adherents were fabri-
cated. The single-lap joints consisted of a metallic substrate and a polymer based top layer.
The geometry of the specimens, as seen in Figure 1, was derived from ASTM D3163-01
standard [76]. There is an interfacing section between the two materials that is 12 mm in
length and 26 mm in width.
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Figure 1. Specimen geometry used for single-lap joints.

The substrate, with a thickness of 2 mm, is made of commercial aluminium with
265 MPa of ultimate tensile stress (UTS) and 235 MPa of yield stress. The Young’s mod-
ulus(E) of 78.8 GPa and 3.92% elongation at break were registered. These values were
obtained from an experimental test using an INSTRON 3369 universal testing machine with
a 50 kN load cell and a crosshead speed of 1.0 mm /min. Three specimens were machined
and tested following the ASTM E8/E8M—13a standard [77].

For the top polymer-based adherent, ABS, PA, and PA reinforced with CF (PA + CF),
1.75 mm filaments were used. The ABS filament was acquired from Makerbot. The general
properties of ABS plastic (UTS = 27.6-55.2 MPa and E = 1.19-2.90 GPa) were obtained in
the literature [67-69]. The PA acquired from Markforged was used for the second set of
specimens. General properties for this PA (UTS = 36 MPa and E = 1.70 GPa) can be found
in the literature [78]. PA + CF was acquired from Fillamentum, and is characterized by the
following properties: UTS = 54.5 MPa and E = 0.5 GPa [79].

2.2. Fabrication of Specimens

The printer used in this work was a Raise3D Pro2. Due to the geometry of the
specimens, the 3D printer bed was adapted to level the aluminium substrate with the
printer bed. The original build plate from the Raise system was replaced by a customized
one. This customized build plate was fabricated with the same aluminium sheet employed
for obtaining the substrates of the single-lap joints, with a slot to insert the base substrate,
as shown in Figure 2. Note that any other material can be used as long as the slot has the
same thickness of the specimen and allows for the adhesion of the deposited polymer.

AN
Aluminium substrate (Specimen) -

Aluminium base

Figure 2. 3D printer customized base.
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The first step for the fabrication of specimens was to validate the printing parameters
for each filament. A standard profile for ABS was used. However, to ensure that the
parts did not warp, which is a common issue with ABS 3D printing [80], the build plate
temperature and the application of the brim loop lines were studied in greater detail.
The remaining 3D printing parameters were fixed for each filament, as specified in the
manufacturer’s printing guides and based on previous work with same materials [23,79],
as shown in Table 1. A build plate temperature of 110 °C and Kapton tape was used. The
Kapton tape assured a proper adhesion of the ABS during printing, and made for easier
removal after its completion. For PA, the build plate temperature was also set to 110 °C, but
for this material blue masking tape was employed, as it was noticeably better at preventing
the warping of the specimen. In this case, it was necessary to use 25 brim lines to secure
the specimen. For PA reinforced with CF, the building plate temperature was also set to
110 °C, with blue masking tape and 45 brim lines.

Table 1. 3D printed parameters for each filament.

Filament Printing Infill Deposition Layer Raster Number
Temperature (°C) Percentage Speed (mm/s) Thickness (mm) Angle (°) of Contours
ABS 280 100 50 0.1 +45 12
PA 270 100 45 0.1 +45 12
PA + CF 260 100 30 0.1 +45 12

Due to the need to improve the adhesion with blue tape or Kapton tape, between
the aluminium base and the 3D printed material (in the region outside the joint) it was
clear that the surface where the joint was formed must be prepared in order to improve the
adhesion between the aluminium substrate and the 3D printed material.

2.3. Surface Preparation of the Joints

The adhesion between the aluminium and the 3D printed material in the joint region
was improved by employing two consecutive strategies. The first strategy was to increase
the surface roughness of the aluminium substrate through sandpaper polishing (SP) or
grit blasting (GB) techniques, followed by the second strategy, which consisted of the
application of a primer on top of the aluminium substrate prior to the 3D printing process.

