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Abstract

The weldability of 3D printed (3DP), through material extrusion (MEX), of Polyamide 6 (PA6) plates joined with FSW
is investigated. FSW has its challenges in polymers, especially for 3D printed parts, while it is used for various industrial
applications in the automotive and airspace sector, in joints, and in other types of parts. Herein, a full factorial experimental
course was deployed, to quantitatively document the impact of three critical process parameters (e.g., the rotational speed
and the travel speed of the tool, as well as the pin geometry of the tool) and to optimize their levels. A set of identical PA6
prismatic workpieces was prepared and then welded. Throughout the welding process, the temperature profiles were moni-
tored and logged, to ensure the solid state of the workpiece material. The welding efficiency of the joints was then determined
through mechanical tests, while unwelded 3D printed specimens were employed as control samples. Thorough morphologi-
cal evaluations and characterization with microscopy (Scanning Electron and optical Microscopy) were performed for the
welding zones. The evaluation of the metrics with statistical modeling tools led to the quantitative correlation of the process
parameters, as well as their interactions, and finally optimization. The feasibility of joining 3DP PA6 with FSW was verified,
reaching a welding efficiency of up to 120.40% for threaded cylindrical pin profile, rotational speed 1200 rpm, and travel
speed 3 mm/min. The results of the study provide valuable information and merit for the FSW of 3DP PA6, which can be
exploited in various industrial applications.
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MEX Material extrusion

MFI Melt flow index

NN Neural network

NT Nozzle temperature

NZ Nugget zone

OA Orthogonal array

PA Polyamide

PLA Polylactic acid

PET-G  Polyethylene terephthalate glycol

PP Polypropylene

PPA Pin profile A (cylindrical)

PPB Pin profile B (frustum)

PPC Pin profile C (threaded cylindrical)

PPD Pin profile D (threaded frustum)

PS Print speed

Ra Average surface roughness: average profile
height deviations from the mean line

RDA Raster deposition angle

Rz Surface roughness: min—max peak to val-
ley height of the profile, within five sampling
lengths

RS Rotational speed

RT Residual thickness

RTS Retreating side

RPM Revolutions per minute

sB Tensile strength

SEM Scanning electron microscopy
SCRM Separated cubic regression model
SSP Stair stepping phenomenon

SV Side view

Tg Glass transition temperature
TGA Thermogravimetric analysis
TMZ Thermomechanically affected zone
TPU Thermoplastic polyurethane

TS Travel speed

TV Top view

WE Weld efficiency

WT Welding temperature

1 Introduction

Polyamide 6 (PA6) is a widely adopted and popular poly-
meric matrix, used in several types of industries and appli-
cations, such as marine applications [1], electrical applica-
tions, buildings, and engineering products [2]. Consequently,
massive research has been conducted on various aspects of
the polymer’s performance. Arhant et al. [1] searched the
mechanical, thermal, and economic performance of the PA6
polymer, to investigate the potential of using it in pressure
vessels operating at 4500 m deep-sea waters. Jimenez et al.
[2] investigated its resistance to flames, for potential electri-
cal applications. The effect of reprocessing the PA6 upon the
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mechanical response of the polymeric matrix, to investigate
its potential for sustainable, circular economy applications
has also been investigated [3]. The chemical, molecular, rhe-
ological, and crystalline behavior has also been investigated
for up to 16 reprocessing cycles [4]. PA6 has been used as a
matrix material, aiming to enhance its mechanical proper-
ties, with the addition of silicon carbide for composite gear
manufacturing for the automotive industry [5]. The potential
of composites with short carbon fibers as reinforcement was
investigated, for the enhancement of mechanical and ther-
momechanical performance [6]. The enhancement of both
the mechanical and electrical properties of the PA6 polymer
was investigated by using carbon nanotubes for antistatic
packaging [7] and blends with acrylonitrile butadiene sty-
rene (ABS) [8].

Due to its popularity, it has been used and investigated
in various Additive Manufacturing (AM) technologies. In
material extrusion (MEX) 3D Printing (3DP), Jia et al. [9]
developed a PA6 filament, with improved processability per-
formance to facilitate the process. Polyamide’s MEX 3DP
parameters have been processed with statistical modeling
tools, to achieve optimal mechanical performance [10]. The
effect of strain rate on its mechanical response, when load-
ing 3DP PAG6 with tensile loads, showed that the polymer
robustness is not significantly affected by the loading rate
[11]. At the same time, it can withstand up to six recycling
processes, without compromising its mechanical strength
[12]. Its mechanical and tribological properties have also
been investigated in powder bed fusion 3DP and enhanced
with composites development [13]. The performance of the
polyamides in powder bed fusion 3DP and material jetting
3DP has been compared, showing insignificant differences
in the mechanical response, but significant differences in
the surface quality and the smoothness of the parts, which
each process is superior to the other in different areas [14].

Friction Stir Welding (FSW) is a procedure for joining
materials, presented by the British Welding Institute (TWI)
in 1991. Initially, the process was developed for metallic
matrices with limited weldability through fusion processes
[15]. Its popularity as a joining process is attributed to its
characteristics. It is an autogenous process, with a non-con-
sumable welding tool, that does not require special gases to
be performed, and consumes less energy than most welding
processes [16]. It was initially applied in aluminum, which is
thoroughly studied in the process [16-23]. As expected, the
effect of the FSW parameters, such as the weld tool geom-
etry, the tool speed, and the rotational speed, among others,
on the joint performance for different Al grades is a popu-
lar subject in the literature [24—31], and although several
works have been presented, there are still areas that need
further study. For aluminum, more advanced research has
been presented for the AA6061 grade, related to numerical
analysis [32, 33], the vibration effects [34, 35], the dynamic
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recrystallization phenomenon [36], and the thermal treat-
ment and wear behavior [37]. Additionally, the introduction
of nanoparticles such as silicon carbide, as reinforcement,
in aluminum alloys (grade AA6061) in FSW has been inves-
tigated [38—40]. FSW of aluminum parts has been applied
in various industries [41], such as in the automobile sector,
marine applications, railways, and aerospace industries [42].

As expected, research has expanded in thermoplastics,
due to their wide use in parts and the feasibility and the
performance of the process, and its parameters have been
thoroughly investigated [43]. FSW in polymers is applied in
different engineering fields [43, 44], such as in joints [45].
Research is focusing on different aspects of the process, aim-
ing to improve its performance, considering the character-
istics of the thermoplastics. Towards this direction, Banjare
et al. [46] presented a heating tool specially designed to
improve the performance of the weld when joining thermo-
plastics with the FSW process. Singh et al. [47] highlighted
the need for studying the feasibility of joining 3D-printed
thermoplastic parts since the research so far indicated differ-
ences in the response of bulk and 3D-printed thermoplastics
in FSW. Therefore, in this study, the current trends, and the
optimization of the mechanical strength of 3D-built ther-
moplastics welded with FSW are presented. Kumar et al.
investigated the feasibility of joining 3D-printed PLA/Al
composites with a semi-consumable weld tool. The effect of
the FSW parameters on the weld performance was consid-
ered [48]. Sheikh-Ahmad et al. [49] also studied the perfor-
mance of composites in the FSW process. They investigated
high-density polyethylene (HDPE)/Carbon black (CB) com-
posites, focusing on the effect of temperature on the pro-
cess performance. Lambiase et al. [50] also investigated the
developed temperature (and loads) with various weld tool
rotational speeds on polycarbonate (PC) samples. Tiwary
et al. [51] investigated the joining with FSW of dissimilar
PLA/ABS sheets. Nylon micro-particles were introduced to
enhance the mechanical strength of the weld, for direct use
in the process in UAVs. It was found that the addition of the
Nylon particles had a different effect on the PLA and the
ABS. When joining dissimilar (ABS and PA6) 3D printed
sheets with FSW [52], it was found that the weld is very
weak, due to the different melt flow index of the two poly-
mers. Reinforcement with Al was used to achieve a similar
MEFI and as a result an acceptable joint.

