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Abstract

This work is aimed at exploring the influence of Fused Filament Fabrication (FFF)
printing parameters on the Mode | fracture toughness of polymer bonded joints. The
motivation is that realizing small-size, highly optimized AM parts to be later assembled
into larger components or on a main structure can be convenient from the manufacturing
standpoint, and adhesive bonding is a suitable joining technology as it avoids distortion
and material modification due to heat like welding, or the presence of fasteners. Since
printing parameters can affect surface roughness and wettability, beside adherend
strength and stiffness, they can become effective design parameters for bonded joints.
Therefore, in this study two different materials frequently used in FFF, PLA and ABS,
and three different printing parameters, namely extruder temperature, printing speed and
layer thickness, were selected in order to evaluate their influence on roughness,
wettability and tensile behaviour of the adherends. A full-factorial Design of Experiment
(DoE) was chosen for the study of roughness and wettability that requires a limited
sample manufacturing and measurement time, while a Taguchi L9 orthogonal array was
selected for the tensile tests, in order to save manufacturing and testing time. The

significance and the mutual interactions of printing parameters were identified by
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ANalysis Of VAriance (ANOVA). Combinations yielding maximum and minimum
values of the output, respectively, were used to produce adherends for Double Cantilever
Beam (DCB) joints and evaluate the effect on Mode | fracture toughness, demonstrating
that process parameters do have an effect on fracture toughness and that an optimum value

can be found by simply operating on the FFF printer setup.

Keywords: adhesive bonding; additive manufacturing; fused filament fabrication;

surface roughness; wettability; fracture toughness; surface modification;

1. Introduction

Engineering relevance of additive manufacturing (AM) is increasing due to
process and materials developments that are enabling to obtain components able to
withstand loads in structural applications [1]. The modern 3D printers are capable of
resolutions up to the um scale and can be equipped with tools for multi material AM
(MMAM), liquid processing, i.e. Liquid Deposition Modelling (LDM), or reinforced
materials processing, as long fibre reinforced materials for enhance mechanical properties
[2] or conductive whiskers to modify physical properties [3]. Studies on Design for
Additive Manufacturing (DfAM) are being carried out to take advantage of the new
buildable solutions, as the Functionally Graded Materials (FGM) using MMAM [4], and
to explore the actual potentiality of the nominally limitless tailoring of AM. While
investigations to further improve the AM processes are being carried out, development of
DfAM is pointing out how realizing small-size, highly optimized parts to be later
assembled into larger components could be convenient, for example for improving
productivity using several 3D printer working in parallel that makes the production
process more robust [5].

Therefore, one of the next challenges of DFAM is the definitions of the methods
to assemble the AM components together or on a main structure [6], [7]. One of the first
investigations on selecting suitable techniques for joining AM components was carried
out by Espalin et al. [8], in which methods were sorted in order of effectiveness with
respect to the strength of the joint: hot air welding, ultrasonic spot welding, solvent and



adhesive bonding. Adhesive and solvent bonding methods were therefore suggested when
one values aesthetic results and is not concerned with mechanical property performance.
However, adhesive bonding can be performed without heating, that was proven to have a
detrimental effect on the dimensional accuracy of the AM components [9] especially if
materials to be joined shows different coefficients of thermal expansion.

Taking advantage of adhesive bonding, heterogeneous materials joints can be
performed, Kariz has studied the influence of 3D-printing parameters on the bond shear
strength of 3D-printed Acrylonitrile-butadiene-styrene (ABS) copolymer parts bonded to
beech wood [10]. After the first work by Arenas et al. [11] in which a method was
proposed to select structural adhesives for AM, several works focused on coupling the
tailoring enabled by AM to the knowledge of adhesion and failure mechanisms [12] in
order to lower peel and shear stress concentrations that develops at the ends of bonded
joints, hence to obtain overall joint performance improvements. Examples are FGM
adherends obtained in [13] using MMAM, cavities through the thickness of the adherend
structures that cause crack trapping [14] or LDM to obtain stepwise adhesive stiffness
changes [15]. However, even if improvements in joint strength can be achieved by
tailoring methods, most of failures were adhesive, except for epoxy resins that have good
compatibility with most of AM materials [16], pointing out that further improvements
could be achieved till reaching cohesive or adherend failures.

As remarked by Packham [17] surface physics and morphology plays a key role
in the adhesion mechanisms, however only few works are available on surface
modifications for AM. Birenhaus et al [5], Li et al. [18], Fieger et al [19], Leicht et al
[20], investigated overlap surface modifications using industrial methods as mechanical
abrasion, chemical etching, flame impingement, corona treatment and Atmospheric
Pressure Plasma (APP). Even if industrial modifications, and in particular APP, led to
adhesion improvements, specific equipment and post-processing are required, thus
alternative approaches to embed surface modifications in AM processes were
investigated. These approaches do not require any specific equipment and are based on
the observations that printing set ups, as parts positioning in the build volume and material
deposition patterns, and printing parameters, as layer height, infill, nozzle temperature
and speed, affect material physics, i.e. crystallinity [21], and properties, i.e. Young’s
modulus [22] and surface roughness [23].

