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This experimental work aims at evaluating the mechanical and failure behavior of adhesive-bonded single-lap
joints made of a thermoplastic composite 3D-printed via Fused Filament Fabrication technology. Carbon fiber
was selected as the reinforcement and used in the form of both short and continuous fibers embedded in the
Nylon-6 matrix, forming the composite’s hybrid structure. An approach based on progressive improvement of
surface treatment effectiveness (solvent degreasing, abrasion, and low-pressure plasma) has been adopted to
verify how the additively-manufactured composite responds to bonding when increased interfacial adhesion is
attained by preparing the outer printed layer. Roughness measurements, wettability evaluations, and XPS ana-
lyses have been carried out to assess any modifications of morphology and functionalization exhibited by the
different surfaces after treatment. The experimental findings demonstrate that the intrinsic non-homogeneity of
3D-printed composites is emphasized when low-pressure plasma is used, as it generates interfacial bonds be-
tween adhesive and adherend that are more effective than the interlaminar ones within the substrate. In this
condition, the ultimate resistance of the joint corresponds to that of the base material. In particular, fracture-
mechanism analysis allowed precise identification of the crack path, highlighting defects and current limita-
tions of the additively-manufactured system and suggesting pivotal aspects to develop in future work to improve

joint performance.

1. Introduction

In recent years, additive manufacturing (AM) of composite structures
has been garnering increased interest among researchers and de-
velopers. This advance is related to the possibility of combining the wide
range of composite materials available today with a manufacturing
process that allows great freedom in the design and customization of the
components.

AM is defined as the process of creating components by depositing
material layer upon layer, starting from digital 3D model data. Thus, as
opposed to subtractive methodologies, AM presents two fundamental
features: direct manufacturing and layer-wise processing. Among all the
AM technologies for fabricating polymer components, Fused Filament
Fabrication (FFF) is widely diffused. FFF is advantageous thanks to its
process flexibility, robustness and reliability, low material wastage and
relatively low cost of printers and consumables [1]. These factors have
led to a progressive technological evolution that allowed new challenges

to be faced and different fields of application.

In this scenario, 3D printing of thermoplastic-polymer composites is
becoming a more and more promising solution for turning AM from a
prototyping technology to a fabrication process to be implemented for
real-world applications. Over time, the developments in additive tech-
nologies have accompanied the evolution of the materials processable,
progressively allowing the filling of thermoplastic filaments, such as
Nylon, PLA, ABS, PEEK, with various filler-type reinforcements, such as
short fibers including chopped carbon fibers [2], glass fibers [3], carbon
nanotubes [4], to name a few. With the most recent technologies
available, the use of continuous fibers (CF) - such as glass, carbon, or
Kevlar [5] - has allowed an extra potential in functional parts with a
substantial effect on the mechanical properties [6]: with these com-
posites, maximum stiffness and strength can be achieved, since most of
the load is borne by the CF oriented along the load direction. In this
context, AM Carbon Fiber Reinforced Thermoplastic (CFRT) composites
are becoming particularly attractive, since they exhibit superior

* Corresponding author. Department of Mechanical Engineering, Polytechnic School, University of Genoa, Via All’Opera Pia 15, 16145, Genoa, Italy.

E-mail address: marco.pizzorni@dime.unige.it (M. Pizzorni).


mailto:marco.pizzorni@dime.unige.it
www.sciencedirect.com/science/journal/01437496
https://http://www.elsevier.com/locate/ijadhadh
https://doi.org/10.1016/j.ijadhadh.2021.102856
https://doi.org/10.1016/j.ijadhadh.2021.102856
https://doi.org/10.1016/j.ijadhadh.2021.102856
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2021.102856&domain=pdf

mechanical strength, stiffness, recyclability, and the potential for
light-weight structures, that may even enable them to become substitute
materials for the more conventional thermosetting polymers.

Following the technological advances, several industries, including
aerospace, automotive, or robotics, are pushing AM as an alternative
method for the production of their composite components. AM of CF
composites, however, represents a relatively new technique, and finding
adequate solutions for the design and modeling of such printed struc-
tures is not always easy. As also recently pointed out by Kabir et al. [7],
indeed, there is still a lack of research on aspects that may be equally
helpful to understand to what extent AM-CFRT materials can be used
and what challenges remain. Firstly, to be considered as valid alterna-
tives to the more traditional polymer composites, AM CFRT materials
have to satisfy similar performance requirements, needing in-depth
optimization of the construction criteria, specifically of the process pa-
rameters that dictate the final quality of the 3D-printed part. Concerning
this, several efforts have been (and are being) made to identify proper
printing methods (and related parameters) for the fabrication of such
materials [8-13].

To date, two systems employing fiber-laydown methods are avail-
able: the first is based on the deposition of fibers by using a 6-DOF robot
arm (e.g., Continuous Composites, Moi Composites); the second per-
forms deposition of fiber-reinforced plastics through a standard desktop
3D printer (e.g., Markforged, Anisoprint, Desktop Metal). This work
concentrates on the latter, which are most commonly used thanks to
their relative ease of use, precision, and small size. However, desktop
printers’ built volume inevitably limits the built-component dimension,
making it usual that the final product might be realized by joining
several additively-manufactured smaller parts. Alternatively, printed
components, built to replace damaged components, might need to be
joined to pre-existing parts. As a consequence, the design criteria at the
basis of 3D-printing of composite components have to follow a ‘building-
block’ approach, causing assembly operations to have to be integrated
into the manufacturing process.