In HAM, various post-processing manufacturing proce-
dures have been applied and investigated for the 3D-printed
parts [53]. For the FSW of 3D printed sheets studies have
been presented for the ABS [54], PLA [55], and Poly(methyl
methacrylate) (PMMA) [56]. These works dealt with the
impact of critical FSW factors on the joint’s performance
(welding efficiency of the welded parts). Statistical mod-
eling tools were used to optimize the process. The feasibility
of joining composite structures, using ABS as the matrix

material, has also been investigated [57]. Bagheri et al. [58]
studied the fatigue strength of parts joined with rotary Fric-
tion Welding (FW), not FSW. Bulk ABS was welded with
3D-printed ABS and PLA samples.

Polyamides research is focusing on the study of the set
parameters and their influence on the mechanical efficiency
of the joints, using statistical modeling tools [59, 60]. Both
studies employ ANOVA to optimize the tensile strength of
PAG66 plates, by studying parameters, such as the tool rota-
tional speed and the feed rate. Nandhini et al. [61] studied
additionally the impact of the tool plunge on the joint's hard-
ness and the temperature developed during the process [62].
Zafar et al. examined the effect of the FSW parameters on
the flow and the thermal response of thick PA6 plates. They
reported the differences in the behavior of the material, they
found between the FSW of metals and PA6 [63]. The FSW
of PAG has also been modeled with Finite Elements Analysis
(FEA) and the strain distribution and the flow mechanics
concerning the temperature were successfully estimated. The
model has been experimentally verified [64]. Zinati et al.
[65] experimentally studied the feasibility of joining PA6
with PA6/MWCNTs composites with the friction stir pro-
cess. Numerical modeling was developed, employing the
Lagrangian incremental formulation and the outcomes were
claimed to be compliant with the experimental findings. Yan
et al. [66] inspected the effect of various parameters on the
morphology and the mechanical performance when join-
ing dissimilar Aluminum AA6061 alloys with glass fiber
reinforced PA6, with a friction lap welding process. They
are reporting that the mechanical performance of the joint
is increased, with the increase of the grooves.

Research on the feasibility of joining 3DP PA sheets is
still very limited. Joining with FSW of dissimilar Al com-
posites thermoplastics (ABS with PA6) has been investi-
gated for mechanical strength and their rheological proper-
ties [67] and a semi-consumable welding tool [52]. Singh
et al. have studied the mechanical and morphological prop-
erties when joining MEX 3DP dissimilar Al composites
thermoplastics (ABS with PA6) in cylindrical disks form,
with Friction Welding (FW), not FSW, on a lathe machine
[68]. To the authors’ best knowledge, there is not yet any
research offered in the corresponding literature, dealing with
the probability of joining MEX 3DP PA6 and the effect of
the FSW parameters on the performance of the joints. The
feasibility of joining 3DP parts with FSW and their per-
formance needs to be studied, due to their heterogeneous
nature, their porosity, and their structure, which can affect
the process. For this reason, results in the literature for bulk,
injection-molded PA6 sheets cannot be assumed reliable for
the corresponding 3DP parts.

This work investigates the process of joining with FSW
MEX 3DP PAG6 plates. The feasibility and the performance
of the produced weld, which is affected by both the 3DP and
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the FSW process, are studied and reported, in this hybrid
additive manufacturing (HAM) procedure. Being able to join
3DP parts exploits the benefits of 3DP and expands its field
of applications, in areas, such as large parts construction,
and repairing of parts, among other. Tiwary et al. [69] high-
lighted the limitations of the 3D printed parts’ size, which
could be overcome with the FSW process, for the forma-
tion of larger size parts, for the biomedical, acrospace, and
automotive field. Welding 3D polymeric parts together have
enormous potential since it allows the production of parts,
that, due to their geometry or other characteristics, can-
not be produced using standard manufacturing techniques.
Additionally, large-scale components that are too large to be
manufactured using 3D printing and polymeric materials can
be bonded using FSW after being 3D printed.

FSW of polymers has its challenges and is a rather new
subject in the literature, not thoroughly studied yet, accord-
ing to the literature review. The effect of the 3D printing
structure of the polymeric parts is also an additional chal-
lenge in the FSW process, with the number of published
works in the area being very limited. The novelty of the work
is that it covers this gap in the research, by providing reliable
experimental results and analysis with statistical modeling
tools, about the feasibility of the process and the perfor-
mance of PA6 3D printed sheets when joined with the FSW
process. The process is optimized, and the control parameter
values that provide the optimal results are indicated. No sim-
ilar research exists in the literature so far, according to the
authors’ best knowledge, on the FSW of MEX 3D printed
PAG6 parts. The comprehension of the behavior and the per-
formance of PA6 MEX 3D printed sheets when joined with
the FSW process can be exploited also for the joining of 3D
printed parts with injection molding parts of the same or
some other polymer. Joining dissimilar polymers is also a
subject investigated in the literature, according to the pre-
sented literature review, but not for the PA6 in 3D printing.
Such types of applications further expand the merit of the
results of the work. This is now discussed in the revised ver-
sion of the manuscript.

The challenges of joining MEX 3D printed polymers can
be attributed to the built-in porosity, anisotropy, and built-in
structural structure of 3D printed parts. As a result welding,
them can be a difficult procedure. Here, this was accom-
plished for the first time for the PA6 polymer 3D printed
with the MEX process. An initial assessment of the impact
of the FSW parameters was made. 3DP parts were prepared
and welded with different FSW parameters. The contribu-
tion of specific FSW parameters (welding speed, welding
tool rotational speed, weld tool geometry) was investigated,
and the experimental findings were analyzed in depth with
statistical and modeling tools. Analytical and numerical
models have been presented in the literature for the FSW
of polymeric parts (PMMA and Polycarbonate — PC sheets,
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[45, 70]). These models advance existing models for metallic
alloys, and they operate under the principle that the materi-
als behave in a bulky and isotropic way. This assumption is
reasonable for metallic alloys and satisfactory for bulk poly-
mers. MEX 3D printed parts, due to their internal structure,
are not homogenous and isotropic. These characteristics are
presented in a stochastic manner, depending on the 3D print-
ing parameters. Additionally, in contrast to other fabrication
procedures, the porosity (voids are formed also for full infill
density), the increased roughness of the produced surfaces,
and the dimensional deviations remain inevitable. Therefore,
using the aforementioned numerical and/or analytical ther-
momechanical simulations will not yield accurate or gener-
ally acceptable outcomes. Even the variances in commercial
filament quality cause noticeable differences between studies
using filaments made from the same materials but sold by
other suppliers.

In this work, the filament for the 3D printing of the sam-
ples was manufactured within the contents of the study, by
using raw materials with known technical characteristics.
All the thermomechanical experiments (TGA, DSC, etc.)
were conducted in the material, to ensure the credibility of
these properties since differences are expected when using
such data from other research groups for nominally the
same material but with different specifications or grades.
The experimental findings in the work verified the stochastic
nature of the parameters’ measurements, verifying the need
and the importance of the statistical analysis implemented
within the work. At the same time, it was evident that quasi-
static analysis or numerical modeling are not adequate
approaches for 3D printed parts. During the experimental
procedure, the temperature was monitored, to confirm that
the FSW experiments were performed with the joined mate-
rials being in solid-state, as the FSW procedure instructs,
and no melting occurred. Additionally, the temperature was
correlated along with the mechanical properties and the
measured minimum Residual Thickness of the samples with
the control parameters investigated herein (weld tool geom-
etry, weld, and rotational speed). For the evaluation of the
weld performance, welded specimens were tested in tensile
tests. Their morphological characteristics were also exam-
ined with optical and Scanning Electron Microscopy. The
weld tool geometry was proved to have a weighty impact on
the strength of the joints, although all the parameters studied
have an impact on the weld result.

2 Materials and methods

The main experimental and methodological steps followed
in the current work, for the 3DP preparation of the spec-
imens, the FSW course, and the evaluation of the joints’
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performance, are highlighted in Fig. 1 and are described in
detail further below.

2.1 FSW experiments

For the preparation of the MEX 3DP specimens, Novamid
NX 160 PA6 (density 1140 kg/m?, melting temperature
193 °C) pellets were extruded to the filament in a 3devo
Composer single screw extruder (190 °C at the outer heat-
ing zones, and 220 °C at the middle heating zones, 3.5 rpm
screw rotational speed). The filament was then utilized for
the MEX 3DP of the specimens. Regarding the MEX-3D
printing conditions, the applied settings were thoroughly
optimized through the former experimental works of the
authors [10, 71] and are presented in Fig. 2. The filament
was then 3D-Printed to produce workpieces to be welded,
suitable for the fixture prepared for the Computer Numeric
Control (CNC) milling machine, with the aid of an Intamsys
Funmat HT 3D Printing Device (Intamsys Technology Co.
Ltd., Shanghai, China).