Dugbenoo et al. [24] investigated the effect of a surface porosity obtained by

controlling though the air gap build parameter. Even if results were outstanding, with



minimum increase in ultimate strength of 145%, a recent work by Birenhaus et al. [5]
outlined that this approach can lead to adherends delamination; this difference in
conclusions could be partially justified by the use of different AM processes and materials
in this work. Blirenhaus et al. [5] also investigated the effect of the raster angle (material
deposition orientation) in respect to the joint loading direction, in order to tailor the
adherends surface with micro patterns. Results depicted that surface patterns
directionality does not have a relevant effect on joints tensile strength.

In the work of Kovan et al. [25], [26] three different printing orientations together
with three different layer thickness combinations were studied using free filament
fabrication. The results confirmed that printing parameters do have influence on surface
roughness and the authors outlined as general remarks that layer height affect the surface
morphology and thus the bonded joints performance, however the correlation is non-
linear and changing the build orientation affects also this correlation aside from having
high impact on the building time. Finally, it is worth noting that up to date there are no
standard testing procedures dedicated to polymeric AM materials and components [27]
and some standards, designated for other manufacturing processes, can be used with
modifications [28] and should be somehow validated.

As pointed out in the NIST report by Forster [28], at time of writing current
standard are not applicable for AM adherends and dedicated modifications are required.
Most of the works in literature adopt Single Lap Joints (SLJ). Different geometries have
been proposed to investigate additively manufactured joints: Khan et al. modelled the
shaft-tube joint [29] while Kovan et al. [26] and Dahmen et al. [30] explored the
feasibility of using butt-joint and T-joint testing configurations. Regarding joint
characterization, one of the most relevant test methods is DCB as it provides data for
mode | loading, which is known to be critical for the strength of adhesive bonding. First
explorative works were carried out by Morano et al. [14], [31], Alfano et al. [32], Garcia-
Guzman et al. [33]; however, those papers focused on a specific geometrical tailoring
across adherend thickness rather than studying if and how AM process parameters could
influence the fracture toughness of the joint. A first exploratory work in this sense was
done was recently done by the authors [7], showing that FFF setup could affect the
strength under Mode | loading. This work is aimed therefore at exploring in detail the
influence of the adherend surface and mechanical properties obtained by varying the FFF
printing parameters on the Mode | fracture toughness of bonded joints. Two different
materials frequently used with FFF, PLA and ABS [34], [35], and three different printing



parameters, namely extruder temperature, printing speed and layer thickness, each at three
levels, were selected in order to evaluate their influence on roughness, wettability and
mechanical properties of the adherends. This configuration (3 factors, 3 levels) entails 27
possible combinations for each considered material. Parameters values were combined
using a statistical approach and their importance and mutual interactions were identified
by analysis of variance (ANOVA) [36], [37]. Combinations yielding maximum and
minimum values of the output, respectively, were used to produce adherends for Double
Cantilever Beam (DCB) joints to assess the effect of the corresponding surface
morphologies on Mode-I fracture toughness.

2. Design of Experiment on printing parameters relevant to bonded joint
performance

Adhesion mechanisms are based on mechanical interlocking and on the ability of
the adhesives to be in contact and interact with the adherends, i.e. wettability and
diffusion. In this sense, layer height is a relevant printing parameter as it modifies the
surface roughness and affects adhesion trough mechanical interlocking mechanism.
Wettability is affected not only by roughness [38] but also by the physics of the surface,
i.e. polarity and crystallinity, therefore extruder temperature and deposition speed are
relevant parameters for adhesion, too, since they not only affects the surface morphology
but also its physics though the thermal cycle experienced by the polymeric material [21],
[39], [40]. These printing parameters (extruder temperature, deposition speed and layer
height) affect also other mechanical properties and build time. Moreover, interaction
exists between parameters, making crucial to evaluate the process parameters-surface
properties relationship in order to obtain the desired bonded joint performance
improvement.

Samples were manufactured using a fused filament fabrication (FFF) Delta Wasp
4070 3D printer (WASP, Massa Lombarda, Italy, Figure 1) with PLA from BQ (BQ,
Madrid, Spain) and ABS from Sienoc. The same flatwise positioning at build plate centre,
where temperature is monitored by a thermocouple, was adopted. Preliminary samples
were manufactured in order to validate qualitatively this build approach, as these two
polymers have different physical properties [41]. The effects of the three design
parameters, namely deposition speed (V), extruder temperature (T) and layer height (H),
were investigated on three levels, minimum, medium and maximum of the operating

ranges (Table 1) indicated by the material suppliers.



Figure 1. Delta Wasp 4070 FFF machine.

Table 1. Printing parameters for PLA and ABS, their levels and coding: note the only

values changing between the two materials are printing temperatures.