Among the joining methods for pure or reinforced plastics, adhesive
bonding is recognized as the least invasive today, ensuring excellent
mechanical performance and guaranteeing high quality in different
operative conditions [14]. In the specific case of plastic composites,
adhesive joining has significant advantages over mechanical joining
methods, since the adhesive layer yields a continuous bond between the
substrates, reducing residual stresses and acting as a mechanical buffer
to absorb energy during impacts. Nevertheless, obtaining proper fea-
tures is not straightforward. Indeed, adhesive bonding requires an ac-
curate design of the entire process, which should involve geometric
evaluations of the areas to be joined, the choice of the most appropriate
resin (compatible with the required application), and suitable treatment
of the surfaces. Indeed, each adhesive system has properties that are
dependent on the specific characteristics of the adherend [15]. The
success of adhesive bonding is commonly related to pre-bonding oper-
ations performed on the contact surfaces to obtain features such as good
wettability, surface activation, increased chemical interactions between
adherend and resin, and proper roughness extent for mechanical inter-
locking [16]. The most common methodologies for the pre-bonding
preparation of plastic composites are based on purely mechanical ac-
tions on the surface morphology or roughness modifications that mainly
promote mechanical interlocking, often at the expense of result
repeatability along with contamination. Furthermore, despite abrasive
techniques being easier to perform, they require more care in avoiding
defects or delamination, which may strongly affect the joint strength.
For this reason, in recent years, valid alternatives have been sought, and
non-standard technologies have garnered increasingly widespread in-
terest. In particular, plasma processes [17] provide advantages such as
contaminant removal, surface activation, no need for hazardous chem-
icals, and ease in the processing management and automatization. Such
features appear perfectly suitable to be combined with additively
manufactured composite substrates, in order to obtain the maximum

performance from adhesive joints. However, for its part, 3D printing
must allow fabrication of composite components in such a way as to
make any assembly operations possible, safe and reliable. Indeed,
composite structures, and particularly those built additively, are inher-
ently non-homogeneous. As stated by Iragi et al. [18], “under transverse
and interlaminar loads (normal and shear) the mechanical response [of
the composite] is strongly influenced by manufacturing defects [...]
such as a large number of voids, non-homogeneous distribution of fibres
and poor bonding between beads and layers”. This aspect was also dis-
cussed by Caminero et al. [19], who examined the interlaminar bonding
performance of such materials, relating their behavior to process pa-
rameters such as layer thickness and fiber volume fraction.

Despite the joining of AM materials being a key area of study for
manufacturing of structures of increased complexity [20,21], to the best
of the authors’ knowledge, the influence of the multilayer deposition on
the characteristics of composite adhesive joints lacks references in the
literature. Hence, this experimental work was focused on evaluating the
mechanical and failure behavior of an adhesive system made of
continuous-carbon-fiber (CCF) Nylon-6 composite substrates and epoxy
adhesive, verifying how the AM substrates respond to adhesive bonding
when the interface interactions are increased by preparing the surface
with consolidated treatment methods for traditionally-manufactured
CFRP materials. In particular, two main questions have driven the
investigation: To what extent is it possible to obtain quality joints with
3D-printed composites? How does the inhomogeneity of the base ma-
terial affect the joint behavior?

The experimental findings allowed the definition of the current
performance threshold for the adoption of adhesive bonding to newly-
printed composites. It was indeed demonstrated that, when the surface
treatment creates adhesive-surface interactions that are stronger than
those existing between the subsequent layers laid down to build the base
material, the latter achieves its ultimate resistance, becoming the weak
part of the adhesive system owing to its inherent discontinuity. Notably,
this situation has been verified using low-pressure-plasma (LPP), which
is confirmed to be effective for the treatment of the composite-adhesive
interface.

The information obtained from the analyses has been considered
pivotal to identify both the actual limitations of the manufacturing
process affecting joint performance and promising approaches to over-
come them. Therefore, this work is to be intended as a basis for future
developments aimed at improving the joint characteristics by acting on
substrate optimization.

2. Experimental details
2.1. Materials

The CFRT used as substrate material was additively manufactured
using a Mark Two (Markforged® Inc., Watertown, MA, USA) FFF
desktop 3D printer with a maximum build volume of 320 mm x 132 mm
x 154 mm. As shown in Fig. 1, the printer is equipped with two separate
extrusion nozzles, each dedicated to a different wire of raw material
feed. Two types of filaments supplied by Markforged® were used to
build the substrates: a Nylon-6 filament filled with chopped carbon fi-
bers (traded as Onyx) which came in an initial diameter of 1.75 mm; and
a filament made of continuous carbon fibers (CCF) embedded in a
Nylon-6 matrix, having a diameter of 0.35 mm. The filaments were
stored in a protective dry box to avoid ambient humidity absorption. The
temperature of the printing heads for the Onyx and the CCF filaments
was set to 265°C and 270°C, respectively, whereas the printing bed was
non-heated.

The accompanying pre-processing and slicing Eiger® software was
used to set printing parameters such as the fiber type, fill mode, fiber
orientation, number of layers, and number of outer Onyx rings (Table 1).

The specimen geometry was created via computer aided design
(CAD) software (SolidWorks 2016, Dassault Systems), exported as a
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Fig. 1. Markforged® Mark Two FFF desktop 3D-printer. (a) General view and (b) scheme of the printing process (Adapted with permission from Ref. [19]).

Table 1
Main printing specifications.
Parameter CCF Onyx
Filament type Continuous Carbon Short-carbon-fiber reinforced
Fiber PA6
Fill mode Isotropic Isotropic (infill) + Concentric
(rings)
Fiber orientation 0° +45°
Number of layers 8 8
Number of rings 2
Build orientation Flat
Layer thickness LECF = L?"y" =0.125
(mm)

stereolithography file (STL), and imported into Eiger®, through which
the material-laydown path was defined (Fig. 2). Each substrate was built
with a ‘flat’ build mode on subsequent planes along the Z-direction (each
parallel to the XY-plane of the printing bed) by stacking layers having
CCFs with unidirectional 0°-orientation with respect to the axial
dimension of the specimens (i.e., along the direction of the load applied
during mechanical testing), to maximize the performance of the sub-
strate and, hence, of the joint. It is worth noting that Markforged® as-
signs the label ‘Isotropic’ to this fill mode, not referring to the
mechanical properties of the final test specimen. In fact, an ‘Isotropic’
fill type determines creation of a test specimen having a unidirectional
laydown of the continuous fibers, thus resulting in anisotropic behavior
of the specimen. It should be also noted that Eiger® obliges the user to
print every part by adding an outer protective shell made exclusively
with Onyx (by means of layers arranged at angles +45° and —45°
alternatively with respect to the axial direction), the extent of which is
defined as a set-up parameter.

