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Abstract

Herein, the feasibility of joining with the friction stir welding (FSW) process 3D-printed parts made of poly(methyl meth-
acrylate) (PMMA) with extruded PMMA sheets is investigated. A full factorial design method is followed, with two control
parameters, i.e., tool rotational and travel speed, and three levels each. The hybrid joints produced were subjected to tensile
and flexural loading and the corresponding properties were optimized with statistical modeling tools. Regression analysis
provided prediction models for the five output metrics. The temperature was monitored throughout the experimental pro-
cess. Samples were inspected with optical and scanning electron microscopy and their morphological characteristics were
correlated with the joining conditions. The optimized FSW parameters were used for joining PMMA 3D-printed parts with
sheets with two-axis joining seams. The produced hybrid joints were more than sufficient in their mechanical properties. The
highest welding efficiency achieved in the tensile tests was 1.36, by the sample welded with 900 rpm and 6 mm/min. The
sample welded with the same conditions achieved also the highest welding efficiency in the flexural tests (0.98). The find-
ings presented proven the efficiency of the hybrid PMMA joints studied and have direct industrial applications for efficient
component production.
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RTS Retreating side

RPM Revolutions per minute

SEM Scanning electron microscopy
Y Side view

SZ Stirring zone

T-E Tensile modulus of elasticity
T-sB Tensile strength

Tg Glass transition temperature
TGA Thermogravimetric analysis
TMAZ  Thermomechanically affected zone
TPU Thermoplastic polyurethane
TS Travel speed

TV Top view

WE Weld efficiency

WT Welding temperature

1 Introduction

AM is increasing its popularity in industrial fields such as
the manufacturing of functional parts, product development,
and tooling [1]. This is owed to its advantages, such as the
ability to produce parts without geometrical constraints,
lightweight, and facilitating customization [2, 3]. Among
the disadvantages of the AM process is that it is slow for
large part production [4], especially considering that for
simple shape parts, such as sheets, traditional methods are
optimized many years now. To overcome the restrictions
of AM and further expand its applicability, hybrid additive
manufacturing (HAM) has been introduced, which combines
AM with traditional manufacturing processes. For exam-
ple, to improve the dimensional accuracy and the surface
quality of polymeric 3D-printed parts, made with PET-G
[5], ABS [6], PLA nanocomposites with carbon black [7],
or carbon nanotubes [8] as the additive, AM processes
have been integrated with CO, laser cutting processes. To
increase the build size capacity of polymeric parts, made
with PA6 [9], PMMA [10], PLA [11], high-density polyeth-
ylene (HDPE)/carbon black (CB) composites [12], and ABS
[13], AM has been integrated with the FSW joining process.
Still, research on the joining of polymeric materials with the
FSW is rather limited, especially for 3D-printed parts, in
which the 3D-printing structure is an additional challenge
[9]. The differences in the performance of 3D-printed and
bulk polymeric materials in FSW have been pointed out in
the literature [14].

FSW is a process developed for joining mainly aluminum
parts in applications in which traditional processes were not
possible to be applied [15]. Due to its characteristics, it is
popular in industrial fields, such as the aerospace industry
and the automotive sector, among others [16, 17]. Research
in aluminum is very wide in the literature [15, 18, 19]. The
process parameter and their effect on the performance of
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the seam is a popular subject [15, 18, 20-25], while dif-
ferent aluminum grades have been investigated [26-31].
Aspects, such as the mechanical properties of the welds,
their wear and corrosion performance, and the effect of ther-
mal treatment, have been investigated [32, 33]. Aluminum
tailor-welded blanks have also been produced with the FSW
process [34]. Other alloys, such as magnesium, have been
investigated for their performance under dynamic loading
[35]. Often dissimilar (hybrid) joints are studied for the per-
formance of joints between two different materials, such as
aluminum and polymer materials [36] or aluminum with
steel [37].