PLA ABS
Deposition | Layer | Extruder | Extruder | Taguchil9
speed, V | height, H | temp., T | temp., T OA DoE
(mm/s) (mm) (°0O) (°O) coding
30 0.1 200 230 1
75 0.2 215 240 2
120 0.3 230 250 3

In order to determine how the factors (extruder temperature, deposition speed and
layer height) affect the response variables (the mechanical and surface properties), a
Design of Experiment (DoE) systematic approach to process optimization [37], [42] has
been used. To study the effect of the print parameters on tensile behaviour of the
adherends, a Taguchi Lo Orthogonal Array (OA) [43] was selected instead of a full-
factorial one in order to reduce the number of samples to be manufactured, while at the
same time the orthogonality of the design allows to apply consistently ANOVA to
estimate the effects of each factor and identify its interactions [42]. Printing parameters
V, T, H are respectively assigned as first, second and third factor of the OA. Since the
FFF manufactured PLA and ABS behave almost linearly up to failure, only the ultimate
strength has been chosen to represent the tensile behaviour for the sake of simplicity. In



order to have sufficient degrees of freedom (the minimum number of independent
experiments to be conducted: one for the mean value and two for each of the remaining
factors), the Taguchi Lo OA is filled in with the nine experiment configurations reported
in Table 2. Three repetitions for each configuration have been performed.

Table 2. Coded Taguchi Le Orthogonal Array for the characterization of the tensile
behaviour of the adherends.

Trial Deposition | Extruder Layer
number | speed, V temp., T height, H
(mm/s) (°C) (mm)
Lo_ci 1 1 1
Lo 1 2 2
Lo_c3 1 3 3
Lo_c4 2 1 2
Lo cs 2 2 3
Lo_ce 2 3 1
Lo ¢7 3 1 3
Lo cs 3 2 1
Lo o 3 3 2

Since, differently from tensile tests, the samples to investigate surface
morphology and wettability required a short manufacturing time, a full-factorial design
was used in this case to investigate changes in morphology and wettability. Print
positioning on the build plate, infill and raster orientation are kept constant between

different designs.

3. Characterization of AM adherend materials

3.1 Tensile strength

Tensile strength has been evaluated using MaCh3D miniaturized testing machine
(MaCh3D srl, Parma, Italy) equipped with a 5 kN load cell and the experimental setup
reported in Figure 2. Three repetitions for each L9 OA have been tested, both for PLA
and ABS, using MaCh3D proprietary tensile test specimen [44], Figure 3.



Figure 2. Experimental setup on MaCh3D of tensile testing of adherend materials.
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Figure 3. MaCh3D proprietary tensile test specimen.

Tests were carried out at a constant crosshead speed of 5 mm/min, according to
ASTM D638 [45] and a MTS 632 31F-24 extensometer (MTS Systems Corporation,
Eden Prairie, USA) was used to measure gauge elongation. Specimens were produced
with a 100% infill and a £45° raster orientation with respect to specimen length direction.
The £45° raster has been adopted for the AM items in this study, since it makes an even
surface pattern and it is the standard raster angle assigned by Ultimaker CURA 4.6.1 AM
software to the infill of components. Average tensile curves and related scatter bands are
reported in Figure 4 (a) for PLA and (b) for ABS, respectively. The legend in Figure 4
reports both the Taguchi L9 OA trial number (see Table 3) and, for the sake of

readingness, the corresponding printer setup as V(mm/min)-T(°C)-H(mm).
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Figure 4. Averaged strain-stress curves togheter with data dispersion band, for PLA (a)

and ABS (b)

Average ultimate tensile strengths (Rm) with error bars representing +/- one

standard deviation are reported in Figure 5 for the different set ups chosen according to
the Taguchi Ls OA method.

ABS
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Figure 5. Average ultimate tensile strength (Rm) with error bars representing +/- one

standard deviation for the various Taguchi Ly OA trials.

Regarding Rm, the best mechanical performances are obtained with high extruder

temperature for both materials. PLA presents a gradual increase in strength by decreasing

layer thickness as well as deposition speed, whilst ABS presents the best performances

with high speed and layer thickness, indicating that, in this case, a higher printing

temperature seems to be more influential than other parameters. It is confirmed that

parameters investigated have a relevant effect on the mechanical properties, maximum

variations of Rm are 35% and 19% respectively for PLA and ABS. Similar variations are

measured also for Young’s modulus average value reported in Figure 6.
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Figure 6. Average Young's modulus (E) with error bars representing +/- one standard

deviation for the various Taguchi Le OA trials.

3.2 Surface morphology and wettability

One hexahedral tiles of 15x15x1.2 mm? size was manufactured for each of the 27



full-factorial set-ups. This small and shallow sample has been adopted in order to save
build time, since surface properties and morphology are evaluated only on the last

deposited layer and on a 3x3 mm? area.