The SP process was applied using sandpaper with particles with an average diameter
of 125 um, and the polishing direction was varied alternately between 0 and 180° in order
to create a uniform pattern. The GB technique was performed on a RP-TOOLS 350 L
machine with brown corundum particles (Al,O3) with an average granulate size of 256 um
and a pressure of 6 bar for a period of 20 s. During the GB process, each substrate was
placed at an angle of 45° relative to the blasting nozzle, with a working distance of 200 mm.
The blasting direction varied alternately between 0, 90, +45 and —45° in order to create
a uniform blasting pattern [81]. The specimens were cleaned with isopropyl alcohol and
compressed air after each of these mechanical abrasion processes.

For aluminium-ABS joints, an ABS primer was manually spread with a paintbrush
following the procedure of Falck et al. [22,23], as shown in Figure 3a,b. The ABS primer was
obtained by the dissolution of small portions of the ABS filament (5 mm length) in acetone
for 24 h, giving rise to a 25 wt.% ABS solution. On the aluminium-PA and aluminium-
PA + CF’s joints, the application of the primer was done by FFF, using PA and PA + CF,
respectively, and is shown in Figure 3c. For the aluminium-PA and aluminium-PA + CF’s
joints, the primer was remelted on a hotplate at 270 °C for 1 min in order to better infiltrate
the cavities on the surface of the aluminium substrate, as shown in Figure 3d. Several FFF
depositions were performed (aiming to produce single-lap joints) on the surfaces of the
previously prepared aluminium substrates using SP and abrasion with the GB technique
and the application of the primer. Table 2 shows the successful and unsuccessful results of
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the FFF depositions that aimed to make adhesive joints between the aluminium and the 3D
printed materials.

Figure 3. (a) ABS primer’s application tools; (b) three examples of base material with primer applied;
(c) PA + CF specimen after the application of the primer by FFF; (d) remelting of the PA + CF primer
on top of a hot plate; (e) aluminium—PA + CF single-lap joint resting time after 3D printing; and
(f) aluminium-PA + CF single-lap joint after removal from the printer.

Table 2. Single-lap joints results: filaments, surface treatments and primer.

Filament Surface Treatment Primer Single-Lap Joint
Fail
P Yor Fail
ABS
No Fail
GB Yes Success
N Fail
SP Ye(; Sucacless
PA
No Fail
GB Yes Success
Fail
SP 31232 Sucil:less
PA + CF
No Fail
GB Yes Success

It should be noted that only samples where a primer was applied gave rise to successful
single-lap joints with the adhesion between the aluminium substrate and the polymer-
based adherent. For PA and PA + CF, both SP and GB techniques had satisfactory results,
as shown in Figure 3e,f, while for ABS the GB technique was the only successful one.
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2.4. Optical Profilometry

In order to compare the different surface treatments and their effects on the lap-shear
strength of the PMHM joints, an optical profilometry measurement was done on the top
surface of the base material. The profilometry measurements based on the white light inter-
ferometry method were performed on the profilometer Profilm 3D with a 20x objective.
The scanned surface area was 1.0 x 0.85 mm?. The raw data was acquired using envelope
peak analysis. The raw data files were exported and post—-processed with the software Pro-
film Online [82]. The average surface roughness (Ra) and the maximum surface roughness
(Rz) of the base material’s top surface were determined by considering the entire scanned
area for both the abraded and non-abraded samples. For each experimental condition,
three areas representative of the aluminium surface were considered.

2.5. Scanning Electron Microscopy

A scanning electron microscope (SEM) analysis was conducted to characterize the
interface and morphology of the PMHM joints. A slice of the PMHM joints was cut and
fixed in a resin structure. After it had cured, the joint surface was polished with traditional
sandpapers and silicon carbide sandpapers for final finishing. The SEM images were
obtained with a field emission type microscope (JEOL 7001F FEG-SEM) operating at 5.0 kV
in secondary electron emission mode. The surface of specimens was fixed on the SEM
sample holder with a conductive adhesive. The thicknesses of the primers present in the
joints were estimated by a graphical analysis of the SEM images.