Therefore, each substrate was made of 16 layers (to obtain an overall
sample thickness of 2 mm), comprising four floor layers made of Onyx,
eight core CCF layers, and four roof layers chosen for dimensional ac-
curacy and symmetry." The final thickness of each layer was set to 0.125
mm for both Onyx and CCF. Onyx was also laid along the specimen
perimeter to generate, layer by layer, two concentric rings. It follows
that each substrate consisted of a CCF infill enclosed within a protective
shell of Onyx only, as schematized in Fig. 2c.

1 The number of roof/floor Onyx layers was set equal to four on the basis of
preliminary print tests. It corresponded to the minimum value of shell layers
that avoided premature detachment of the Onyx from the CCF support below.

The substrates were joined together by using the 3M™ DP490 ad-
hesive, the technical characteristics of which are listed in Table 2. As
described in Section 3.1, this adhesive was considered suitable for the
current application, being designed for structural adhesive bonding
requiring toughness and high mechanical strength, along with excellent
thermal and environmental resistance. This two-component, thixotropic
epoxy resin was prepared by mixing two parts of epoxy resin and one
part of amine-modified curing agent. Complete crosslinking was ob-
tained through 14-h curing at RT, followed by post-curing in an oven for
one hour at 80°C, in accordance with the indications provided by the
manufacturer.

2.2. Surface treatment and sample analysis

The surface treatments performed on the 3D-printed composite
substrates are summarized in Table 3. Their different effectiveness was
exploited to detect and highlight those criticalities that might limit the
application of adhesive bonding to 3D-printed CCF composites.

To remove any trace of surface contaminants, a preliminary wiping
with acetone was carried out on all the substrates to be joined. Two sets
of samples, the bond areas of which were prepared with conventional
methods, namely solvent degreasing and mechanical abrasion respec-
tively, were used as references for the comparison. The abrasion was
manually performed using a 3M™ Scotch-Brite™ MX-SR abrasive,
repeating linear movements, at an angle of 45° between one pass and
another. After this operation, the surfaces were once again wiped with
an acetone-soaked cotton cloth, to remove all debris from the outer
layer.

Low-pressure plasma (LPP) was instead selected because of its well-
known effectiveness as prebonding treatment of polymer materials [14,
15,22]. A Tucano multipurpose LPP reactor (Gambetti Vacuum Tech-
nology, Milan, Italy) was used to perform it. This device is powered by a
radio frequency (RF) generator operating at 13.56 MHz, with a
maximum power of 200 W. Through two Mass Flow Controllers (MFC), a
certain percentage of process gas (as a single gas and mixtures of two
gases) is introduced into the vacuum chamber. The latter contains the
samples to be treated and is evacuated to a pressure level of 0.1 mbar.
Then, the RF power supply is switched on to ignite the plasma discharge
between the two electrodes. In this investigation, atmospheric air was
used as the process gas, varying plasma power among the values listed in
Table 3; an exposure time of 180 s was set, since this had already been
found to be effective in LPP treatments on polyamide materials [23].

Before each measurement, all the specimens were dried for 1.5 h at
80°C; the analyses were then performed at controlled environmental
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Fig. 2. (a) Laydown pattern of the outer Onyx-only layers and (b) unidirectional fiber pattern (0°) of a generic core-layer. (c) Schematic representation of the AM-

CFRT substrate cross-section.

Table 2

Technical specifications of the 3M™ DP490 adhesive.
Characteristic Base Accelerator
Type Epoxy Amine-modified
Color Black White
Mix ratio 2 1
Work life 1.5h @ 23°C
Handling time 4+-6h@23°C

Curing conditions 14h @23°C+1h @ 80°C

Table 3
Surface treatments performed on the AM CFRT substrates.
Surface treatment  Description
Degreasing Acetone wiping
Abrasion Acetone wiping + 3M™ Scotch-Brite™ MX-SR + Acetone
wiping
LPP Acetone wiping -+ Plasma treatment with the following set-up
parameters:
Power (W) 50, 100, 150
Exposure time (s) 180
Gas Air

conditions (T = 234+2°C, RH = 40+£5%).

The morphological assessment was carried out using a Talyscan 150
(Taylor Hobson, Leicester, UK) non-contact laser profilometer. Surface
portions were acquired, setting a scan speed of 4500 pm/s and steps
spaced 5 pm apart. Data processing was carried out through the asso-
ciated TalyMap 3D software, with which the roughness parameters were
extracted from the areal acquisitions, in accordance with ISO 25178
[24]. Among them, root mean square (RMS) roughness, S;, was selected
to be provided as a result, it being more sensitive to large deviations
from the mean line.

The same instrument and settings were also used to acquire the
fracture profiles for the failure mechanism evaluation. A Zeta20 3D
(Zeta Instruments, San Jose, CA, USA) optical, confocal profilometer was
also used to inspect the sample surfaces and for further measurements
aimed at acquiring more information about failure mechanisms.

The wettability of the surfaces was evaluated through measurements
of apparent contact angle (CA) of deionized water. The assessment was
performed with an OCA 20 (DataPhysics Instruments GmbH, Filder-
stradt, Germany) optical tensiometer, working in sessile-drop mode. The
water-drop volume was kept constant and equal to 6 pL, and ten droplets
were deposited on each substrate. For each droplet, the CA was deter-
mined as the mean between the two values acquired at the right and left
sides of the drop profile. The relative images were captured and then
digitized using the instrument software, SCA 20.