The 3DP specimens’ thermal properties were depicted
through Thermogravimetric analysis (TGA), as well as

Specimens Quality Control & Mounting in Fixture

Fig.1 (a) Pellets oven drying, (b) filament melt extrusion, (c) fila-
ment oven drying, (d) 3D fabrication of workpieces, (e) 3DP speci-
mens, (f) fixing of the weld specimens in the Computer Numeric
Control (CNC) milling machine, (g) FSW of the specimens, (h) the

through Differential Scanning Calorimetry (DSC). Herby,
the solid-state of the Polyamide 6 throughout the welding
course is able to be ensured. TGA measurements were taken
on a Perkin Elmer Diamond device with the following ther-
mal scheme: heating 30-550 °C, increase 10 °C/min. DSC
was conducted in a TA Instruments DSC 25 device, with
the following thermal scheme 25 up to 220 down to 25 °C,
heating rate 15 °C/min.

Weld specimens’ dimensions and building strategy are
presented in Fig. 2. Two such specimens were welded along
a common edge on their long side for each repetition of
the process on a Haas TM-1P CNC milling machine (the
machine’s MCU was used for the G-code programming).
Twelve tensile specimens are produced, i.e., three sets of
four specimens each (with 10 mm width each), welded
with different FSW parameters in each set of the four
specimens. The weld tool rotational speed and the welding
speed changed at specific lengths to produce the different
specimens, according to the aforementioned scenario. The
weld tool was the same in each such set. These sets were
repeated with four different weld tools geometries, presented
in Fig. 2. Weld tools were fabricated on a Haas SL20 lathe

-~ \ N

Mechanical Testing & Morphological Characterisation

completed welded part, (i) cutting of the part into tensile test speci-
mens, (j) the milling cut tensile test specimens, (K) tensile tests of the
welded probes, (1) optical and SEM morphological characterization
of the specimens

@ Springer
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3D Printing Parameters  Value Units Thickness 4.0 mm 150 mm

Printing orientation +45 Deg AI—4

Layer thickness 0.20 mm T B

Bed temperature 50 e o

Nozzle temperature 250 “C o

Number of perimeters 2 = v

Top solid layers 7 - — ,

Bottom solid layers 4 - Bs=12mm & | 3s=12mm & 1d]
Fill Density 100 % bE 2 N
Travel speed 35 mm/s | @b=3mm W P=0.75mm

FSW Parameters Value Units Ip=3.8mm [p=3.8mm S,
Rotational Speed  600-800-1000-1200 rpm Dt=3mm ’ @ Pt=3mm @

Welding Speed Bs6:C mm/min

Pin Profile PPA-PPB-PPC-PPD - 4 |Fs=12mm e
Thread Pitch 0.75 (PPC-PPD) mm SR e

Shoulder Diameter 12 mm i ‘

Tool Tilt Angle 0 Deg lp=3.8mm 5

Stand off Distance 0 mm

Tool Material AIS| 304 = Pt=2.5mm | | Pt=2.5mm @

Fig.2 MEX 3DP and FSW process parameters of this work and (a) weld specimen geometry and 3DP build structure, and geometry of the

welding tools studied (b) PPA, (c) PPB, (d) PPC, (e) PPD

using AISI304L stainless steel bars. The weld-tools surfaces
were polished after the completion of the fabrication pro-
cess. Weld tools were differentiated in their pin geometry,
to evaluate their effect on the process. Profile Pin A (PPA)
tool had a cylindrical pin (Fig. 2b), and a PPB frustum pin
(Fig. 2¢), while PPC (Fig. 2d) and PPD (Fig. 2e) have the
corresponding pin geometries with 0.75 mm pitch thread.

A Flir One Pro thermal imaging camera was monitoring
the specimens’ temperature during the welding process, to
document the thermal course and the material state, through-
out the joining process. The welded specimen is automati-
cally cut into these specimens (by replacing the welding tool
with a proper milling tool), after the completion of the weld-
ing process in the CNC milling machine.

2.2 Design of experiments

The process optimization in this study utilizes a full facto-
rial experimental array that each combination repeated three
times (see Table 1). So, four levels were decided for the rota-
tional speed (RS; 600, 800, 100, 1200 rpm), and three levels
for the travel speed (TS; 3, 6, 9 mm/min) which were applied
in four different tools (PP—A—B — C - D; see Fig. 2). The
total experimental effort reaches 144 discrete experiments,
a large amount to optimize the process with confidence [72].
In each experiment, the output was the RT, WT, sB, and E.
Regarding the range of the FSW parameters, the authors
paid special attention to ensuring the solid-state status of
the process. Moreover, exhaustive screening FSW experi-
ments have been performed, in order to reach satisfactory
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weldability, to ensure a maximum acceptable decrease of
the joints® thickness, and to obtain clear and stable seams.
The parameter’s range of the full factorial analysis has been
reached through such screening tests. A critical review of the
literature related to the FSW process on polymers was made,
in order to document and delimit the range of the control
parameters in these screening tests.

2.3 Weld performance evaluation

For the evaluation of the weld performance, welded speci-
mens were subjected to tensile tests, by means of an Imada
MX2 test device (at the strain rate of 10 mm/min). Non-
welded samples were also fabricated and tested as control
samples. The samples’ morphological characteristics around
the weld region (NZ, TMZ, HAZ) were also assessed with
optical microscopy (Kern OKO 1), stereoscopy (KERN
OZR5), employing a KERN ODC 832 camera (SMP), and
Scanning Electron Microscopy (SEM) microscope (JEOL
JSM 6362LV, gold-sputtered samples, 20 kV).

3 Results

3.1 FSW experimentation and results valuation

The FSW procedure carried out in this work is illustrated in
Fig. 3. This is a two-step process. First, the weld specimens

are joined with FSW (Fig. 3a), and then the weld part is cut
into three groups of tensile specimens of four specimens
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Table 1 Full factorial design:
control parameters and levels

Run Tool RS TS
1 PPA 600 3
2 PPA 600 6
3 PPA 600 9
4 PPA 800 3
5 PPA 800 6
6 PPA 800 9
7 PPA 1000 3
8 PPA 1000 6
9 PPA 1000 9
10 PPA 1200 3
11 PPA 1200 6
12 PPA 1200 9
13 PPB 600 3
14 PPB 600 6
15 PPB 600 9
16 PPB 800 3
17 PPB 800 6
18 PPB 800 9
19 PPB 1000 3
20 PPB 1000 6
21 PPB 1000 9
22 PPB 1200 3
23 PPB 1200 6
24 PPB 1200 9
25 PPC 600 3
26 PPC 600 6
27 PPC 600 9
28 PPC 800 3
29 PPC 800 6
30 PPC 800 9
31 PPC 1000 3
32 PPC 1000 6
33 PPC 1000 9
34 PPC 1200 3
35 PPC 1200 6
36 PPC 1200 9
37 PPD 600 3
38 PPD 600 6
39 PPD 600 9
40 PPD 800 3
41 PPD 800 6
42 PPD 800 9
43 PPD 1000 3
44 PPD 1000 6
45 PPD 1000 9
46 PPD 1200 3
47 PPD 1200 6
48 PPD 1200 9

each (Fig. 3b). Each group of specimens is welded with dif-
ferent FSW parameters (Fig. 3¢). The temperature developed
during the process is monitored and, in this case, it is shown
that the increase in the travel speed (TS), leads to a slight
reduction in the maximum temperature. It should be men-
tioned that the tool starts from outside the seam and enters
the weld seam from the side (does not lower on the top of the
seam), where it stays in the transient region for an adequate
amount of time, to increase the temperature of the tool and
the specimens to an acceptable level at the beginning of the
process. As the weld tool moves during the FSW process,
small parts (debris) of the typical superficial strands of the
3D printing texture of the samples are not welded, they brake
and are scattered on the top surface of the samples (Fig. 3b).