2.6. Single-Lap Joints—Mechanical Tests

The strength of PMHM single-lap joints were quantified by a single-lap tension loading
test. The tension loading tests were performed in an INSTRON 3369 with a 50 kN load
cell and a crosshead speed equal to 1.27 mm/min. The tension loading tests followed the
procedure from the ASTM D3163 standard test [76]. Given the design of single-lap joints
(Figure 1), it was important to prevent the characteristic bending effect of single-lap joints
subjected to tension loading. Therefore, two pieces of the same aluminium sheet as the
substrate material were placed one each on the inner sides of the substrate and polymer
strip before placing the specimens into the grips of the testing machine. Thus, the line of
action of the force applied during the tests was aligned with both surfaces of the adherends.
The following properties were extracted from the mechanical tests: the ultimate lap shear
strength (ULSS) and the elastic modulus of the lap-joint (E).

3. Results and Discussion
3.1. Surface Roughness of the Substrate

The surface of the aluminium was analysed with the goal of determining the surface
roughness of our substrate base material before the formation of the PMHM joint. The
raw data of the surface roughness profiles obtained for the different surface conditions are
displayed on Figure 4.

2.5um

22 um ﬂrx ﬁb— L'( \T 40 pm

18 um ; |
2.0 pm ¥ ."' - ‘.1 30 um
! ’ .
1.5 um 14 pm . -~ -
\ '\ w) 20 pm
o | P |
-
< \a 10 pm
0.5 um T > , 2
=3 : s’ﬂ
0.0um [ 0 pm 4 A 0 pm

Figure 4. Optical profilometry’s 3D profiles of the aluminium: (a) without any surface treatment,
(b) after been polished by SP, and (c) after the GB process.
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The raw data presented in Figure 4 allow us to make a comparison of surfaces exposed
to different surface treatments. The optical profilometry results revealed a higher surface
roughness in the SP and GB surfaces when compared with the aluminium surface without
any surface treatment. The SP and GB techniques lead to the homogenisation of roughness
and the increased roughness of the aluminium surface. The small sharp peaks present
on the surface of untreated aluminium (Figure 4a) were converted into a more uniform
roughness distribution for both SP and GB surfaces. The higher degree of abrasion was
found in the GB surfaces, where the rounded shapes of its valleys, resulting from the impact
of the projected particles during the GB process, were noticeable. The respective values of
the Ra and Rz obtained are displayed in Table 3.

Table 3. Values of surface roughness of aluminium for the non-treated and treated surface conditions.

Surface Treatment

None SP GB
Ra [pum] 0.16 £ 0.04 0.32 £ 0.05 1.65 £+ 0.46
Rz [um] 0.58 +0.12 1.12 £0.22 6.20 £+ 1.67

The surface roughness obtained for the aluminium substrate without any treatment
(Ra = 0.16 pm and Rz = 0.58 pum) is in accordance with the values reported on other
studies (Ra = 0.18 pm and Rz = 0.8 um) in which the surface roughness of aluminium
substrates was estimated, before the formation of PMHM joints [22,23,83]. For the treated
surface conditions, the direct comparison of the surface roughness values with previous
works becomes more difficult, as these values are dependent on the process parameters.
However, it is worthy of note that the values obtained for SP aluminium (Ra = 0.32 pm
and Rz = 1.12 um) are in the range of the surface roughness values reported by Boutar et al.
(Ra = 0.3 to 3 um) [84], but well below the range (0.7 < Ra < 3.15 um) reported in similar
works where the SP was applied on the aluminium of single-lap joints [85-87]. The surface
roughness values of aluminium after the GB treatment (Ra = 1.65 um and Rz = 6.20 um) are
comparable with the values (Ra = 1.9 um) reported by Bechtel et al. [83], but well below the
values reported by Goushegir et al. (Ra =5.2 pm) [85], or by Falck et al. (Rz = 89 um) [22,23].
In addition to SP and GB surface treatments, there are other methods to increase the
surface roughness of the aluminium used in PMHM single-lap joints. Some authors report
the use of techniques such as shot penning (Ra = 2 and 6 um) [88], chemical etching
(Ra=1.7—1.92 um) [86,89], or anodization (Ra = 2.13-4.77 um) [89].