X-ray Photoelectron Spectroscopy (XPS) analyses were performed

using an Axis UltraP'? spectrometer (Kratos, Manchester, UK) to assess

the chemical state of the differently treated surfaces. The instrument was
fitted with a monochromatic Al Ka source (photon energy = 1486.6 eV)
operating at 15 kV and 20 mA, and areas of 300 pm x 700 pm were
analyzed. High-resolution scans were carried out at a pass-energy of 10
eV and steps of 0.1 eV. Data acquisition was performed in ultra high-
vacuum conditions, at a base pressure of the analysis chamber below
6x10~° mbar. Charge calibration of the spectra was undertaken with
respect to the main line of the C 1s spectrum (C-C bonds), the binding
energy of which was set to a value of 285 eV. The CasaXPS software
(version 2.3.18) was used for peak deconvolution and data fitting;
Shirley-type background and Gauss-Lorentz profiles were adopted.

2.3. Adhesive-joint manufacturing and mechanical testing

Shear testing was performed to assess the mechanical response of the
adhesively-bonded CFRT-to-CFRT joints. The composite substrates were
built additively, following the printing criteria described in Section 2.1,
in accordance with the geometries suggested by ASTM D1002 [25] for
the manufacturing of single-lap joints (SLJ, Fig. 3). Five specimens
(N=5) per set of treatment conditions were made and then tested to
failure, allowing obtainment of the mean values to be provided in the
Results section together with the related values of standard deviation.

In every case, both the adhesive bonding and all surface character-
izations were performed within 15 min of treatment to prevent any
further modification of the surface or deterioration of the treatment
effect. The 3M™ DP490 adhesive was applied to the bond area of both
substrates to be joined, and the latter were placed in contact with a 12.5
mm overlap along the major axis. A sheet of non-stick paper of cali-
brated thickness was used to control the adhesive thickness, which was
fixed at 0.25 mm. Any excess resin was squeezed out from the interface
by pressing the joint and then removed. Fixing tables were used to keep
the joint in position throughout the adhesive curing time, guaranteeing
perfect alignment of the two laminates.

An Instron 8802 Universal Testing machine (Instron, Norwood, MA,
USA), equipped with a 50 kN load cell, was used to perform tensile shear
strength (TSS) testing, for which a crosshead displacement rate of 1.3
mm/min was set. In Fig. 4, a scheme of the SLJ loading condition is
illustrated, and a photograph of a real specimen installed on the testing
machine is also provided.

As a result, the shear strength 7 was calculated as:

F

=~ (€Y

T

where F is the ultimate load at failure and A is the initial overlap area,
equal to 25 mm x 12.5 mm.

During TSS testing, the alignment of the bond area along the
centerline between the grip faces was ensured by placing shims, having



—>

i< 100 'i
A V w 7
n \
N
Y /A & é
25 62.5 125 62.5 25
Fig. 3. SLJ geometry, according to ASTM D1002 (values in mm).
F
glue line
grip area
F

Fig. 4. Testing scheme for the TSS evaluation and real specimen installed on the machine before testing.

dimensions 25 mm x 25 mm x 2 mm, at the grip areas. Tests were
performed at environmental conditions of T = 23+2°C, RH = 40+5%.

3. Results and discussion
3.1. Preliminary characterization of the base material

Performance of the base material and severity of the applicative
scenarios should drive process engineers in the choice of adhesives and
pre-bonding treatments that allow fabrication of joints able to satisfy
quality requirements in line with those of the overall structure. For this
reason, the determination of maximum strength achievable by the
additively-manufactured composite was considered fundamental to set a
preliminary benchmark, based on which to design the adhesive system.

Tensile testing was performed following the specifications summarized
in Table 4. In particular, five tensile specimens of dimensions 157 mm x
16 mm x 3 mm were built according to the ASTM D3039 standard [26],
following the same construction criteria used to create the joint sub-
strates: a layer thickness equal to 0.125 mm was set to laydown both the
Onyx and the CCFs, for a total of 24 layers. These specimens were then
tested to failure using the Instron 8802 testing machine, setting a
crosshead displacement rate of 2 mm/min.

As a result, the stress-strain curves displayed in Fig. 5 were obtained.
It should be mentioned that these curves are those obtained from the
displacement of the crosshead and used to obtain the strength param-
eter. An extensometer was instead used during the initial stage of the test
to obtain the stiffness parameter (i.e., elastic modulus E).

The 0°-CCF laydown pattern led to high resistance and stiffness of the



Table 4
Testing specifications and tensile properties of the base material.

Method Test standard Sample dimensions (mm) Onyx layers

CCF layers Maximum tensile strength, ¢ (MPa) Elastic modulus, E (GPa)

Tensile ASTM D3039 157 x 16 x 3 8

16 566.1 +£13.6 24.24+0.2
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Fig. 5. Stress-strain curves acquired from tensile testing on the base material
and related failure mode.

base material, which achieved average tensile strength of about 566
MPa, in line with the values found in the literature focused on similar
laydown configurations [12]. Failure occurred due to the sharp fiber
breakage in the specimen core. After complete rupture, a slight
detachment of the roof/floor Onyx shell from the CCF core below was
also observed, as shown in the inset of Fig. 5.

As mentioned above, the adhesive selection was carried out sizing
the potential joint performance on the base-material strength. As stated
by Mandolfino and co-workers [23,27], good response to LPP treatment
of injection-molded polyamide-6 substrates is, in principle, achievable
by using acrylic adhesives. However, since epoxy adhesives are gener-
ally more suitable to face the typical severity of the applications
involving reinforced plastics [28], a resin of this kind was used in the
study. Specifically, 3M™ DP490 adhesive was selected to correlate the
behavior of the 3D-printed SLJs to that of joints made of traditional
epoxy-matrix CFRP bonded through the same resin, reported in the
literature [14,15].