3.2.1 Surface morphology

Changes in morphology of the surface to be bonded are quantified using 2D
surface roughness parameter Sa, measured according to 1SO 25178-2:2012 with a CCl
3D optical profilometer (Taylor Hobson, Leicester, UK). Sa is (Eqn.1) the absolute value
of peaks and valleys height, z, integrated along the surface coordinates x and y and
averaged over the surface sampling area A:

1
Sq = —ff |z(x, y)| dxdy (2)
A,

The surface is analysed at three different locations on surfaces of 3x3 mm? each. Sa
measurement for each printing set up are reported in Table 4. The configuration
"PLA_V120 _T200_HO0.2" since the measurement was not possible at several points
within the sampling area A, as the profile of the valleys was too sharp to be correctly

detected by the optical profilometer.

Table 4. Surface roughness values.

PLA ABS
Deposition | Extruder Layer Surface Deposition | Extruder Layer Surface
speed, V temp., T Height, H | rough., Sa speed, V temp., T Height, H | rough., Sa
(mm/s) 6 (mm) (um) (mm/s) 6 (mm) (pm)
0.1 7.97 0.1 15.35
200 0.2 9.80 230 0.2 12.28
0.3 10.87 0.3 13.56
0.1 7.30 0.1 17.58
30 215 0.2 9.79 30 240 0.2 13.68
0.3 11.06 0.3 12.87
0.1 9.20 0.1 13.78
230 0.2 8.16 250 0.2 9.53
0.3 11.46 0.3 19.24
0.1 9.25 0.1 12.48
75 200 0.2 11.17 75 230 0.2 11.81
0.3 11.26 0.3 14.90
215 0.1 10.61 240 0.1 17.13




0.2 8.84 0.2 11.59

0.3 13.34 0.3 10.16

0.1 11.02 0.1 11.38

230 0.2 16.17 250 0.2 10.42
0.3 18.68 0.3 14.81

0.1 23.64 0.1 13.98

200 0.2 - 230 0.2 10.60
0.3 15.04 0.3 13.52

0.1 12.64 0.1 12.56

120 215 0.2 15.88 120 240 0.2 10.88
0.3 13.68 0.3 15.76

0.1 12.54 0.1 12.07

230 0.2 10.86 250 0.2 11.96
0.3 14.24 0.3 11.09

In Figure 7, an example of PLA morphology variation due to a change in the

printing parameters is shown.

V: 30 mm/s V: 30 mm/s
T: 200 °C T: 200 °C
H: 0.1 mm H: 0.3 mm

(a) (b)

Figure 7. Comparison between 0.1 mm layer height (a) and 0.3 mm (b) maintaining all

other parameters unchanged, in the case of PLA.

3.2.2 Wettability

Wettability analysis was performed on the same tile specimens used for
morphology characterization, by the means of sessile drop test with deionised water. The




effect of surface texture direction due to the process was taken in account performing
multiple measurements according to the methods proposed in [38] for the experimental
investigation of the wettability of rough engineering surfaces. First, the surfaces of the
specimens were cleaned using a degreasing solvent (Loctite 7063, Henkel, Milan). Then
static contact angle (©) measurements were performed at room temperature depositing 2
ul calibrated water drops and taking snapshot after 10 s with a custom-made set-up based
on a Dino-lite microscope (AnMo Electronics Corporation, Hsinchu 300, Taiwan) in a
direction orthogonal to the surface raster angle. The static contact angle was evaluated
from the tangent curve to the drop profile in the contact point between sessile drop and
substrate surface. Measurements are repeated 3 times on each tile at 3 different locations.

Results are reported in Table 5, respectively.

Table 5. Static contact angle (6) measurements in the direction orthogonal to the surface

raster angle.

PLA ABS
Deposition | Extruder Layer Contact Deposition | Extruder Layer Contact
speed, V temp., T | Height, H | angle., 0 speed, V temp., T | Height, H | angle., 0
(mm/s) 6 (mm) (deg) (mm/s) 6 (mm) (deg)
0.1 61 0.1 64.00
200 0.2 66 230 0.2 63.00
0.3 77 0.3 81
0.1 83 0.1 82
30 215 0.2 76 30 240 0.2 81
0.3 73 0.3 77
0.1 68 0.1 89
230 0.2 75 250 0.2 60
0.3 78 0.3 83
0.1 77 0.1 80
200 0.2 72 230 0.2 72
0.3 60 0.3 73
0.1 78 0.1 76
75 215 0.2 65 75 240 0.2 80
0.3 78 0.3 80
0.1 75 0.1 81
230 0.2 64 250 0.2 80
0.3 66 0.3 85
0.1 66 0.1 83
200 0.2 54 230 0.2 71
0.3 55 0.3 71
0.1 62 0.1 66
120 215 0.2 75 120 240 0.2 83
0.3 71 0.3 80
0.1 65 0.1 69
230 0.2 67 250 0.2 83
0.3 73 0.3 70




In general, the measured values of static contact angle for the various set ups were
slightly different, but comparable, with the ones already published for the investigated
materials. Contact angles values maximum variations are 35% for PLA and 39% for ABS.
It should be noticed that wettability is a complex phenomenon affected by different
phenomena to be taken in account, as roughness that can change wetting regime and
surface free energy [38] . As this work is focused on assessing feasibility of using printing
parameters to affect bonded joints performance, static contact angle of demineralized
water droplets can be used as a qualitative indicator of the sum of these effects. However,
after performing more dedicated characterization for a specific material processed with a

specific 3D printer, it can be possible to maximize wettability changes.