3.2. Interfaces and Morphology

The SEM’s analysis of the cross sections of the PMHM joints revealed the characteristic
layered structure of 3D printed polymer-based materials where the air gaps between printed
rasters are visible, as shown in Figure 5. The SEM results allowed for the estimation of the
primer thicknesses present in the PMHM joints. The primer for the aluminium-ABS single
lap-joint was applied manually and, therefore, was of an unknown thickness, while for
aluminium-PA and aluminium-PA + CF single-lap joints, the primers were manufactured
by FFF, and its thickness was set to be 0.1 mm in the software of the 3D printer. The SEM
results indicated a thickness of 0.125 mm for the aluminium-ABS single lap joints, and
validated the programmed 0.1 mm primer’s thickness for the PMHM joints produced with
PA and PA + CF. The values obtained for the thickness of the primer in the joints agrees
with those obtained by Objois et al. and their findings with regard to the influence of the
thickness of the adhesive, on the extent of microcrack initiation, fracture propagation and,
consequently, breaking stress [59]. In this work, the authors conclude that the optimal value
of the adhesive thickness in order to achieve the maximum mechanical strength of the joint
(a steel-steel single-lap joint glued with epoxy resin) was close to 0.1 mm.
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Aluminium

5 e
3D printed Nylen

Figure 5. SEM image of a cross section of a single-lap aluminium-PA + CF joint.

Another SEM’s analysis was conducted on the single-lap joints produced with PA
+ CF, with the objective of evaluating the possible infiltration of fibers on the surface of
aluminium. However, the results from this analysis were inconclusive, as it was difficult to
obtain a magnified SEM image of the aluminium-PA + CF interface.

3.3. Mechanical Properties

The mechanical properties ULSS and E of the studied single-lap joints are displayed
in Figure 6, and indicate the average values obtained from the experimental data. The raw
data for all the tested specimens can be found in Supplementary Materials.

9 9
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Figure 6. Mechanical properties (ULSS and E) of PMHM joints.

From the data presented in Figure 6, we can observe an increase in ULSS when we
consider the single-lap joints produced in aluminium treated with the GB technique. This
increase in mechanical properties is probably linked to an increase in adhesion (by the
mechanical interlocking effect) caused by a greater surface roughness of the aluminium
substrate [54,88]. The same increase in the mechanical properties of single-lap joints
(when higher values for the surface roughness are considered) was verified for aluminium-
aluminium single-lap joins glued with a polyurethane (PU) adhesive [84], aluminium-ABS
single-lap joints [23], aluminium-PA single-lap joins with alternate layers of PA, and PA
reinforced with continuous CF [22], aluminium single-lap joins with polyphenylene sulfide
(PPS) reinforced with CF [85], and aluminium-carbon fiber reinforced polymer (CFRP)
single-lap joints glued with an epoxy adhesive [86] or with an epoxy adhesive with carbon



Appl. Sci. 2023, 13, 4429

10 of 15

nanotubes (CNTs) [89]. It is also evident from the figure that the ULSS values of the single-
lap joints increase when changed from ABS to PA, and from PA to PA + CF, indicating
a better strength for the joints produced with PA and PA + CF, possibly due to a greater
affinity of the polyamides with aluminium, and to a higher stiffness of the PA + CF. The
single-lap joints made with PA + CF were also the ones that presented smoother surfaces
and less shrinkage, features that can mitigate the delamination of the polymers from the
aluminium substrate [88]. The values of ULSS for SP and GB aluminium-PA single lap
joints were 2.5 and 3.8 MPa, respectively. These values are in line with the ones reported
by Boutar et al. [84] for aluminium-aluminium single-lap joins glued with a PU adhesive
(2.9 MPa), achieved for the same level of surface roughness of the substrate (Ra = 0.30 pum),
but below the value of 6.5 MPa reported by Musiari et al. [87], which was obtained with a
higher surface roughness of the substrate, with Ra = 3.15 um.