3.2. Post-treatment surface state: morphology and chemistry

More information about the after-treatment surface state was
considered necessary firstly to allow correlation between the mechani-
cal behavior of the SLJs and the phenomena involved in the treatments
of the Onyx shell. Secondly, this assessment was also essential to exclude
the presence of any damages of the substrate as a result of the treatments
adopted. Hence, surface analyses were preliminarily performed on
substrates that simulated the same conditions as before the adhesive
application, specifically, degreased-only (indicative of the as-received
surface condition), abraded, and LPP-treated surfaces. Concerning the
latter, on the basis of the mechanical findings and the relative fracture
behavior discussed in Section 3.3, only the surface appraisals relative to
the 50-W LPP case will be presented.

A first analysis focused on the detection of any macroscale
morphological modifications generated on the surfaces. Given the large
size of the surface features in both XY-plane and Z-direction, a further
analysis with optical confocal profilometer was carried out to inspect

areal portions at higher magnification (20x) for microscale roughness
evaluations. In this regard, refer to Fig. 6, which shows 3D topological
maps acquired via laser profilometry on the three different treated sur-
faces and related high-magnification images. The as-received surface (i.
e., degreased-only) presented a mean RMS value (S;) of 13.9 ym. The
sample exhibited the typical 45°-pattern arrangement used to print the
outer Onyx layer, also showing short carbon fibers aligned along the
extrusion direction (Fig. 6a). In contrast, an in-depth morphological
modification was obtained with abrasion (Fig. 6b): compared to the
former, the aforementioned infill pattern was made smoother and,
hence, it was no longer identifiable (S; was 7.0 ym on average). How-
ever, higher magnification (20x) made it possible to detect narrow
grooves generated by the mechanical action of the abrasive on the
sample surface. No significant variations from the as-received sample
were instead observed after plasma treatment (Fig. 6¢), the latter having
left the surface macroscopically unchanged both in terms of topological
structure and roughness parameter values (S; = 13.8 pm). Such obser-
vations also found confirmation in the microscale measurements, which
emphasized the similarity of the two cases, both characterized by pro-
files having large peak-peak step-heights (typically, larger than 20-30
pm). Nevertheless, this situation does not exclude that physical LPP
treatment may have changed the Nylon-6 surface on a lower roughness
scale. In principle, this might even have significant influence on the
bonding mechanism at the molecular-scale, where secondary valence
bonds (e.g., van der Waals forces) can contribute to the interactions
between material and resin [29].

A topological evaluation should be combined with the analysis of the
wettability of the surface, since the non-wetting condition may prevent
adhesive bonds from forming at all. Therefore, wetting properties of the
samples were determined by depositing droplets of deionized water on
each surface and measuring apparent CA wherever possible. To
emphasize the different behavior exhibited by the three surfaces after
treatment, in Fig. 7 the values of drop diameter over time acquired
immediately after deposition are displayed; in the insets, the shape
assumed by the droplet is also provided. CA of the degreased sample
(Fig. 7a) was 83.9° on average, whereas the abraded surfaces (Fig. 7b)
exhibited hydrophobic behavior, with CA of 100.0°. The difference be-
tween the two cases has to be associated with the relationship between
roughness and air trapped in the surface asperities, as suggested by the
Cassie-Baxter wetting model [30]. As previously mentioned, the effect of
abrasion on the macroscale morphology is that of smoothing of the
surface pattern with respect to the as-received sample. However, at the
micro-scale, abrasion yields narrow, deep grooves into which the
droplet might not be able to penetrate. It follows that the drop results, to
a certain extent, deposited on air trapped in grooves. This condition
determines higher values of CA, hence, suggesting more hydrophobic
behavior of the surface. Despite their different behavior, in both cases,
the droplet achieved a stable diameter a few seconds after deposition. In
contrast, a sharp transition from spherical to flattened droplet shape was
observed after plasma treatment. Indeed, the surface of the LPP-treated
sample exhibited super-hydrophilic behavior. Consequently, in this
case, measuring CA was not possible since each droplet deposited
resulted completely spread on the sample surface (Fig. 7c), not allowing
correct data acquisition (the fluctuations in drop diameter are due to the
software’s inability to distinguish the droplet profile from the surface).
The perfect wettability of the so-treated sample has to be related to the
oxidizing effect of plasma, which stimulates an increase of polar species
on the Onyx surface, developing its hydrophilicity.

Indeed - as detected via XPS analysis by comparing the three
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Fig. 6. 3D Morphological maps (left) and 20x-magnified images (right) of AM-CFRT after (a) solvent degreasing, (b) mechanical abrasion, or (c¢) 50-W

LPP treatment.
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Fig. 7. Drop-diameter trend over the acquisition time relative to (a) degreased,
(b) abraded, and (c) LPP-treated samples. The profiles assumed by the droplets
after deposition are provided in the insets.

conditions of the Onyx surface after treatment (Table 5) — plasma
treatment determined an increase in oxygen content together with a
decrease of the carbon one, i.e., an oxidative effect that was reflected in a
significant increase of the oxygen/carbon ratio (+133%) with respect to
the degreased-only CFRT surface, which can be taken as a reference. No
significant changes at the N 1s peak were observed instead, and thus the

Table 5
Atomic percentages of oxygen, carbon, and nitrogen, and related O/C and N/C
ratios, obtained through XPS analysis.

Surface treatment Atomic percentage (%)

O1s Cls N1s 0O/C ratio N/C ratio
Degreasing 26.0 67.9 6.1 38.3 9.0
Abrasion 23.5 70.1 6.4 335 9.1
LPP 44.1 49.8 6.1 88.6 12.2

increase in the N/C ratio is only due to a decrease of C 1s.