PMMA is a synthetic polymer. It is optically clear and
therefore it is utilized as a replacement for inorganic glass
[38]. Due to its characteristics, it is popular in various glass
and non-glass related applications in fields, such as mem-
branes [39, 40], solar applications [38], electrical [41],
energy storage [42—46], cranioplasty [47-51], dentistry [52,
53], and generally in biomedical applications [54]. Although
many polymers have been extensively researched in additive
manufacturing (AM), including polypropylene (PP) [55],
polyamide 12 (PA12) [56], acrylonitrile-butadiene—styrene
(ABS) [57], and polyethylene terephthalate glycol (PETG)
[58], among others, research is still limited on the PMMA
polymer [59]. The primary areas of interest include biomedi-
cal behavior and applications in vat photopolymerization
3D printing [60, 61], such as bone scaffold research [62].
The mechanical properties of 3D-printed parts made with
the PMMA polymer have been investigated [63-65]. Also,
the energy consumption during the 3D printing of PMMA
parts with the MEX process has been reported in an attempt
to optimize the energy demands and the mechanical perfor-
mance of the parts [66]. The feasibility of joining PMMA
sheets [67, 68] or PMMA with aluminum sheets [69] with
FSW has been investigated. The performance of joints pro-
duced with the FSW process for 3D-printed PMMA parts
with the MEX process has been reported, as mentioned
above [10]. Modeling tools have been applied for the analy-
sis and optimization of the experimental findings regarding
the performance of 3D-printed parts, making the process a
common approach in the literature [70, 71]. The full fac-
torial design approach has been employed for the analysis
and optimization of the performance of welds produced on
3D-printed PLA parts, joined with the FSW process [11].
Therefore, to be consistent with the existing literature, a
similar method was applied in the current study.

Herein, the feasibility of hybrid joints welded with the
FSW process and combining PMMA 3D-printed parts and
sheets is investigated. For the first time in the literature,
according to the authors’ best knowledge, a hybrid weld with
friction stir welding is attempted, with injection molded and
3D-printed PMMA parts, fabricated with the MEX process.
At the same time, for the first time, a two-dimensional seam
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is attempted, with a complex shape, combining all the dif-
ferent types of plane shapes. The performance of the weld
and the phenomena that occurred during the process are
presented and compared with corresponding linear welds
to evaluate the effect of the two-dimensional seam paths in
the process. Such joints have merit for industrial applica-
tions, in which PMMA sheets, which are not possible or it is
not cost-efficient to be produced with AM processes, can be
joined with 3D-printed PMMA components with complex
geometry. Such components in specific applications cannot
be integrated into the sheet with a different approach than
welding.

The feasibility of such hybrid joints is studied herein
employing a full factorial design method, with two control
parameters and three levels each, i.e., rotational speed and
travel speed. Since the performance of the FSW process in
joining 3D-printed PMMA parts has been reported [10],
the tool that produced the best results was used herein. The
welded hybrid samples were tested for their mechanical per-
formance in tensile and flexural tests and their morphologi-
cal characteristics were evaluated with optical microscopy
and SEM. Throughout the FSW process, the temperature was
recorded to check the state of the materials during the join-
ing process. Results were processed with statistical modeling
tools and regression analysis provided prediction models for
the five response indicators studied. The optimization results
were further exploited in the investigation of the feasibility
of two-axis hybrid weld seams, which is the second field
this study innovates. More specifically, 3D-printed PMMA
parts were welded with bulk PMMA sheets, with seams of
various shapes, covering any possible formation (single-
and two-axis paths). Samples were prepared with various
fitting shapes between them, assembled, and welded with
the FSW process applied along the two parts’ contact (two-
axis) edge. The produced seam was evaluated with micros-
copy for defects and voids. It was found that it is possible
to produce hybrid joints with 3D-printed and bulk PMMA
parts employing the FSW process, with joined parts having
in several cases welding efficiency higher than one, even
in a two-axis welding scenario. Such results are valuable
information for the industry and can be directly exploited in
corresponding applications.