The ULSS values of single-lap joints, where the aluminium substrate was subjected
to the GB technique, were 1.0, 3.8, and 6.6 MPa for the ABS, PA, and PA + CF adherents,
respectively. The ULSS value for the aluminium-ABS single-lap joint is in accordance with
that reported by Bechtel et al. [83] (~1 MPa) and by Falck et al. [23] (0.9—1.6 MPa), and
below that reported by the same author in [22] (5.3 MPa) obtained for higher values of
surface roughness values (Rc = 89.0 & 0.3 um) compared to those reported in this work
(Rc=6.20 = 1.67 pm). For these aluminium-ABS joints, lower ULSS values might be the
result of the primer’s application process and the nonexistence of a thermal post-processing
of the metallic adherend prior to adhesion with the ABS top adherent, since the build plate
temperature significantly influences the ULSS value, as demonstrated by Bechtel et al. [83].

The ULSS value for single-lap joints with PA + CF (6.6 MPa) can be compared with the
value obtained by Musiari et al. [87] (6.5 MPa) and with that found by Falck et al. [22] for
single-lap joints made of aluminium with alternate layers of PA and PA with continuous
carbon fibers (21.9 MPa). The discrepancy found in these results may be explained by
multiple factors: a larger surface roughness of the substrate (as a vehicle for good adhesion
among polymer/metal joints), and the use of continuous carbon fibers that will enhance
the stiffness of the joint and increase its ULSS.

3.4. Fracture and Failure Modes

An analysis of the fractured surfaces of the joints was undertaken aiming to correlate
the adhesion performance of each joint with the resulting failure mode.

The aluminium-PA single lap joins with the substrate abraded by SP, and this showed
a fractured surface characterized by poor adhesion between both adherends. An adhesive
failure mode is clearly defined, indicating poor wetting of the substrate surface, as shown
in Figure 7a. Contrary to this, the aluminium-PA + CF single lap joints with the substrate
abraded by SP displays a cohesive failure mode, where the PA + CF coating is strongly
adhered to the aluminium substrate, and is shown in Figure 7b. These observations
corroborate the previously described mechanical results that indicate that in joints where
the substrate was abraded by SP, the PA + CF specimens perform better than the PA type
specimens. The better adhesion of aluminium-PA + CF single lap joints can be explained
by a positive effect of the presence of fibers in the adhesion between aluminium and PA
and by the effect of remelting the primer, enhancing the mechanical interlocking between
the aluminium and PA.

The aluminium-ABS single-lap joints with the substrate abraded by GB displays
a critical adhesive failure mode between the ABS and the aluminium substrate that is
probably due to the poor wetting of its surface, shown in Figure 7c. The same adhesive
failure mode on aluminium-ABS single-lap joints, with the substrate abraded by GB, was
identified in 3D printed samples [83]. On aluminium-PA single-lap joints with the substrate
abraded by GB, the fractured surfaces reveal a mixed adhesive/cohesive failure mode
(Figure 7d), while in the aluminium-PA + CF single-lap joints with the substrate abraded
by GB, the fracture occurred in the PA + CF region outside the zone of the joint, as shown
in Figure 7e. These observations are in agreement with the results from the mechanical
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tests, which assign the highest ULSS values to joints made with PA and PA + CF, and can be
justified by a good adhesion between aluminium and PA or PA + CF, due to higher values
of the surface roughness of aluminium, and due to the remelt of the primer that enabled
the flow of the polymer-based materials into the aluminium surface cavities, enhancing the
mechanical interlocking between the two materials.