The produced weld seams with the four different weld
tools studied in this work are presented in Fig. 4 (Fig. 4a
— PPA tool, Fig. 4c PPB tool, Fig. 4e PPC tool, Fig. 4g PPD
tool). Next to each weld seam, corresponding tensile stress
vs. strain graphs are presented (Fig. 4b — PPA tool, Fig. 4b
PPB tool, Fig. 4f PPC tool, Fig. 4h PPD tool), for the differ-
ent Travel Speeds (TS) of this work. All stress—strain cases
within the figure are for specimens welded at 800 rpm rota-
tional speed (RS). In all graphs, the 100% welding efficiency
is depicted, i.e., the quotient of the welded specimen strength
per the non-welded specimen strength on a % scale. Welding
efficiency higher than 100% shows that the weld illustrated
increased strength compared to the non-welded specimen
(control sample), which is one of the desired responses in
welding materials. The graphs presented show the impact
of the TS and the welding tool geometry in the process.
Welding efficiency higher than 100% was achieved only with
the highest TS studied in the work. The specimens welded
with the PPD tool had the worst mechanical response in
the specific tests. PPA-welded specimens were the second
worst, with the TS significantly affecting their strength in
this case. Specimens welded through the PPB tool had a
superior mechanical response and, from the tensile test
graphs, it seems that the TS did not significantly affect their
performance, with the samples having a similar response and
achieving very close to, or even higher than 100% welding
efficiency. The sample welded with the PPC tool with the
highest TS of this work achieved the highest strength in the
tests, with 120.04% welding efficiency. Overall, the mechan-
ical strength of the welded samples was satisfactory in most
cases, and the considerable differences between them prove
the need for proper tuning of the welding parameter levels.
Throughout the tensile test sequence, in most cases, speci-
mens failed within the seam region, i.e., in Weld Nugget or
the Thermomechanically Affected Zone (TMZ). This fail-
ure pattern was more or less expected, due to the intrinsic
3DP cavities and the porous structure in this region observed
with microscopy and presented and discussed below. Speci-
mens’ remaining thickness (RT) at the welding area was
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Fig.3 (a) FSW in the experimental setup of this work, (b) FSW pro-
cess and the scattering of the surface 3DP texture debris, (¢) FSW of
the weld specimens with different parameters along the weld seam,

significantly decreased, so despite the satisfactory mechani-
cal strength level, the load-carrying capacity of the specimen
was low, owing to the considerable decrease of the cross-
section area.

Figure 5 presents stereoscopic and optical microscope
images of welded samples (in this case the welding condi-
tions are 600 rpm RS, PPA tool, 9 mm/min TS). Starting
from Fig. 5b, the micrograph shows a vertical view, taken
from the top of the specimen, which illustrates a joint in its
full width. The FSW kinematics in embedded, whereas the
contact zone of the shoulder with the two welded specimens
is evident. Moreover, Fig. 5a and b illustrate magnifications
of the same joint for the advanced side (AS) and retreating
side (RTS) respectively. These aspects can offer a first but
decisive impression regarding the gradual razing of the 3DP
superficial texture, in both the RS and RTS vicinities. Prac-
tically, the shoulder edge “cuts” the superficial strands of
the workpieces and forms the debris scatter, throughout the
course of each FSW experiment (recalling Fig. 3b). Further-
more, a deeper insight into the welding mechanism derives
from the micrograph in Fig. Se. The stereoscopic image is
taken vertically to the side (cross-section) surface of the
welded samples. The fine-polished surface of the crosscut
of the joint visualizes the ensemble of the formed regions
(non-welded and welded and unwelded ones), as well as
their formation mechanisms. A vitreous nugget zone is
formed along the area where the tool pin passes. The forma-
tion of the TMZ and the HAZ for both the AS and the RTS
is clearly distinguished, owing to the obvious differences
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the maximum developed temperature in each case is indicating along
with the position it occurred

between them and the appearance of the intrinsic layer-by-
layer 3DP structure of the unwelded material. Hereby, the
initial internal structure, i.e., built-in polymer strands, makes
the welding zones that suffer from FSW thermomechani-
cal stressing plainly visible. The expected decrease of the
workpiece thickness within the TMZ, compared to the cor-
responding one of the original workpieces, is also clearly
visible. This phenomenon, which is boosted by the porous
structure of the 3D-printed specimens, is a key quality indi-
cator for the FSW joints. The minimum remaining thickness
(RT) is along the common edge of the weld samples. More
specifically, Fig. 5d presents the porous 3D printing struc-
ture in the unwelded part of the sample. The crossing strand
formation along with the porosity of the structure is evident.
Figure 5f accordingly illustrates the unwelded structure, as
well as the formation of the NZ and the TMZ for the RTS
of the same joint.

The thorough macro-and micro-inspection of all speci-
mens, in some cases, led to the detection of internal and/
or external quality issues and defects, which are usually
detectable also in FSW joints of bulk polymeric materials.
More specifically, Fig. 6 includes micrographs at joint cross-
sections of specimens welded in different welding scenarios
and includes at least a defect. In Fig. 6a, cavitations can
be observed at the NZ and the TMZ zones, which may be
attributed to the trapped air that the laminar 3DP structure
of the MEX process intrinsically includes. Nominally, this
air is diminished within the welding zone, owing to the
thermomechanical conditions occurring there, but in some
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Fig.4 (a) Weld seam (PPA
weld tool), (b) stress—strain
diagrams for specimens welded
at 800 rpm, via the PPA weld-
ing tool for all TS levels, (c¢)
weld seam (PPB weld tool),
(d) stress—strain diagrams for
specimens welded at 800 rpm,
through the PPB weld tool for
all TS levels, (e) weld seam
(PPC weld tool), (f) stress—
strain of specimens welded at
800 rpm, with the PPC weld
tool for all TS levels, (g) weld
seam (PPD weld tool), (h)
stress—strain of specimens
welded at 800 rpm, with the
PPD weld tool for all TS levels

5-8

Samples
1-4

Samples Samples
1-4 { 5-8

cases, air bubbles are further trapped, forming macro- or
micro-cavitations within the welding zone. On the other
hand, the micrograph of Fig. 6b indicates a considerable
non-symmetric surface downside and in addition a visible
cavity in the NZ. As mentioned, above, the surface downside
is a well-known issue in the FSW of metals and polymers.
Especially, in FSW of MEX 3D printed specimens, such
behavior is expected to be enhanced, since the material fills
the voids and pores of the 3D printing structure, during the
welding process. In this case, this downside was formed
mainly in the NZ of the RTS and not uniformly in the weld
region. In Fig. 6¢, surface pits can be observed mainly on
the top surface of the sample. The typical FSW regions are
also evident in the image. In Fig. 6d, a magnified aspect of
the NZ cavitation developed of 6b during the FSW process
is inserted. The use of backlight in the specific micrograph
enhances the clarity of the cavitation and the 3DP structure
with strands.

At this point of morphological inspection and evaluation,
it was considered that a deeper perception of the tool pin
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geometry effect on the joints’ formation would be support-
ive. From this perspective, stereoscopic and optical micro-
graphs in Fig. 7 describe the findings for samples joined
together by keeping the FSW parameters intact (in this case
600 rpm, 9 mm/min), for each of the four different welding
tools. Differences can be observed in the formation of the
FSW zones among the different samples. In the PPA tool
(Fig. 7a), the nugget is almost cylindrical and extends to all
the sample’s thickness. In the PPB tool (Fig. 7b), the NZ
does not have a cylindrical shape, still again it extends to
the bottom of the sample. In the samples welded with the
threaded tools, the nugget does not extend to the bottom
of the samples as well. In the PPC tool (Fig. 7c), it has a
rather cylindrical shape, which widens as it reaches the top
surface of the sample, while in the PPD tool (Fig. 7d), it has
a frustum shape, also widening at the top of the sample. The
TMZs also differ in their width and thickness from the top
of the samples. The TMZ on the sample welded with the
PPA tool (Fig. 7a) is the thickest among the samples (depth
from the top surface of the sample). It abruptly narrows and
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Fig.5 Specimen welded with 600 rpm, PPA tool, 9 mm/min TS, Top
view: (a) Left side of the TMZ 2.5 X stereoscopic image (advanced
side), (b) weld nugget, 0.8 X stereoscopic image, (c) right side of the
TMZ, 2.5 X stereoscopic image (retreating side), (d) side surface non-