2 Materials and methods
2.1 Experimental procedure

Figure 1a shows the raw materials drying in the laboratory
oven (40 °C for 4 h). PMMA pellets were procured from
JULIER (Fujian, China). Transparent 4-mm PMMA bulk
sheets were also procured from the local market. The ther-
mal properties of the procured PMMA were determined

with TGA and DSC. TGA measurements were derived on
a Perkin Elmer Diamond TG/TDA (Waltham, MA, USA),
with the following heating scenario 40-550 °C, step 10 °C/
min, nitrogen purge gas. DSC measurements were derived
on a Perkin Elmer Diamond DSC (Waltham, MA, USA),
with the following heating scenario 25-220-25 °C, step: 15
°C/min. The thermal property investigation aimed to prove
that the temperatures used in the filament extrusion process,
the MEX 3D-printing process, and the FSW process that
followed do not affect the thermal stability of the PMMA
polymer. Figure 1b shows the filament extrusion process
on a 3devo precision (Utrecht, The Netherlands) single
screw extruder, which produces compatible with the MEX
3D-printing process (1.75 mm diameter). The filament was
further dried before the 3D-printing process (Fig. 1c, 40 °C
for 4 h).

Figure 1d shows the MEX 3D-printing process on an
Intamsys Funmat HT (Shanghai, China) machine. PMMA
samples were 3D printed (Fig. 1e) with the settings derived
from the literature (Fig. 2) [66]. Their dimensions are also
shown in Fig. 2a, and they were made to fit the fixture
(Fig. 1f) manufactured for the FSW of 3D-printed samples.
Analytically the functionality of the fixture is explained in
previous works in the literature [10, 13]. Figure 1g shows
the FSW process for the hybrid seam (3D-printed and bulk
PMMA sheet fitted as shown in Fig. 2b). FSW was per-
formed on Haas (Oxnard, CA, USA) TM-1P three-axis mill-
ing CNC machine. The required G-code program was com-
piled directly in the machine’s MCU. The FSW settings are
depicted in Fig. 2 and they were derived from the literature
[10]. The optimum FSW settings derived from the study on
the performance of seams when joining PMMA 3D-printing
parts were employed herein [10]. In this direction, the weld-
ing tool that achieved the highest performance in joining
PMMA 3D-printed parts with the FSW process was used
herein and is shown in Fig. 2c. The manufacturing process
of this welding tool is presented analytically in a previous
study [10].

During the FSW process, to validate the state of the mate-
rial, the developed temperature was recorded with a thermal
imaging camera (Flir One Pro, Teledyne FLIR LLC, China).
The completed seam produced with the FSW process in this
hybrid scenario is shown in Fig. 1h. After the completion
of the FSW process, the welded sample was cut into speci-
mens for the mechanical tests that followed (Fig. 1i). Twelve
specimens were cut from the welded sample, with batches
of four being welded with the same TS. The welded hybrid
samples after the cut process are shown in Fig. 1j. These
samples were tested for their mechanical performance in
tensile (Fig. 1k) and flexural tests (Fig. 11).

To assess the effect of the FSW process on the Vickers
microhardness of the material, measurements were taken
(400-Vickers, Innova Test Europe BV, Maastricht, The
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Fig.1 a Drying of the raw materials, b extrusion of the filament,
¢ drying of the filament, d workpieces 3D printing, e 3D-printed
PMMA sheets, f fixture setup, g specimens joining with the FSW
process, h the seam produced, i tensile test specimens cutting pro-
cess, j the hybrid tensile specimens (PMMA 3D-printed and bulk

Fig.2 Parameters used in the
MEX 3D printing and the
FSW process: a dimensions

of the 3D-printed samples, the
3D printing structure is also
presented; b 3D-printed and
bulk PMMA samples prepared
for the FSW process, and ¢ the
FSW weld tool used
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Netherlands) on the side surface of the hybrid samples
(ASTM E384 standard) on the 3D-printed side, the bulk
sheet side, and the weld zone. Measurements were taken
on various positions along the height of the sample (from
bottom to top) in all three regions. Afterward, the mechani-
cal tests were carried out in an Imada MX2 apparatus (IL,
USA). The testing conditions were an elongation speed of
10 mm/min, 23 °C, and 50% humidity. The flexural tests
were three-point bending tests with a 52-mm support span.
After the completion of the mechanical tests, the morpho-
logical characteristics at the weld region of the specimens
were examined with an optical microscope (Kern OKO 1,
Kern & Sohn, Albstadt, Germany), a stereoscope (KERN
OZRS5, Kern & Sohn, Albstadt, Germany) (Fig. 1m), and
SEM (JSM-IT700HR field emission SEM device, 20 kV
acceleration voltage, gold-coated specimens, Jeol, Tokyo,
Japan) (Fig. 1n). The weld morphology and the fracture
mechanism were evaluated in these observations.