To focus on the specific effect of the LPP treatment on oxidation and
activation of the Onyx surface, high-resolution XPS investigation was
performed on the energy regions located around the C 1s (282 + 292 eV)
and the O 1s (528 + 540 eV) peaks. The results of these analyses are
reported in Fig. 8; they demonstrate that the LPP treatment had a sig-
nificant effect on the shape of both the carbon and the oxygen peaks. On
the other hand, spectra collected on degreased-only and mechanically
abraded surfaces do not differ significantly one from the other.

The positions (i.e., binding energy, BE) of the peaks detected after
deconvolution of C 1s and O 1s peaks are in good agreement with those
expected from a generic pure-Nylon-6 reference surface [31]. However,
it should be noted that the Onyx surface differed from the XPS spectra of
Nylon-6 reference in terms of intensity of C 1s main peak, which was
higher for the Onyx owing to the presence of the short carbon fibers
exposed on its surface (also visible in Fig. 6). Notably, deconvolution of
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preparations: (a) solvent degreasing, (b) mechanical abrasion, (c) 50-W LPP. In the key, each chemical species detected is quantified in terms of area percentage.

the C 1s peak allowed identification of various carbon components
related to: single bond between carbon and carbon or carbon and
hydrogen (C-C, C-H) positioned at 285.0 eV, carbon singly bound to a
C=O0 bond at 285.7 €V, or to nitrogen (C-N) at 286.6 V. A typical peak
of the Nylon-6 corresponding to carbon forming a single bond with ni-
trogen and a double bond with oxygen (N-C=O) was recognized at
288.0 eV, while a further carboxyl group (COOH) was found at 289.0 eV.
The parallel deconvolution of the O 1s spectrum highlighting the pres-
ence of two different chemical species: the first, at about 531.5 eV, was
interpreted as oxygen making a double bond with carbon (C=0) or
carbon forming a single bond with hydroxyl (-OH). The second, posi-
tioned at 532.5 eV, corresponded to a C-O-C group.

From a comparison between the pre- and post-treatment conditions,
the decreasing trend of carbon-hydrogen bonds is reasonably intended
as a direct effect of the increasing oxidative reactions produced by
plasma treatment, which involved the generation of bonds between
oxygen and carbon atoms. Hence, LPP of the surfaces created free rad-
icals able to couple with the active species present in the plasma envi-
ronment, leading to reactions that are essential for the changes in the
surface functionalities. The introduction of newly formed functional/
additional groups, along with the possible presence of low-molecular

weight oxidized materials (LWMOM, consisting of oxidized short

polymer fragments, such as monomers or oligomers) [29], led to an
enhancement of the surface polarity, entailing the hydrophilic behavior

of the Onyx surface.

3.3. Joint performance and failure mechanism

Knowledge of the limits achievable by the multilayer system is

particularly important considering that, for many applications, assem-
bly via adhesive bonding is an integral part of the manufacturing pro-
cess. Of course, the distinctive advantages of composite substrates also
have to be guaranteed by their joining. As the previous mechanical
characterization of the base material showed, the 3D-printed composite
has the potential for manufacturing components having strength and
stiffness comparable to those of more traditional CFRP. This result, in
principle, would make plasma one of the most suitable methods to
prepare the composite surfaces and obtain quality joints. Indeed, the
experimental findings reported in Section 3.2 confirmed that, also for
the Onyx surface, plasma treatment is effective in creating interface
conditions that are appropriate to adhesive bonding. Despite this, the
application of a high-performing treatment on the 3D-printed composite
substrates may be thwarted owing to the intrinsic non-homogeneity of
the base material, as discussed in the following.



The different effectiveness of the surface treatments examined was
exploited to detect and highlight the system criticalities. In this regard,
Fig. 9 shows the load-displacement curves recorded testing the com-
posite SLJs, whereas in Table 6 the test results are listed, together with
indications of the related failure modes observed.

Generally speaking, mechanical tests confirmed a remarkable in-
crease in shear strength of the adhesive-bonded SLJs due to plasma
treatment compared to traditional pre-bonding methods, such as simple
degreasing (Fig. 9a) or mechanical abrasion (Fig. 9b). TSS of the
degreased-only joints was 4.5+0.3 MPa, whereas after mechanical
abrasion of the faying surfaces, its value was about 29% more (5.8+0.3
MPa). To explain the enhanced joint resistance observed after abrasion
with respect to the former, a consideration has to be made about the
viscosity of the adhesive used. Indeed, speed and depth of the adhesive
infiltration within the surface irregularities depend on the rheology of
the adhesive itself, just as it is in this case, where the viscosity of 3M™
DP490 epoxy adhesive may reduce its penetration ability. Consequently,
a reduction in macro-scale roughness led to improved shear perfor-
mance since the actual contact area increased. However, in both cases,
failure was 100% de-adhesive in type (AF) since it always occurred at
the interface between resin and substrate, thus proving weak adhesion
interactions between the two. Indeed, after joint failure, one of the two
contact areas appeared smooth as the adhesive layer (0.25 mm in
thickness) remained firmly attached to the other surface, as also
detectable from the fracture profiles shown in Fig. 10a and b.

Contrariwise, the LPP treatment determined a significant improve-
ment in the mechanical behavior of the joints, with an increase in shear
strength up to 224% more than that of the abraded joints. Such a result
can be explained as the effect of the chemical state modification due to
LPP. In particular, the increased number of polar groups supplied more
reactive sites for interfacial bonding between the Onyx layer at the
surface of the CFRT material and the epoxy adhesive applied, thus
leading to better mechanical performance of the joints.