4. ANOVA for the identification of printing setups of DCB adherends

ANOVA was performed [37] on the data sets from tensile and surface
characterizations to identify the main and the interactions effects of printing parameters
on tensile strength, roughness and wettability using the procedure validated and presented
in [46]. In particular, using the F-ratio test was possible to determine whether factors or
interactions were relevant on each variation of the monitored output. If F is higher than a
critical value given by the degrees of freedom of the experiment, then the factor or
interaction affects the monitored output, otherwise the variation of the monitored output
is due to noise. In defining optimised printing parameters for Rm, Sa and ©, if one of the
factor was marked as non-significant, its value was selected as the one minimizing the
build time.

4.1 Effect on tensile strength of AM materials

As far as tensile strength (Rm) is concerned, the value at different parameter levels is

given in Figure 8 for PLA and in Figure 9 for ABS.
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Figure 8. Main effects for mechanical strength of PLA: Deposition speed (a),

Temperature (b), Layer height (c).

334 354 33
34 }
=32 =33 532
o o g o
=3 =32 =3
= £ =
o314 o314 ’ 31
304 }
30 29 30
30 75 120 230 240 250 01 02 03
V (mm/s) T(°C) H (mm)
(a) (b) (c)

Figure 9. Main effects for mechanical strength of ABS: Deposition speed (a),

Temperature (b), Layer height (c).

The F-test identifies for both materials the extruder temperature as the main effect
influencing tensile strength (see Table 6). The Lack-of-Fit F-value of 1.80 (ABS) and
1.93 (PLA) implies that Lack-of-Fit is not significant relative to the pure error, since there
is only a 19.33% (ABS) and 17.33% (PLA) chance that a Lack-of-Fit F-value this large

could occur due to noise.

Table 6. ANOVA results for tensile strength (Rm).
PLA ABS

Source | F-value | p-value | Significance Source | F-value | p-value | Significance

Model 4.13 0.0074 significant Model 4.11 0.0075 significant




T 9.5 0.0013 significant T 11.9 0.0004 significant
\Y% 1.5 0.2482 v 0.3327 | 0.7209
H 1.39 0.2732 H 0.0988 0.9064
Residual Residual
s s
Lack-of- not Lack-of- not
1.8 0.1933 1.93 0.1733
Fit significant Fit significant

4.2 Effect on surface roughness

Regarding surface roughness in the case of PLA, from one of the most influential effects

Is deposition speed, having a p-value of 0.0024 (Table 7), as well as the interaction

between deposition speed and extruder temperature. Interaction graph for deposition

speed and temperature is reported in Figure 10.

Table 7. ANOVA results for surface roughness in the case of PLA adherends.

Source F-value p-value | Significance
Model 3.66 0.0118 significant
v 9.29 0.0024
T 0.5633 0.5809
H 1.07 0.3681
VxT 3.52 0.0322
25
204
T
= 15
A
10
5
3‘0 7‘5 1;0
V (mm/s)

Figure 10. Interaction effect between deposition speed and extruder temperature in

determining surface roughness for PLA.




In the case of ABS, the main contribution to surface roughness is determined by layer
height, as indicated in Table 8. The model appears to be not significant due to a
probability (p-value) higher than 0.05 that F is due to noise. However, looking at the p-
values of the single parameters, the origin of such potential noise is related mainly to the
extruder temperature, T. A different temperature range and/or a more careful control
maybe needed in this case to evaluate if T is effectively influencing the ABS surface
roughness. It is worth to remark that, when restricted to V and H only, the model becomes

significant.

Table 8. ANOVA results for surface roughness in the case of ABS adherends.

Source F-value p-value Significance
Model 2.22 0.084 not significant
\% 1.73 0.2024
T 0.3925 0.6805
H 4.53 0.0239

4.3 Effect on wettability
In all cases, a strong interaction exists between all the parameters for both materials as it
can be inferred from Table 9 and Table 10 temperature and layer height are the most

significant factors.

Table 9. ANOVA results for static contact angle © for PLA.

Source F-value p-value Significance
Model 5 <0.0001 significant
\% 1.16 0.3208
T 12.73 <0.0001
H 12.43 <0.0001
VxT 0.8679 0.4895
VxH 3.99 0.0067
TxH 2.26 0.0754
VxTxH 6.11 < 0.0001




Table 10. ANOVA results for static contact angle © for ABS.