becomes the narrowest among the samples at about 30% of
the sample’s thickness from the top. The TMZ on the left
and the right of the NZ have differences in their shape. In the
PPB tool (Fig. 7b) the TMZ has a rather uniform thickness
and similar shape on both sides of the NZ. A similar shape
in the TMZ is observed on the sample welded with the PPD
tool (Fig. 7d). The most asymmetrical shape is observed in
the TMZ of the sample welded with the PPC tool (Fig. 7¢).
Regarding the samples’ top surface downside (which is com-
mon in FSW in the samples), this is more intense in the sam-
ples welded with the threaded tools (PPC and PPD), with
the highest lowering of the surface observed in the sample
welded with the PPC tool. The optical microscope images
(Fig. 7b, e, h, k) present the TMZ and the transitional region
to the 3D printed, not-welded, structure. In these images,
again the NZ and the TMZ are clearly observed and outlined
in the samples. The 3D printing strands can be observed out-
side the FSW region, along with the expected porosity of the
3D printing structure. The differences in the shape and the
size of the NZs and the TMZs between the samples welded
by the different tools are again obvious. Figure 7c, f, i, and
1 present micrographs taken from the top of the samples,
after the completion of the tensile tests, to evaluate their
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welded area, optical microscope 5.0 (e) welding zone, 0.8 X stereo-
scopic image, (f) specimen welded with 600 rpm, PPB tool, 9 mm/
min TS, optical microscope 5.0%, the side surface of the TMZ, the
characteristic zones (NZ and TMZ) are outlined in the figure

failure mode. In these images, it is shown that the samples
in all cases failed in the TMZ or were close to it. There are
significant differences in the failure of the samples, with
samples welded with the PPA and the PPB tools exhibiting
a brittle failure, while samples welded with the PPC and
the PPD tools exhibiting a more ductile failure, with defor-
mation shown in the material and rough surfaces produced
in the fracture region. Again, the NZ and the TMZ can be
observed. In these regions, the 3D printing strands were uni-
fied during the FSW process. Overall, it can be observed,
that the samples welded with tools without threads fail in a
more brittle way, while samples welded with threaded tools
exhibit a more ductile failure. This manner was also con-
firmed in the SEM images taken in the work.

Figure 8 shows Scanning Electron Microscopy (SEM)
images from the top of the samples, welded by the four
different tools of the study, at the TMZ. All images were
taken on the advancing side of the sample. The strand
trajectories outside the HAZ are visible in all cases. The
TMZ and the overall morphology in the weld regions sig-
nificantly differ between the samples, welded with the dif-
ferent weld tools. More specifically, the sample welded
with the PPA tool (Fig. 8a) exhibits a smoother upper
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Fig.6 Side surface of the weld region: (a) PPA, 600 rpm, 6 mm/min, stereoscopic image 1.5%, (b) PPC, 600 rpm, 6 mm/min, stereoscopic
image 1.5 X, (c) PPA, 800 rpm, 9 mm/min, stereoscopic image 1.5 X, (d) PPA, 600 rpm, 6 mm/min, microscope image 5.0 X

surface. The rougher and more asymmetrical upper sur-
face is observed in the sample welded with the PPB tool
(Fig. 8b). In the samples welded with the PPC (Fig. 8c)
and the PPD (Fig. 8d) tool, the upper surface of the weld
region shows a rather similar morphology, with the PPD
sample presenting a rougher surface. Welding debris is
also visible in the images. A thickness dropping can also
be observed on the side of the samples.

The fractured surface of samples welded with the four
different tools of the study is further presented in Fig. 9.
These images verify the fracture mechanism initially
identified in Fig. 7 microscopy images. Samples welded
with the PPA (Fig. 9a) and the PPB tool (Fig. 9b) show a
more brittle behavior in the fracture area, with minimum
deformation of the material. Samples welded with the PPC
(Fig. 9¢) and the PPD tool (Fig. 9d) show a more ductile
behavior (deformation of the material is decreased in the
fracture area), with visible deformation in the fracture area.

As mentioned above, throughout the FSW process, the
temperature was monitored, to evaluate the state of the
material. In all cases, it was confirmed that the solid state
of the material was maintained. To document the thermal
properties of the material, TGA and DSC analyses were
performed. The produced diagrams are shown in Fig. 10a
and crespectively. In the TGA, it was found that the material

starts to degrade at 250 °C. In the DSC analysis, the melting
temperature of the material was determined to be 225 °C.
The maximum recorded temperatures in all the conducted
experiments are shown in Fig. 10b. The TGA graph shows
that the 3D printing temperature used to build the specimens
did not cause any degradation in the material. At the same
time, the correlation between the TGA and DSC graphs
with the maximum temperatures recorded in the study indi-
cates the maximum temperature in all the FSW experiments
(~ 150 °C). Such temperature levels are much lower than the
temperature the material starts to degrade and much lower
than its melting point as well. This verifies that the polymer
during the FSW experiments was in a solid state.

3.2 Aggregated response results and parameters
analysis

Table 2 lists average values along with their deviation,
for each experimental run, i.e., Residual Thickness (mm),
Welding Temperature (°C), sB (Mpa), welding efficiency
(sB/sB Ref. %), E (Mpa), and Tensile Toughness (MJ/m®).
The analytical results of the experiment are presented in
the supplementary data for this work in Appendix Table 1.

In the main effect plots (see Fig. 11), the PPC exhibits
the best performance regarding the tensile strength and
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Fig.7 Stereoscopic and optical microscope images of samples
welded with the four tools of this work at 600 rpm and 9 mm/min:
(a)—(c) PPA, (d)—(f) PPB, (g)-(i) PPC, (j)-(1) PPD. (a), (d), (). ()
are 1.5 X stereoscopic images of the side surface of samples, (b), (e),

elasticity modulus. At the same time, the 1000 rpm gives
the highest sB and lowest temperatures with moderate E,
while 9 mm/min travel speed, optimizing the sB and E and
minimizing the temperatures. Overall, RS seems to be the
most dominant control parameter of the process, while
the tool geometry and the TS do not significantly affect
the process. The following were observed on the MEPs:

e Residual thickness is not significantly affected by the
weld tool or the TS. Higher residual thickness values are
achieved with low RS (highest value at 600 rpm), which
is ranked as the 1 parameter affecting the Residual Thick-
ness.

e  WT has higher values with the PPB tool and the lowest
values with the PPD tool, with the weld tool being the no
1 parameter in the rank in this case. TS is ranked no 2 and
RS no 3, with both parameters not significantly affecting
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(h), and (k) are 5.0 X optical microscope images of the side surface of
a sample, (c), (f), (i), (1) are 0.8 x stereoscopic image captured from
the side of the fracture samples

the WT. Higher values are observed at lower RS and TS
and lower values at higher RS and TS.

e TS is ranked as the no 1 parameter for the sB, with the
highest values achieved at high TS values, which is the
desired outcome. Medium RS achieved the highest sB
values. The lowest sB values are reported for 600 rpm,
the lowest RS studied, while high RS also resulted in
decreased sB values. Regarding the welding tool, PPC
achieved the highest sB, then PPB, and PPA. The lowest
response is reported with the PPD tool. Still, the weld
tool was ranked as the no 3 parameter.

e Regarding the modulus of elasticity, TS is not a signif-
icant parameter. Same with the sB, PPC achieved the
highest sB, then PPB, with the remaining tools following
in this classification. The RS was the significant param-
eter regarding the E, with high RS (1200 rpm) achiev-
ing the highest response, and the lowest response was
reported in the lowest RS studied (600 rpm).
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Fig.8 30X SEM images from the top of the samples in the TMZ: (a) PPA tool, 600 rpm, 6 mm/min, (b) PPB tool, 600 rpm, 9 mm/min, (¢) PPC

tool, 600 rpm, 9 mm/min, (d) PPD tool, 600 rpm, 9 mm/min

It should be mentioned that no control parameters com-
bination optimizes all the response parameters. It depends
on the desired outcome to select the proper set of param-
eters in each case. Also, these observations are for the spe-
cific control parameters range in their values.

MEP diagrams offer no insight into the relationships between
the control parameters, (Synergistic or antagonistic relations).
Therefore, to evaluate such mechanisms, the interaction plots
were formed, to show the complex interaction between all pro-
cess parameters for E, sB, and WT (see Fig. 12).

e All control parameters interact synergistically for the
Residual Thickness response parameter.

e Rotational speed and travel speed interact synergisti-
cally according to the E and are antagonistic for the Sb
and WT.

e Tool interacts antagonistically with rotational and
travel speeds for all the outputs (E, sb, and WT).