As described in Section 2.2, LPP treatment was performed using
three power levels (50, 100 and 150 W) in an attempt to make any
variations in mechanical or failure behavior evident. Indeed, the pre-
liminary XPS analysis suggested that LPP treatment leads to increased

Table 6
Results of shear strength measurements for the different treatment conditions.
Surface treatment Maximum load TSS Failure
(N) (MPa) mode
Degreasing 1395 + 87 4.5+ 0.3 Adhesive
Abrasion 1812 + 82 5.8+0.3 Adhesive
LPP Gas t(s) P
W)
50 5873 + 134 18.8 + Substrate
0.4
Air 180 100 5275 + 357 16.9 + Substrate
1.1
150 4633 + 306 14.8 + Substrate
1.0

oxidation of the chemical species present on the sample surface. As
discussed by Stepanova et al. [32], oxidation of polymer surfaces may
achieve a threshold level by increasing the treatment energy (defined as
the relationship between input power and exposure time). In this con-
dition, production of low-molecular-weight materials can take place as a
consequence of surface chains’ scission, with ensuing formation of
LMWOM that may affect adhesion negatively. Nevertheless, the three
differently-powered plasmas uniformly led to substrate failures (SF),
making it impossible to distinguish the relative chemical effect on the
joint performance. Indeed, although the deviation between the results
appeared quite large, this aspect was attributable to the heterogeneity of
the substrates rather than to different interfacial conditions.

Overall, shear testing of the SLJs highlighted two aspects of main
interest, summarized as follows:

o with this adhesive system, mechanical abrasion alone cannot be
considered as a valid pre-bonding solution to obtain quality joints,
since the increase in shear strength relative to simple degreasing of
the surfaces would not be enough in most of the applications in
which composite materials are used. It follows that more effective
treatments are needed to reach proper quality for the adhesive-
bonded assemblies, making their performance adequate to that of
the rest of the structure built in CCF-reinforced plastic. In principle,
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Fig. 9. Load-displacement curves obtained from TSS testing of SLJs adhesively bonded after the following preparations: (a) solvent degreasing, (b) mechanical
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LPP is a preferable choice to treat the Onyx surface as it leads to
interfacial conditions that make the adhesive interactions between
substrate and resin strong and stable;

e the stronger the adhesion forces at the adhesive-Onyx interface were,
the more vulnerable the base material proved to be, the latter
becoming the weakest part of the overall adhesive system. Indeed, as
observable from the load-displacement curves related to LPP-treated
SLJs (Fig. 9c—e), before reaching the ultimate load, a progressive
reduction of the curve slope took place. This non-linear region has to
be associated with plastic deformation and fracture propagation
within the matrix of the composite. Despite the substrates having
been built with the same conditions and having failed similarly, a

lack of repeatability was observed among the results, making each
rupture unpredictable.

Focusing on the latter point, the identification of the joint failure
mechanism was deemed fundamental to supply further information/
data that might guide the additive criteria for composite printing.
Indeed, as discussed earlier, the multilayer substrate did not prove its
limits until a high-performing treatment was employed. In this case,
failure profile measurements demonstrated that the cracks always
propagated within the substrate following specific planes, which cor-
responded to certain built layers. In particular, two locations appeared
to be weak points for the substrate: the Onyx-to-Onyx interface, where

-~

Fig. 11. Fracture area of an LPP-treated SLJ. Crack propagated both within the Onyx outer shell and at the Onyx—CCF interface.
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detachments between subsequent layers composing the outer shell of the
specimen occurred (Fig. 10c); and the interface between the Onyx shell
and the CCF layer just below (Fig. 11).

Owing to the failure location, such behavior is considered strictly
related to the failure mode observed from the tensile testing performed
on the base material, where a detachment of the Onyx shell from the CCF
core below was detected, suggesting poor adhesion between them. This
condition is presumably due to concurrent effects related to the inter-
laminar bonding performance of the base material, and the mechanics of
the SLJ stressed to shear.

Examination of the substrate cross-section at different magnifica-
tions (Fig. 12) confirmed that the overall size of both the Onyx roof and
CCF core differed from the values expected. Indeed, it should be
remembered that each layer should have a thickness of 125 pm, the
latter being defined as a set-up parameter of printing. Nevertheless, an
extra size of 79 pm was detected on the Onyx side (+15.8% with respect
to that expected), whereas the extent of the CCF core exceeded the
reference of 77 pm (+7.7%). Moreover, higher-magnification acquisi-
tion allowed detection of a detrimental, small gap (approximately equal
to 19 pm) at the interface between Onyx and CCF. These observations
are perfectly coherent with the two failure modes exhibited by the SLJs
tested for shear, and find a reasonable explanation in the literature.
Indeed, as Caminero et al. [19] stated, maximum achievable strength in
3D-printed CCF composites is limited by both the matrix-matrix and
fiber-matrix interactions in portions that may be rich in porosities and
voids. The latter are intrinsically due to the printing procedure, in which
neither pressure nor external heating is applied after the layer is laid
down. As van de Werken et al. [33] observed, the out-of-oven, layer--
by-layer fabrication procedure typical of FFF is affected by the cooling of
the deposited layer below its glass transition temperature before the
following layer is deposited, therefore limiting interlayer bonding. The
absence of a further consolidation step leads to interlayer defects,
typically resulting in material discontinuities (e.g., triangular or
quadrangular voids) — the number and extent of which are not easily
predictable — that might act as sites of stress concentration and crack
initiation. This aspect has been reflected in different load-displacement

trends exhibited by the three LPP-treated sets of joints, which are related
to interlaminar bonding phenomena affecting base material, indepen-
dently of the parametrizations adopted for plasma treatment.