Source F-value p-value Significance
Model 6.33 <0.0001 significant
\Y% 2.35 0.1055
T 8.18 0.0008
H 4.01 0.0241
VxT 4.72 0.0025
VxH 8.56 <0.0001
TxH 3.42 0.0149
VxTxH 8.58 < 0.0001

4.4 ldentification of printing setups for manufacturing of DCB adherends

The results presented in the previous sub-sections are processed to define the printing

setups that maximize or minimize the adherend properties relevant for adhesive bonding

applications, that is Rm, Sa, ©. The setups are shown in Table 11 and Table 12 for PLA

and ABS, respectively. Some parameters combinations are repeated, hence a reduced

number of DCB combinations have been produced, resulting in 4 and 6 different

parameters combinations for PLA and ABS, respectively. To facilitate the interpretation

of results, a code is provided for each print setup.

Table 11. Printing parameters for PLA adherends.

Parameter Roughness Wettability T. Ultimate Strength
MAX MIN MAX MIN MAX MIN
Configuration name PLA 01 | PLA 02 | PLA 02 | PLA 03 | PLA 04 | PLA 03
Deposition speed, V (mm/s) 120 30 30 120 30 120
Extruder temp., T (°C) 200 215 215 200 230 200
Layer height, H (mm) 0.1 0.1 0.1 0.3 0.1 0.3

Table 12. Printing parameters for ABS adherends.

Parameter Roughness Wettability T. Ultimate Strength
MAX MIN MAX MIN MAX MIN
Configuration name ABS 01 ABS 02 | ABS 03 | ABS 04 | ABS 05 | ABS 06
Deposition speed, V (mm/s) 30 30 75 30 120 75
Extruder temp., T (°C) 250 250 250 230 250 230
Layer height, H (mm) 0.3 0.2 0.3 0.1 0.1 0.3




5. Double cantilever beam joint testing

5.1 DCB joint design, preparation and testing

A custom DCB specimen geometry has been developed following a DfAM approach [47].
The joint geometry is shown in Figure 11. One of the main constraints was to print
adherends with faces to be bonded parallel to the building plane in order to have
morphological surface characteristics as close as possible to that analysed during surface
characterization. This required the use of support material, removed afterwards, in order
to obtain the cylindrical loading hole. Adherends have been printed in pairs, one pair at a
time in order to minimize variations due to the different position on the printing table
[48], [49].

(mm) | (mm) | (mm) | (mm) | (mm)

10.0 | 20.0 | 140.0 | 30.0 | 0.3

Figure 11. Overall joint geometry.

Figure 12 shows the printing preview of the top view cross section as generated
from Ultimaker CURA 4.6.1 software, detailing different structures. In particular, it is
possible to see the support structure (light blue) inside the loading hole and the infill
reticular structure. Infill shape and percentage influence joint fracture toughness as

emerges from the work of Morano et al. [31], [32]. Since the present study of fracture



toughness is comparative, possible differences are eliminated by maintaining the same

infill strategy for all specimens. The test setup is shown in Figure 13.

Infill

B ol
BB inner shell
B support
B outer shel

Figure 12. DCB adherends internal structure as previewed from CURA 4.6.1 software.

Figure 13. DCB test setup.



Printing parameters are those reported in Table 11 and Table 12 for PLA and ABS,
respectively. Concerning the adhesive, Teroson PU 9225 [50], a polyurethane based two-
components adhesive supplied by Henkel that cures at room temperature, was chosen
according to the results obtained by Arenas [11]. Bulk tensile properties were
characterized by testing ASTM D638 Type IV specimen [45] obtained by pouring

adhesive into a Polytetrafluoroethylene (PTFE) mould; results are reported in Table 13.

Table 13. Teroson PU9225 Mechanical properties.

Young's Modulus, | Poisson's Ratio, | Ultimate Strength,
(MPa) (MPa)
576.9 0.33 13.3

Surfaces were cleaned with Loctite 7063 cleaning agent after verifying that the
treatment did not affect surface morphology. No mechanical or chemical surface
treatment was done in order to preserve the as-built surface texture, with the intention to
evaluate if the as-built roughness and texture could compensate by mechanical
interlocking the limited adhesion of PLA and ABS, testified by the high surface contact
angles. This choice goes into the direction of exploring and exploiting the potential of
AM to manufacture ready-to-go components. A polyester sheet was placed on one side
of the specimens to create an initial 30 mm long crack (ao). The adhesive was applied and
a layer thickness of 0.3 mm was ensured by placing calibrated metal foils between
adherends. The substrates were bonded together by tightening bolts placed in holes at the
adherends ends. Joints were cured at room temperature for at least one day before testing.
Three repetitions for each combination are performed. A fixture has been developed to
allow MaCh3D to perform DCB testing.