2.2 Design of experiments

The full factorial design method was followed herein. The
control parameters were the rotational speed and the travel
speed with three levels each herein. As mentioned above,
the control parameters and their levels were selected accord-
ing to the literature for the welding with the FSW method
of 3D-printed PMMA parts built with the MEX process
[10]. The control parameter levels are presented in Fig. 2.
As mentioned, the weld tool, which is critical for the per-
formance of the weld in the FSW process [72], was the one
that achieved optimum mechanical response in the afore-
mentioned research. Five were the output metrics that were
evaluated and optimized with this approach, i.e., WT, T-E,
T-sB, F-E, and F-sB. Regression analysis was followed to
derive suitable prediction models for these five metrics as
functions of the control parameters.

2.3 Two-axis FSW

To further evaluate the feasibility of the hybrid joint studied
herein and provide proof of its applicability in real industrial
components, test cases were carried out using the control
parameter values that achieved the best results in the lin-
ear seam hybrid joint. To test all the possible part-fitting
scenarios, two-axis seams were conducted, having single-
and two-axis welding paths (linear, curvilinear, acute, right,
and obtuse angles, and combinations of those). These types
of joints with various seam shapes were initially designed
with a Computer-Aided Design (CAD) software tool. The
parts and their fitting edge were designed to be able to be
assembled and fit, covering the aforementioned test sce-
narios. Again, one part of the joint was from the PMMA
bulk sheet and the other was 3D printed, with the parameters

mentioned above. When the two parts of the hybrid joint
were manufactured (3D printed and cut properly according
to the design for the PMMA sheet), they were assembled
and fitted (Fig. 10). Then they were welded with the FSW
process with the most suitable control parameter values, as
mentioned (Fig. 1p). The produced seam was inspected with
microscopy for defects. In this more complex welding sce-
nario, the feasibility of producing hybrid PMMA joints with
the FSW process was proven.

3 Results
3.1 FSW of the hybrid PMMA joint

Figure 3a shows a screenshot from the FSW process. Mate-
rial’s flacking during the process is shown in the figure. As
mentioned, the linear seam is divided into three equal-in-
length regions. In each region, different FSW conditions
are applied. The RS is kept constant throughout the seam.
At the end of the first region, the TS is increased, then is
kept constant until the end of the second region, and then
is further increased at the third region, until the comple-
tion of the seam. With this procedure, three batches of four
samples each of welded specimens with the same condi-
tions are produced. At the beginning of the seam, the weld
tool enters the seam from the side; it is not submerged in
the seam. At the point of entry to the seam, the weld tool
stops its linear displacement while it is still rotating for
some time. This ensures that both the weld toll and the
specimens have reached an adequate temperature for the
FSW process and the seam is implemented under the same
conditions. Welding debris is scattered on the top surface
of the hybrid joint during the process. These come from
superficial strands or parts that are not welded and fend off
the welding zone (Fig. 3b). Throughout the FSW process,
the temperature at the weld zone is monitored and recorded
as mentioned. The maximum recorded temperature in each
one of the three regions in which different TS was applied
as shown in Fig. 3c. As shown, the temperature increases
with the increase of the TS; still, the recorded temperature
values indicate that the required solid state of the materi-
als during the FSW process was maintained throughout
the process.

After the completion of the FSW process, the two speci-
mens are welded with a linear seam, with the conditions
explained above. Each one of the three regions in which
the weld is performed with different TS produces for four
specimens for the mechanical tests. Therefore, each welded
joint is able to produce twelve specimens in total, in batches
of four same samples (regarding the FSW conditions, the
dimensions are the same in all the samples) for the mechani-
cal tests. Before the removal of the welded sample, a tool
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Fig.3 a FSW process in which the flacking of the specimens is shown, b welding debris produced during the FSW process, and ¢ the tempera-

tures developed along the seam during the FSW process

change is performed, and a suitable cutting tool is selected
in the spindle of the CNC milling machine for the cutting of
the workpiece into the twelve specimens for the mechanical
tests. The fixture used is designed in a way that enables this
process to be performed automatically directly in the CNC
machine right after the FSW process. In this way, twelve
specimens ready for the mechanical tests are acquired at the
end of the CNC machine procedure with one fixture of the
fixture device and the workpiece in the CNC machine.