Figure 7. Photograph of each single-lap joint’s failure mode: (a) aluminium-PA abraded by SP,

(b) aluminium-PA + CF abraded by SP, (c) aluminium-ABS abraded by GB, (d) aluminium-PA + CF
abraded by GB, and (e) aluminium-PA + CF abraded by GB.

4. Conclusions

In this work, the feasibility of adhesion between aluminium and three polymer-based
materials: ABS, PA, and PA + CF, was studied. The effect of the substrate surface rough-
ness and the presence of fibers on the adhesion strength between each pair of materials
was determined.

The aluminum'’s substrate was mechanically abraded by the SP and GB techniques,
giving rise to two types of surface roughness values in addition to that of the non-abraded
metal, thus Ra = 0.16 um for the non-abraded surface, Ra = 0.32 um for the surface abraded
by SP, and Ra = 1.65 um for the surface abraded by GB. Despite the fact that the use of
SP for abrasion purposes has been extensively studied for different types of joints, its use
in joints manufactured by FFF processes requires further discussion. The GB technique
proved to be superior, leading to higher ULSS values.

The following procedures depended on the choice of polymer. For ABS, a solution
was manually applied on top of the aluminium substrate, followed by a short curing time
before the ABS filament was deposited on top of that. For PA and PA + CF, the application
of the primer was done by FFE, which was then remelted on top of a hot plate.

The SEM’s analysis of the cross section of the PMHM joints reveals the characteristic
layered structure of the 3D printed polymer-based materials, and indicates a thickness of
0.125 mm for the aluminium-ABS single lap joints, validating the programmed 0.1 mm
primer’s thickness for the PMHM joints produced with PA and PA + CF and, thus, reinforc-
ing the relevance of the FFF technology on the primer fabrication processes.

The mechanical strength of PMHM single-lap joints produced by FFF increases for
substrates with a higher surface roughness, the remelting of the primer (PA and PA + CF),
and the higher stiffness of the polymer-based adherent.

The mechanical strength of the studied single-lap joints was in good agreement with
the reported values in the literature when the same levels of surface roughness of the
substrate were considered. The results obtained in this work demonstrate the suitability of
filaments with short carbon fibers in producing PMHM joints by FFE. The filaments with
short carbon fibers might be a viable alternative for expensive continuous carbon filaments,
also allowing their use in a broader range of 3D machines.

The analysis of the fractured surface of the joints allowed for the correlation of the
adhesion performance of each joint with the resulting failure mode. Depending on the
surface roughness level of the aluminium and the polymer-based material, adhesive,
cohesive or substrate failures modes were identified.
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Overall, this work validated the FFF technique for a novel combination of materials,
aluminium-PA and aluminium-(PA + CF). Aluminium-(PA + CF) single-lap joints exhib-
ited the best mechanical properties, due to the inherent stiffness of the PA + CF and the
application of the thermal treatment on the primer. The thermal treatment of the primer
proved to be extremely advantageous when looking for a PMH component’s fabrication.
This is an element that can be easily added to a standard FFF process. Future works might
include the introduction of an adhesive fillet by FFF in the end region of the joint and the
studying of the aluminium-(PA + CF) single-lap joints, considering higher values for the
surface roughness of aluminium.

The advances in this technology could promote the utilization of FFF processes as a
complementary manufacturing technique for lightweight components, such as those used
in the transportation sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /app13074429/s1, Figure S1. Aluminium-PA Joints with the
aluminium substrate abraded by SP. Figure S2. Aluminium-(PA+CF) Joints with the aluminium
substrate abraded by SP. Figure S3. Aluminium-ABS Joints with the aluminium substrate abraded
by GB. Figure S4. Aluminium-PA Joints with the aluminium substrate abraded by GB. Figure S5.
Aluminium-(PA+CF) Joints with the aluminium substrate abraded by GB.
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