5.2 Adherend compliance assessment

For a correct setting and analysis of Mode | DCB fracture test, it is necessary to know
how the adherends deform under load. For isotropic materials, the substrate behaviour
can be described with a good approximation by the Young’s modulus E but this does not
apply to anisotropic materials such the ones produced through FFF [35], [51], [52] where

out-of-plane elastic modulus and shear modulus play a relevant role in determining



material compliance. Flexural and shear moduli were therefore extracted by three-points
bending tests done at different span distances. A three-points bending (3PB) test
equipment has been designed to be compliant to ASTM D790 [53] and ASTM D7264
[54], respectively, Figure 14. The test was done for all the setups listed in Table 11 and
Table 12.

()
)
Lg /2 Lg /2

Figure 14. 3PB Test scheme.

The load point displacement, §, is recorded together with the applied load P. In
evaluating specimen compliance, a correction to account for equipment stiffness has been

considered. The 3PB specimen compliance, Cses, is described by Eqn. 2:

(/ 2)3

)
= +0.6 /> (2)
6E[l | GBh

c 6
3PB = p

where Ef and G are the flexural modulus and the shear modulus, respectively, and L is
the span length. Performing tests at different L, allows to evaluate E; and G by best
fitting Eqn. 2 with the least squares method, since shear and bending contribution to
deformation varies. In particular, four different span lengths from 40 to 100 mm in steps
of 20 mm were considered. Tests were performed under displacement control in the
elastic regime, where the crosshead speed was being increased for increasing support span
in order to keep the same deformation rate. The compliance was evaluated by performing
a linear regression on the displacement-load data for each of the tested configurations at
every considered span length. For each configuration, two repetitions were performed,



and the average compliance was considered.

The moduli identified are reported in Table 14 for the two materials and the FFF
setups listed in Table 11 and Table 12. It is worth to underline that, differently from bulky
polymeric components obtained with traditional manufacturing techniques, the shear
modulus is more than one order of magnitude lower than the flexural, making the

contribution of shear to the bending stiffness non-negligible even for slender structures.

Table 14. Values of Ef and G for the two materials and FFF setups listed in Table 11

and Table 12.
Specimen Ef G Correspondance with Table 11 and
(MPa) | (MPa) Table 12
PLA 01 1608 65 Max. Roughness
PLA 02 1622 181 Min. Roughness, Max. Wettability
PLA_03 1697 114 Min. Wettability, Min. Tensile Strength
PLA_04 1911 80 Max. Tensile Strength
ABS 01 1167 90 Max. Roughness
ABS 02 1493 56 Min. Roughness
ABS_03 1288 65 Max. Wettability
ABS_04 1404 66 Min. Wettability
ABS_05 1495 53 Max. Tensile Strength
ABS_06 1367 51 Min. Tensile Strength

DCB test data reduction method

The testing of a DCB with a relatively soft layer in between the two cantilevers,
impose to consider root rotation at the crack tip, stress concentration effects, and the
presence of a non-negligible fracture process zone (FPZ) ahead of the crack tip [Chaves
et al.], but it requires also that the deformation of the adhesive layer is accounted for in
the evaluation of strain energy release rate [Sekiguchi et al.]. Therefore, the method
reported in the work of de Moura [15], [55], [56], based on the definition of an equivalent

crack length, ae, evaluated directly from specimen compliance (C, that accounts also for

the presence of a at the crack tip. The compliance C is expressed as:




8a,®> 12a,

C =
EBh* ' 5GBh

(3)

and can be rewritten in polynomial form [55]:

aa+ pa, +y=0 (4)

where the coefficients a, § and y are, respectively:

v 8 .12
E¢Bh3 b= 5GBh

By solving Eqgn. (4) and considering only the real solutions, a, takes the form:

1 2B
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The strain energy release rate becomes then:
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The compliance, C, is evaluated as the slope dA/dP (A = crack opening along the load
line) recorded in the partial unloadings performed at intervals during the test. Since the
unloading, in general, do not point to the origin of the A-P diagram because of inelastic

phenomena at the crack tip and small adjustments/hysteris in the load train, the simple



ratio A/P may not represent correctly the compliance of the joint.

Mode | fracture toughness results

The results are reported in two separate diagrams for PLA and ABS, respectively.
In each diagram, every set of data collects the results of the three repetitions. For both
materials, failure was always interfacial due to the relatively low wettability and the
intentional absence of surface preparation but cleaning (see Sect. 5.1), therefore the
surface pattern left by FFF was apparently not able to compensate the inherent low
adhesion of these materials, except in the case of PLA 04 where in two out of the three
specimens a partly cohesive failure was recorded: example of one of the cohesive rupture

is reported in Figure 15.

Figure 15. One of the three tested specimens for PLA_04 configuration, showing

partially cohesive failure.