3.2 Mechanical tests

The hybrid samples welded with the FSW process with
various conditions (control parameter values) are shown
in Fig. 4a (600 rpm RS), ¢ (900 rpm RS), and e (1200
rpm RS). Next to each picture, stress vs. strain graphs are
presented for specimens welded with the corresponding
RS and all the TS values studied. The graph from one
randomly selected sample out of the four welded with the
same TS and the specific RS is shown (Fig. 4b, 600 rpm
RS; d, 900 rpm RS, and f, 1200 rpm RS). The stress vs.
strain curve of a solid, not welded 3D-printed sample is
also shown in each graph, as the control sample. In all RS
values, the specimen welded with 4 mm/min TS achieved
welding efficiency higher than 1. The weld efficiency
is the ratio between the strength of the welded sample
and the strength of the corresponding solid (not welded)
one. Values higher than 1 indicate that the strength of the
welded sample is increased compared to the not welding
one, which is the desirable outcome of a welding process.
At the same time, the samples welded with 2 mm/min
TS showed decreased strength in all RS values. Samples
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welded with 6 mm/min TS had weld efficiency higher
than 1 in the cases of 900 and 1200 rpm RS, while at
600 rpm RS, the samples has weld efficiency of approxi-
mately 1, which is also a well-acceptable result. In all
cases, specimens failed in the weld nugget zone, and only
at 2 mm/min TS specimens failed at the thermomechani-
cally affected zone (TMZ), as shown below in the mor-
phological analysis of the samples. In the supplementary
material for the work, the corresponding mechanical test
results in the flexural tests are presented. In the flexural
tests, overall, the increase in the RS increased the per-
formance of the weld. Again, the samples welded with
2 mm/min TS showed decreased strength in all RS val-
ues, and overall samples marginally reached weld effi-
ciency of 1.

Vickers microhardness measurements were taken on
the 3D-printed side, the weld zone, and the bulk PMMA
material side of the hybrid joints, on various positions
along the height of the sample (from bottom to the top)
and presented in Fig. 5. As shown, the bulk PMMA
microhardness measurements are the highest ones. The
measurements are decreased in the weld zone and further
decreased in the 3D-printed side of the hybrid joint. The
samples welded with 600 rpm and 900 rpm RS show a
constant increase in the Vickers microhardness measure-
ments from the 3D-printed side to the weld zone and the
bulk side, with the increase being steeper on the 900 rpm
RS sample. The sample welded with 1200 rpm RS shows
a non-constant increase in the Vickers microhardness
measurements in the three zones (3D printed, welded,
and bulk material), as the samples welded with the other
two RS values show.
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Fig.4 Samples welded with
various RS. On the right side,
the corresponding stress vs.
strain graphs for the samples
welded with the specific RS and
the different TS applied is pre-
sented. The welding efficiency
is also indicated, compared to
the 3D-printed PMMA part a, b
600 rpm, ¢, d 900 rpm, and e, f
1200 rpm

RS: 600 rpm
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3.3 Thermal properties and temperature
during the FSW process

TGA showed that the PMMA grade used in the study starts
to degrade at 310 °C (Fig. 6a). DSC showed that the melt-
ing point of the PMMA grade used in the study is at 194 °C
(Fig. 6¢). These results verified that the temperatures used
in the extrusion process for the filament production and the
MEX 3D-printing process do not affect the thermal stability
of the material or cause any degradation. Figure 6b shows
the maximum temperature values in all the FSW cases
implemented in the study. As shown, all temperatures are
approximately between 50 and 150 °C (< 194 °C). So, the
temperature values recorded show that the PMMA polymer
was in a solid state during the FSW process, which is the
required status for the material during the FSW process. In
the supplementary material, the temperature measurements
are presented and organized per the different cases studied.