The under-load behavior and failure mode of the plasma-treated
joints were further emphasized by the mechanics of TSS test, to which
the higher ductility of the Onyx (in direct contact with the adhesive)
relative to the stiffer CCF-core also contributed. Indeed, during shear
testing, the load is applied aligned to the centerline of the SLJ, but —
depending on the substrate stiffness - it might also produce a slight
bending moment that progressively makes the joint section rotate. In
principle, the rigid adherend core, designed of multiple CCF layers,
contrasts bending, minimizing its value. Nevertheless, the system is not
homogeneous, and thus neither is its response. Indeed, based on the
nature of the outer shell, greater deformations occur on the Onyx side.
As previously discussed, the outer Onyx layer shows increased bonding
capacity towards the adhesive after LPP treatments. Such a condition
makes the Onyx shell become an intermediate, ductile layer between the
epoxy adhesive and the substrate core, thus having completely different
mechanical properties from the latter. As schematized in Fig. 13, during
TSS testing, such a multilayer configuration of the joint makes the Onyx
slip on the CCF core below, progressively causing interlaminar failure
within the bulk and/or peeling from the composite support.

This behavior has a severe impact on the joint integrity and thwarts
any effort made to optimize the system in making it robust in terms of
adhesive selection and surface treatment. Indeed, both weakness of
interface bonds between contiguous layers and material discontinuities
are, at this stage, practical issues that may strongly limit the use of ad-
hesive bonding for those applications in which traditional polymer
composites are commonly joined through resins. This aspect is all the
more evident when comparing the performance of the AM-CFRT joints
to that of joints made bonding CFRP parts fabricated through traditional
methods. In this regard, the results published in two works by Pizzorni
et al. [14,15] can be taken as references for the current study, thanks to
similar conditions of both adhesive (3M™ DP490) and surface treat-
ments involved. Precisely, in Ref. [15], after an extensive testing
campaign on carbon-fiber-reinforced-epoxy SLIJs, it was found that an
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Fig. 13. Schematization of the mechanism of crack propagation at the Onyx-CCF interface during TSS testing of joints in high-performing conditions of treatment: (a)
unloaded configuration, (b) under-load deformation and (c) subsequent slip of the Onyx layer on the CCF support, with crack propagation.

optimized air-LPP treatment enhanced shear strength up to 44.7% (27.3
MPa) with respect to conventional preparations. The characteristics of
improved CFRP SLJs were further investigated in Ref. [14], resulting in
shear strength of 31.2 MPa after air-LPP treatment, together with
increased joint durability under hygrothermal aging conditions. In both
cases, rupture of the plasma-treated joints was always cohesive in type,
leaving the substrate intact after testing. Considering such behavior as a
benchmark for composite joints, it is clear that the newly-printed joints
are still far from this target. Nevertheless, these limitations might be
reduced by implementing the AM process with post-printing phases,
specifically, considering post-compacting processes as those applied to
traditionally-manufactured (prepreg, infusion, etc.) CFRP. In this re-
gard, a recent work by Mei et al. [6] focused on the further hot press of
PA6-CCF composites having hybrid configurations similar to that of the
current work. In their study, the authors investigated the tensile
behavior of base material processed by varying post-process conditions
of temperature, pressure, and time, demonstrating improved quality of
the fiber-matrix interfacial bonding and, hence, better consolidation of
the composite. Therefore, based on such results, it is reasonable to
consider that post-printing compaction of the laminate through hot--
press or autoclave cycles is likely a promising method to promote both
interlaminar bonding and reduction of air gaps induced during substrate
fabrication.

Another aspect worth considering is related to the evaluation of the
adhesive-substrate combination. As mentioned earlier, the potential
structural application of 3D-printed composites, in principle, would
require the adoption of structural resins like the epoxy used here.
However, it cannot be excluded that an improvement might be obtained
reducing the adhesive stiffness. One possibility is the use of more ductile,
structural resins (e.g., hybrid epoxy-polyurethanes) that might be
exploited to reduce stress concentrations at the edges of the bond area.
Alternatively, adhesive tailoring methods are studied today to control
the elastic modulus along the bond line [20], e.g., increasing stiffness at
the center of the joint, and progressively reducing it proceeding to the
ends (i.e., modulus tailoring), providing hybrid characteristics to the
adhesive, as suggested by Kumar et al. [34].

Such possible approaches and related process strategies are currently
subject of further investigation by the authors.

4. Conclusions

Additively-manufactured composite components are increasingly
being used to create structures that are larger than the print build-
volume of desktop 3D printers. For this reason, the relative design
criteria are typically based on building-block approaches, leading to a
manufacturing process of which assembly via adhesive bonding is an
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integral part. Therefore, in this research, the mechanical and failure
behavior was investigated of an adhesive system made of mixed Onyx-
CCF composite substrates additively manufactured via FFF and epoxy
adhesive. A comprehensive experimental campaign was carried out to
define how such a system responds to adhesive bonding after different
surface treatments, using conventional pre-bonding preparations
(degreasing or abrasion) and a more effective low-pressure plasma
treatment. This allowed determination of the joint performance and
identification of the current limits of the 3D-printed composite when its
conditions are stressed in adhesive bonding.

The experimental findings confirmed the effectiveness of LPP treat-
ment in increasing the Onyx-surface functionalities. This reflected in SLJ
shear strength that was nearly three times higher than that of abraded
samples. Nevertheless, this situation emphasized the susceptibility of the
base material to delamination, since the treatment caused generation of
interfacial conditions between adhesive and adherend that were more
effective than the interlaminar ones within the substrate. Hence, the
performance limit of the adhesive system is established by the intrinsic
non-homogeneity of the as-printed base material. Indeed, failure anal-
ysis pointed out that the crack planes corresponded to specific printed
layers, precisely positioned at the interface between the two materials or
just within the Onyx shell, where interlayer bonding appears to be
weakened by the presence of gaps having an extent of several
micrometers.

The results of this preliminary study have been considered infor-
mative to recognize possible methods to overcome the limitations
highlighted, now subject of investigation by the authors. Notably, the
use of more ductile adhesives, as well as adhesive-modulus tailoring
methods, might be preferred ways to reduce stress concentrations at
joint edges. In parallel, the adoption of post-printing hot-press or auto-
clave cycles is recognized as a promising method to maximize inter-
laminar bonding performance and reduce the extent of material
discontinuities in the bulk.
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