Another point common to all experiments is that a more or less steep R-curve was
present that does not come to a steady-state value in the range of crack propagation tested.
It is possible that the size of the specimen, which was defined according printing chamber
size and build time limitations, was not large enough to allow a crack propagation
sufficient to reach a plateau of fracture toughness. The discussion can be done therefore
only on the slope of the R-curve, with the underlying possibility that a higher slope would
lead to a higher steady-state fracture toughness. Results for PLA specimens, reported in
Figure 16, show similar value of fracture toughness at the beginning of crack propagation
in all cases, while the maximum rate of increase of fracture toughness is obtained with
specimen PLA 04 (maximum tensile strength, flexural modulus) whilst PLA 03
(minimum wettability and tensile strength) presents the lowest values. Considering ABS
joints, from Figure 17 it can be inferred that all the configurations show both similar



values at the beginning of propagation and the R-curve slopes are not much different from
each other, giving in fact a unique, large scatter band that is, ABS joints fracture
toughness is little influenced by printer setup. Looking more closely at the linear
regression of the single configurations, one can say a higher G, corresponds to ABS 01
and ABS_06 (the two configurations with the highest values of roughness) while ABS_04
(minimum wettability) present instead the lower values. This means that, alike for PLA,
wettability must be maximized but the roughness seems also to play some role in this

case, though the large scatter cannot afford a definitive conclusion about this point.
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Figure 16. Fracture toughness values for PLA adherends.



0.40

ABS_01 - MAX Sa
0.35 ABS_02 - MIN Sa
: ABS_03 - MAX Wett
E 0.30 + ABS_04 - MIN Wett.
< + ABS_05 - MAX Rm
00.25
0] % ABS_06 - MIN Rm |
- o
% x ............... AX X +
sl 0t e
o e B e 4+
; 0.15 X T e e =
E
3
i

0 5 10 15 20 25 30 35 40
Equivalent crack propagation, Da (mm)

Figure 17. Fracture toughness values for ABS adherends.

In order to prove if the R-curve behaviour is typical of this adhesive or if it is
related to the FFF parameters, comparative tests have been carried out using aluminium
adherends and the same polyurethane adhesive as in the case of FFF joints. The geometry
used is the same described in the work of [57]. Adherends were simply grit-blasted and
cleaned with Loctite 7063. Adhesive thickness has been kept at 0.3mm as in FFF joints
by means of calibrated foils. Three repetition were performed. Failure was cohesive in

thsi case and fracture toughness values are reported in Figure 18.
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Figure 18. Fracture toughness values for aluminium adherends.

As it can be seen, an R-curve develops also in this case but much steeper than with
FFF polymeric adherends. In fact, G, stabilizes around 0.8 N/mm after about 20 mm of
crack propagation, while in the case of ABS and PLA it did not grow above 0.4 N/mm.
It is worth to underline that the value of G, obtained with tests on aluminum joints are
well in agreement with those in the work of Boutar et al. [57]. The adhesive shows
therefore an inherent R-curve behaviour that, in the case of FFF joints, may be more or
less pronounced depending on manufacturing parameters, that is these latter become

indeed joint design parameters.

Conclusions

This work explored the influence of the adherends surface and strength/stiffness
characteristics obtained by varying the FFF printing parameters, namely extruder
temperature, deposition speed and layer thickness, on the Mode | fracture toughness of
bonded joints of two different materials frequently used in FFF, PLA and ABS,
respectively. Combinations of parameters giving maximum and minimum values of the
surface roughness, respectively, wettability and tensile strength of the adherends were

used to manufacture samples for Double Cantilever Beam (DCB) joints. For both



materials, failure was found to be interfacial, meaning that the surface pattern left by FFF
could not compensate the inherent low adhesion except in one case (PLA with maximum
tensile strength), where two out of the three specimens exhibited a partly cohesive failure.
All experiments were characterized by a more or less steep R-curve that does not come
to a steady-state value in the range of crack propagation tested. A conclusion can be
therefore drawn only on the slope of the R-curve, with the underlying possibility that a
higher slope would lead to a higher steady-state fracture toughness. Under these
conditions, in the case of PLA, a noticeable dependence on the printing parameters was
found, where the strength (stiffness) and the wettability are most influential. In the case
of ABS instead, it was much more difficult to distinguish a trend since the results of the
experiments seem to fall into a unique, large scatter band. However, zooming on the
values of each test, again wettability has to be maximized but the roughness seems also
to play a role for this material. For both materials, the joints showed a positive dependence
of fracture toughness on crack growth (R-curve), that is more pronounced in the case of
PLA. The development of a R-curve has been proven to be characteristic of the adhesive
used in this work and not simply related to the surface morphology of the adherends, since
it was found also by testing DCB joints with aluminium adherends. However, since for
PLA or ABS adherends the R-curve resulted more or less steep depending on the printing
parameters, it can be concluded that FFF parameters are indeed bonded joint design
factors. This conclusion adds a new aspect to the design of bonded joints of polymeric
FFF adherends. In fact, most works in the literature used AM to shape or give a stiffness
gradation to the adherends in order to improve the strength; this however requires in
general a non-trivial numerical study, special printers and a complicated setup. In the
present study it is shown instead that an improvement can also be found by simply
operating on the setup of a common FFF printer.
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