Modulus of elasticity E:

Fig. 12 shows that the 800 and 1000 rpm of the RS give
the same modulus of elasticity for all weld tools, while
1200 rpm is better for the PPC tool.

6 and 9 mm/s travel speed gives better E for all weld
tools except the PPD where 3 mm/s gives better E.
Higher rotational speeds give a better modulus of elastic-
ity for all travel speeds.

Ultimate tensile strength:

The higher sB is presented at 1000 rpm for the PPC tool,
while at 1200 rpm, the PPC tool gives the best sB.

PPB tool gives the best sB values for 9 mm/s, while
9 mm/s optimizes all tools’ sB performance.

9 mm/s travel speed optimizes all rotational speeds,
1000 rpm and 9 mm/s give the higher sB.
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Fig.9 30X SEM images from the fracture surface of the samples welded with the four different tools of the study: (a) PPA tool, 600 rpm, 6 mm/
min, (b) PPB tool, 600 rpm, 9 mm/min, (c¢) PPC tool, 600 rpm, 9 mm/min, (d) PPD tool, 600 rpm, 9 mm/min

1.2 nl44 T : o O
8 B — D= <
P £1261 i v B a s
o0 1.0 |————_ g PO 4832
9 goe T : 5108, : ) ) i i
= 95% R %108 C I — I E ]
0.8 1250 °C o D@ | A = k= T ;
: QO : T :3D Printed ;
0.61 721 : o =101  :iSample
Q0 & |
54 o e
0.4 1 DG-J
3% g _
(V5] :
0.2 18 e Melting {
: : Qi 3 Point -
0.0 ; —— - ; 0 - % p. ; =2.0 & ; e -
0 100 200 300 400 500 0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 10 (a) TGA graph, (b) recorded maximum temperature values during the FSW process, (¢) DSC graph
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Table2 Mean values and
standard deviation of measured
responses for each experimental
run

Run Residual Welding sB (Mpa) sB/sB Ref. (%) E (Mpa) Toughness (MJ/m>)
thickness temperature
(mm) O]
1 390+£0.01 116.13£522 6.01+£0.55 29.53+2.71 80.46+3.19 0.24+0.13
2 3.85+0.03 99.10+£2.72 14.66+1.04  72.11+5.09 94.16+5.70  1.29+0.11
3 3.12+£0.07 101.07x+3.44 17.46+0.90 8588+4.43 12543+3.92 1.26+0.67
4 3.73+0.16 80.50+2.69 990+1.12 4871550 101.96+4.67 0.42+0.21
5 3.11+0.50 90.90+2.76 1820%1.15 89.50+5.68 164.34+4.23 0.87+0.34
6 2.84+0.14  102.87+5.13 1598+1.16 78.59+5.70 154.44+1.73 0.68+0.29
7 2.50+0.10 98.40+9.29 3.81+030 18.74+1.45 58.34+6.70  0.92+0.70
8 1.99+0.13 9140575 1521x153 7481+7.54 157.19+£7.71 2.36+0.65
9 1.96+0.33 78.60+£2.88 20.15+1.53 99.07+7.52 189.72+11.50 3.96+0.83
10 146+£0.67 101.50+2.77 11.78+1.37 57.95+6.74 89.69+1.55 0.93+0.89
11 0.88+0.69 90.17+£247 459+0.57 2257279 123.87+5.54 0.38+0.20
12 1.63+0.09 98.70+£2.05 11.09+1.90 5451+934 167.09+19.22 3.75+4.06
13 3.86+0.07 118.83+£1.05 3.65+0.24 17.94+1.20 60.44+347 0.12+0.08
14 3.64+0.14 115.60+£3.75 12.62+0.99 62.06+4.87 115.12+5.67 1.32+0.66
15 3.20+0.08 93.97+497 14.94+0.25 7347+125 11634+1.82 1.23+048
16 3.64+0.13 112.83+£6.27 16.63+0.75 81.75+£3.67 124.99+1548 1.26+0.71
17 2.88+0.03 99.93+5.09 19.08+0.94 93.80+4.64 14997+5.63 234+1.58
18 2.79+£0.05 104.67x4.74 20.81+1.25 102.33+6.16 142.20+5.79 3.88+1.46
19 2.13+£0.03  121.33+7.38 16.06+0.95 78.98+4.68 157.81£8.90 2.55+0.76
20 2.04+0.17 96.57+5.55 20.45+1.04 100.54+5.11 168.05+836 2.63+0.60
21 2.09+£0.05 101.13+1.87 21.02+1.29 103.35+6.36 163.11+7.24 2.12+0.27
22 1.14+£0.25 10633+1.77 1055+1.22 51.87+6.01 192.00+18.36 0.50+0.14
23 1.05+0.11 99.40+2.49 12.15+042 59.75+2.04 213.92+9.49 0.58+0.10
24 1.27+0.12 89.10+2.41 13.42+0.82 6597+4.05 214.85+3.66 0.78+0.51
25 3.81+0.03 87.03+3.81 1577151 77.52+7.42 76.52+5.96  0.56+0.35
26 329+033 101.27+3.57 1094+1.54 53.79+7.55 89.50+4.56 0.80%0.55
27 2.45+0.07 9523+4.68 9.96+1.20 48.99+5.90 99.86+2.66 1.10+0.35
28 3.51+0.29 95.97+4.02 1534+1.04 7543+5.11 120.53+6.28 0.92+0.32
29 225+0.08 139.67+7.45 12.57+0.74 61.80+3.66 160.93+3.43 0.95+0.18
30 2.05+£0.09 114.67+2.73 2235+1.02 109.92+5.00 19522+16.68 3.81+1.63
31 220+0.28 101.03+9.80 11.17+1.45 5491+7.13 135.61+6.48 1.15+0.66
32 1.81+£0.15 101.87+7.71 1559+1.16 76.67+5.69 150.92+6.24 2.43+0.13
33 1.92+0.06 80.43+4.17 20.28+0.48 99.75+2.38  169.94+7.01 4.05+0.15
34 1.28+0.04 82.07+2.62 23.04+126 113.31+6.18 243.14+1098 4.11+1.02
35 0.83+0.45 92.67+3.40 1497+0.66 73.63+3.27 238.96+1629 222+1.82
36 1.44+0.07 9270+4.03 16.52+1.31 81.23+6.43 181.54+5.50 3.69+0.84
37 3.47+0.51 9337+£3.67 9.26+1.06 4551+521 12045+3.30 0.37+0.24
38 3.82+0.02 86.03+3.59 9.08+1.04 44.67+5.10 93.07+4.45 0.77+0.28
39 2.82+0.12 73.47+5.56 8.81+0.47 43.34+2.33 92.14+3.70  0.92+0.46
40 2.33+0.12 86.50+4.65 10.97+0.65 53.93+3.21 155.11+£7.12  0.71+0.11
41 2.36+0.08 88.43+1.25 1238+1.60 60.88+7.88 133.08+4.84 0.83+0.10
42 2.37+0.17 85.47+4.10 11.78+0.77 5791+3.80 102.71+6.41 0.88+0.15
43 2.64+049 117.97+4.63 10.52+1.45 51.75+7.14 13398+5.56 2.24+0.89
44 2.05+0.09 62.57+4.10 15.82+0.99 77.77+4.88 133.86+5.75 3.54+0.13
45 2.15+0.10 54.00+4.30 17.17+0.61 84.44+298 123.72+591 4.96+0.43
46 1.80+0.16 90.13+3.70 12.24+1.07 60.18+527 154.71+6.79 2.30+0.31
47 1.29+0.31 95.00+6.60 10.18+0.68 50.05+3.35 138.63+9.81 0.70+0.39
48 1.55+0.04 84.97+222 17.07+£094 83.92+4.64 172.44+10.39 2.79+0.87
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Fig. 11 Main effect plots for (a)
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Welding temperature:

e Lower WT presented at 1000 rpm for tool PPD, while
800 rpm for tool PPC gave higher temperatures. Here
it seems that the higher temperatures resulted in better
tensile strength.

e 9mm/s TS gives a lower WT for all tools while 3 mm/
min gives a higher WT for the PPB tool and 9 mm/s is
the lowest for the PPD tool.

e 3 mm/s and 1000 rpm give the higher WT, while 9 mm/s
and 1000 rpm provide the lowest. 1000 rpm shows a higher
variability according to the WT.

The interaction plots verified the complexity of the
relationships between the three control parameters with
respect to the response parameters studied. Deterministic
mathematical models are insufficient to describe them or,
predict their effect on the response parameters.
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3.3 ANOVA analysis and modeling

The Separated Cubic Regression Model (SCRM) for each
response is calculated by the following sets of four equations
(one per categorical predictor, e.g., for welding tools PPA,

PPB, PPC, and PPD in question, herein):
n n n

Yy =bay+ Z by + Z Caipt + Z dy i, + Z Z Caija XX+ fak (1)
=1 = =1 T 7
n n n

Ypi=bgy + Z by X + Z CE,i,k-xiz + Z dE,i,kx? + Z Z epijxXi X + gk (2)
= = =1 T 7

Yo =bcy+ Z be X + Z e + Z de i + z 2 ecijuXi X +ek (3)

= = T

i=1

n n n
Ypy =bpy+ z bp X + 2 i + Z dp i, + 2 Z epijaXi X +fox  (4)
= = P T
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Fig. 12 Interaction plot charts

Were, k represents the response output (e.g., Residual
Thickness, Welding Temperature, Tensile Strength, Elas-
ticity Modulus, and Tensile Toughness), a is the constant
value, b the coefficients of the linear terms, c¢ the coef-
ficients of the quadratic terms, d the coefficients of the
cubic terms, e the coefficients of the cross-product terms
(exponents n and m take integer values from O up to 3), f
the error and xi the two (n =2) continuous control param-
eters, i.e., Travel Speed and Rotational Speed.

Table 3 presents the ANOVA for the Residual Thickness
vs. the control parameters RS, TS, and Tool. The regres-
sion F-value is 45.34 (>4) and the P-value is almost zero.
R values are higher than 89.87%. These results indicate
that the model is more than sufficient for the prediction of
Residual Thickness. For each welding tool, an equation was

compiled for the prediction of the Residual Thickness, as a
function of the control parameters RS and TS (Egs. (5)—(8)
respectively). These equations were formed by analyzing
the determined results and by following the corresponding
literature on the operating mechanisms of these models [73].
Table 4 presents the corresponding ANOVA for the ten-
sile strength vs the control parameters RS, TS, and Tool.
The regression F-value is 54.73 (> 4) and the P-value
is almost zero. R values are higher than 91.75%. These
results indicate that the model is more than adequate for
the prediction of the tensile strength, which is overall the
most critical among the responses considered in the work.
For each welding tool, an equation was compiled for the
prediction of the tensile strength, as a function of the con-
trol parameters RS and TS (Egs. (9)-(12) respectively).
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Table 3 Polynomial ANOVA, residual thickness vs. RS, TS, tool

Table 4 Polynomial ANOVA, tensile strength vs. RS, TS, tool

Source DF AdjSS  AdjMS F-value P-value Source DF AdjSS AdjMS F-value P-value
Regression 44 114.058 2.59222 45.34 0.000 Regression 44 3109.62 70.673  54.73 0.000
RS 1 0.387 0.38696  6.77 0.011 RS 1 10406  104.060 80.58  0.000
TS 1 0330  0.32977 5.77 0.018 TS 1 4774 477736 3697  0.000
Tool 3 1.060 035347 6.18 0.001 Tool 3 33.73 11244 871 0.000
RS? 1 0.364 036426 6.37 0.013 RS? 1 12070  120.703 93.47  0.000
TS? 1 0336 0.33628 5.88 0.017 TS? 1 17.08 17.080 1323  0.000
RSeTS 1 0304 030370 5.31 0.023 RSeTS 1 56.26 56264 4357  0.000
RS x Tool 3 1.301 0.43382  7.59 0.000 RS x Tool 3 32.95 10.984  8.51 0.000
TS % Tool 3 0.183 0.06102 1.07 0.367 TS % Tool 3 18.68 6227 482 0.004
RSZXRS 1 0.336 033640 5.88 0.017 RS?xRS 1 139.75  139.746 108.22  0.000
RS2x TS 1 0.281 0.28053 4.91 0.029 RS2x TS 1 70.52  70.523  54.61  0.000
RS xTS? 1 0.308 0.30812 5.39 0.022 RS xTS? 1 2172 21724 1682  0.000
RS?x Tool 3 1414 047120 8.24 0.000 RS2 x Tool 3 40.48 13.495 1045  0.000
RSXTSxTool 3 0.405 0.13497 2.36 0.076 RSXTSxTool 3 17.09 5.696  4.41 0.006
TS?x Tool 3 0.115 0.03844 0.67 0.571 TS?x Tool 3 38.68 12.893  9.98 0.000
RS3xTS 1 0270 026992 4.72 0.032 RS3xTS 1 87.85 87.849  68.03  0.000
RS2 TS? 1 0.289 0.28946  5.06 0.027 RS2 TS? 1 29.84 29.841  23.11  0.000
RS?x Tool 3 1.405 0.46846 8.19 0.000 RS?x Tool 3 52.95 17.651  13.67  0.000
RSxTSxTool 3 0.639 0.21305 3.73 0.014 RSxTSxTool 3 30.64 10213 791 0.000
RSXTS?*xTool 3 0.084  0.02785 0.49 0.692 RSXxTS?>xTool 3 50.85 16951  13.13  0.000
RS3x TS? 1 0.286 0.28589 5.00 0.028 RS3x TS? 1 40.47 40469  31.34  0.000
RS?xTSxTool 3 0.739 0.24621 4.31 0.007 RS?xTSxTool 3 62.06  20.685 16.02  0.000
RS2xTS?>xTool 3 0.074 0.02473  0.43 0.730 RS2xTS?>xTool 3 60.51 20.168  15.62  0.000
Lack-of-Fit 3 0.124  0.04149 0.72 0.543 Lack-of-Fit 3 1794  5.979 5.22 0.002
Pure Error 96 5.536 0.05767 Pure Error 96 109.90 1.145

Total 143 16.57 Total 143

R? 95.27% R? 96.05%

R? (adj) 93.17% R? (adj) 94.30%

R? (pred) 89.87% R? (pred) 91.75%

PPA Thicknes = —5.520 » 10% +2.034 « 107'RS + 1.800 « 10' TS — 2.243 « 10*RS?

— 1.46TS? —6.033 + 1072RS « TS + 7.954 « 107°RS> + 6.568 « 107°RS? « TS

+4.8711073RS o TS? —2.375+ 107°RS> o« TS — 5.343 « 10 °RS? + TS?

+1.957 ¢ 107°RS? o TS?

PPB Thicknes = — 7.110 « 10% +2.655 « 10~'RS

+2.147 ¢ 10'TS —2.973 « 10*RS?

— 1.485TS% — 7.437 « 1072RS o TS + 1.054 « 1077 RS?

+8.184+ 1075RS? « TS + 5.069 « 107 RS « T'S?

—2.907 + 1078RS> ¢ TS — 5.530 « 10°RS? + TS>

+1.957+107°RS> « TS?
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PPAsB = — 8.910 « 10 + 3.336RS + 2.166 « 10>TS — 4.083 « 107> RS?
~1.040+10' 7% — 8212« 107'RS « TS + 1.621 + 107°RS?
+1.041 ¢ 107°RS? « TS + 4.090 « 107°RS « TS* )
—4.285+107RS? « TS — 5.425 « 107°RS? « TS?

+2.328« 1078 RS® « TS?

PPBsB = —7.510 « 10% + 2.502RS + 2.288 « 10°TS — 2.680 « 107> RS>
— 1646+ 10" TS? — 7.788 « 107'RS « TS + 9.353 « 107’ RS®
+8.706+ 107RS? « TS + 5.665 « 1072RS « TS? (10)
~3.167+1077RS® « TS — 6.372 « 107°RS?  TS?

+2.328+ 1075RS3 « TS?

PPCsB = — 5340 « 10> + 2.136RS + 1.718 « 10>TS — 2.626 « 10 RS?
— 1485+ 10'7S? - 6.569 « 107'RS « TS + 1.036 » 10°RS?
+7.880 « 107*RS? « TS + 5.441  1072RS « TS? (11
—3.038+ 107'RS® « TS — 6.264 « 10°RS? « TS?

+2.328+ 107RS3 » 752

PPDsB = —4.590 « 10° + 1.781RS
+1.676 « 10°TS — 2.186 « 107> RS?
—1.194+ 10'75?

— 6457« 107'RS « TS + 8.645 + 107'RS>

12

+8.043+ 107* RS2« TS
+4.612+ 1072RS « TS?
—3219¢1077RS? ¢ TS — 5.773 « 10°RS? + TS?

+2.328 « 107°RS® « TS?

Figure 13a depicts in a Pareto chart, the statistical impor-
tance of the RS and TS coefficients regarding the tensile
strength. All the terms were found to be statistically sig-
nificant at a 0.05 level in the existing model, with the bars
crossing the 1.98 margin. Figure 13b presents the residuals
for each experimental repetition, while Fig. 13c presents
the predicted with the model vs the corresponding experi-
mental values for the tensile strength, for all the experimen-
tal measurements. The Mean Absolute Percentage Error
(MAPE) was found to be 6.04%, which is an acceptable
result. The Durbin-Watson factor (a measurement indicator

1.98
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RS3xTSxTool
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Fig. 13 (a) Pareto chart for the tensile strength vs the control parameters, (b) residuals for each repetition, and (c¢) experimental vs. calculated

(predicted) graph, for all the measurements conducted in the work
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Fig. 14 (a) Pareto chart for the residual thickness vs. the control parameter:
(predicted) graph, for all the measurements conducted in the work

of the autocorrelation in the residuals) is 2.37 (> 2, < 3),
showing a negligible and tolerable positive autocorrelation
of the prediction residuals. Figure 14a depicts in a Pareto
chart, the statistical importance of the RS and TS coeffi-
cients regarding the Residual Thickness response parameter.
All the terms, except the RS X TS? % Tool, RS?x TS? x Tool,
RS X TS x Tool, TS?x Tool, and the TS x Tool, were found
to be statistically significant at a 0.05 level in the existing
model, with the bars crossing the 1.98 margin. Figure 14b
presents the residuals for each experimental repetition, while
Fig. 14c presents the predicted with the model vs. the cor-
responding experimental values for the Residual Thickness,
for all the experimental measurements. The Mean Absolute
Percentage Error (MAPE) was found to be 7.98%, which is
an acceptable result. The Durbin-Watson factor (a measure-
ment indicator of the autocorrelation in the residuals), is
2.38 (>2,<3), showing a negligible and tolerable positive
autocorrelation of the prediction residuals.

Please see the supplementary material of the work (Sec-
tion A2 of the Appendix), for the corresponding ANOVA
along with the Pareto charts of the Welding Temperature,
the Tensile Modulus of Elasticity, and the Tensile Toughness
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s, (b) residuals for each repetition, and (c) experimental vs. calculated

vs the control parameters studied. Figure 15 presents experi-
mental data of the work (Residual Thickness — mm and ten-
sile strength — MPa) as surface graphs compared to the four
different welding tools developed and studied in the work.

4 Discussion

This work investigates the effect of three parameters affect-
ing the performance of parts joined with the FSW process,
i.e., RS (four levels), TS (three levels), and weld tool pin
geometry (four levels. 3D printed PA6 of 4 mm thickness,
were welded with the various parameters’ values and the
effect of the control parameters on the Residual Thickness
of the weld of the joined parts, the welding temperature,
and the tensile strength of the parts was investigated. The
experimental results were analyzed and optimized with
statistical modeling tools. No similar research is yet avail-
able in the literature for this material, the geometry of
the samples, control parameters range values, and more
importantly on 3D printed parts, for the evaluation of the
effect of the 3D printing structure on the feasibility and
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Fig. 15 Surface graphs of the
residual thickness (mm) and the
tensile strength (MPa) process-
ing parameters vs. the welding
tools studied: (a) PPA, (b) PPB,
(c) PPC, (d) PPD

Residual Thickness (mm)

TS (mm/min)

2 31200

Tensile Strength (MPa)

600
1000

RS (rpm)

TS (mm/min)

Residual Thickness (mm)

Tensile Strength (MPa)

600

1000 800

RS (rpm)

4 1000
3 1200

TS (mm/min) RS (rpm)

Residual Thickness (mm)

TS (mm/min)

Tensile Strength (MPa)

600
1000

TS (mm/min) RS (rpm)

Residual Thickness (mm)

sz,

& 2%
& 2

TS (mm/min)
(8]
a
o
I N

Tensile Strength (MPa)

600 600

4 371200

TS (mm/min) RS (rpm)

the performance of the FSW process. Still, the results of
this study can be correlated with works in the literature,
which are presented and analyzed in the introduction sec-
tion of the work and investigate common scientific areas
with the current work. In the work of Nandhini et al. [61]
who studied FSW PA66 joints (bulk, not 3D printed), an
78% weld efficiency was achieved, and why in the cur-
rent study a much higher weld efficiency of 120.04% was
achieved. Also, in this work, the authors did not use sta-
tistical modeling tools to analyze the results, still they are
reporting RS as the dominant parameter for the process.
This partially agrees with the results of the current work,
with RS being the rank 1 parameter for the tensile modulus
and the Residual Thickness and the rank 2 parameter for
the tensile strength. In another work on the effect of the
FSW parameters in bulk PA66 sheets, [60], a 46% weld
efficiency was achieved. The authors complied with an
L9 orthogonal array with three control parameters (RS,
TS, and plunge depth) with three levels each. The studied
control parameters values are in a higher range than the

current work, but overall, the values are close. The RS
was the dominant parameter in the process. Median RS
values (1200 rpm) and low TS (10 mm/min) achieved the
highest performance in the work. When studying thick
(16 mm) bulk PA6 plates in FSW [63], it was found that
temperature was a significant parameter affecting the ten-
sile strength of the sample. This is not in good agreement
with the findings of the current work, since the geometry
of the welding tool only significantly affected the WT. It
is also reported as the RS increases, joining PA6 plates is
not possible and only lower RS values could achieve the
welding of the plates. Such differences can be attributed
to the different range of the FSW parameter values and
most importantly, to the significantly different thickness
of the plates studied, in which, as the authors mention, low
melt viscosity response affects the process. When study-
ing the effect of RS (five levels) and TS (three levels) on
the mechanical performance of bulk PA66 sheets joined
with FSW, it was found that the increase of RS, increases
the mechanical performance for values up to 1570 rpm,
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while further increase of the RS decreases the mechanical
performance of the samples [59]. This effect was observed
in the work presented herein for RS up to 1000 rpm. Fur-
ther increase of the RS led to the decrease of the tensile
strength, although the tensile modulus was further increas-
ing up to the maximum RS of 1200 rpm studied. Differ-
ences can be attributed to different conditions, different PA
grade and more importantly on the 3D printing structure
of the samples studied in the current work. Regarding the
TS, it is reported in the work of Husain et al. that the
increase of TS negatively affects the mechanical perfor-
mance, which is not in agreement with the findings of the
current work, in which, the increase of TS, increased the
tensile strength. TS values were in a different range in the
two works.

The authors studied three FSW parameters, i.e., RS, TS,
and weld tool pin geometry, with 3 levels each. The values
range is not similar to that of the current work. Statisti-
cal modeling was employed to analyze and optimize the
parameters. The median values of this work regarding the
TS RS and the TS (1200 rpm, 40 mm/min) and high weld
tool pin diameter (9 mm) achieved better mechanical prop-
erties in the welded samples. The weld efficiency achieved
was 56.45% for the ABS and 13.91% for the PA6, which
is much lower than the current work findings. This can be
attributed to the difficulties the authors faced, owing to the
different polymers welded.

Comparing the current work with similar works inves-
tigating the effects of the FSW parameters on the weld
performance of 3D printed parts from other polymers, as
expected some of the findings agree, while others are not
in agreement. When correlating the results of the current
work with a corresponding work on the PMMA polymer
[56], the results agree regarding the TS (9 mm/min opti-
mized the mechanical properties), agree regarding the sig-
nificance of the WT, partially agree with the RS (1000 rpm
in the current work, 1400 rpm for the PMMA polymer),
and partially agree regarding the significance of the weld-
ing tool in achieving higher mechanical properties. Com-
pared with the corresponding work for the ABS polymer
[54], similar findin