3.4 Morphological characterization

The morphology of the side surface of the welded hybrid
joints was initially inspected with stereoscopy and optical
microscopy (Fig. 7). The expected formation of the weld
zone is clearly observed, with the SZ, the TMAZ, and the
HAZ having a rather similar in shape formation along the
advancing side (AS) (3D-printed sample) and the retreating
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sample (RTS) (bulk material) [73]. The 3D-printing struc-
ture on the AS is visible (Fig. 7a) and so is the bulk mate-
rial structure on the RTS (Fig. 7c). The entire weld zone is
presented in Fig. 7b. The pile-up of the material on the AS
(Fig. 7d) and the surface downside on the RTS (Fig. 7e) can
also be observed, while a bottom pit was formed as shown
in Fig. 7d and e. In Fig. 7f and g defects of the weld, such
as cavitations and unwelded areas, are presented. In this
case, such defects were found on the AS probably due to the
3D-printing structure, which has internal pores and cavi-
ties [74]. During the FSW process of polymeric 3D-printed
parts, the porosity is reduced in the weld zone and a surface
downside is expected [9], which was not very intense herein.
Still, this is common in bulk materials as well [75]. It was
observed in the RTS and it affects the strength of the parts
since the cross-section area of the sample is reduced [9].
Optical stereoscope and optical microscope images of the
weld zone of the hybrid joint for three samples welded with
different FSW settings are presented in Fig. 8. The first-
row image presents the side surface of the hybrid joint, the
second-row presents images from the top side of the weld
zone, and the third row presents images of the three samples
from the top side after they fail in the mechanical tests. In
these images, the profile of the fracture surface from the
top is shown to evaluate differences in the deformation of
the samples before their failure and the area in which fail-
ure occurred in the experiments. In the side surface images
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Fig.5 Vickers microhardness measurements on the side surface
of the welded hybrid samples. Measurements were taken on the
3D-printed side, the weld zone, and the bulk PMMA material side, on

various positions along the height of the sample (from bottom to the
top): a 600 rpm RS, b 900 rpm RS, and ¢ 1200 rpm RS

S [—pmmAFiament  E1[2648 (<107) 30 @
- —— PMMA Sheet ) = i Degradation
§1OO 95ty}.~. 5540- . E ol : Temperature
5 240°C | g : [E
T 80 e 2432 §< ol || 2
= k= > Wl -5 £ 194°C
P ] vi Gl 2 i Melting
*0 o 324 < s | i Point
2 = -0 :
40 e 2161 =
3 g
‘ = : :
| i =15 : :
20 = 108 = —— PMMA Filament
'-'2-’ b i 3 —— PMMA Sheet
0 i 0 03O =20+—— : :
0 100 200 300 400 500 0 50 100 150 200 250 0 30 130 230 330 430
Temperature (°C) Temperature (°C) Temperature (°C)

Fig. 6 a Weight loss vs. temperature (TGA), b the maximum temperature recorded in all repetitions of the FSW process, and ¢ heat flow vs. tem-

perature (DSC)

(Fig. 8a, d, and g), the different FSW zones are outlined. The
nugget zone (NZ) (or stirring zone, SZ) is cylindrical in all
cases and extends to the bottom of the samples. The width
of the NZ differs in the samples, with the sample welded
with lower RS and TS values having a wider diameter NZ.
The other two samples are approximately the same in width.

The TMAZ zones also differ. The sample welded with
lower RS and TS values (600 rpm and 2 mm/min, Fig. 8a)
shows a wider TMAZ. In this sample, the TMAZ shape
also differs between the AS and the RTS, with the TMAZ
on the RTS side being wider. As the RS and TS values
increase (900 rpm and 4 mm/min, Fig. 8d), the TMAZ is

@ Springer

narrower and almost symmetrical in shape between the
AS and the RTS side. Further increase in the RS and
TS values (1200 rpm and 6 mm/min, Fig. 8g) slightly
increases the width of the TMAZ. The size of the TMAZ
in this case is almost the same in the AS and the RTS but
the shape differs. The top surface images of the weld zone
show that the sample welded with higher FSW settings
(1200 rpm and 6 mm/min, Fig. 8h) has a more smooth
surface. The sample welded with 900 rpm and 4 mm/min
(Fig. 8e) has the more rough surface among the three
samples. The sample welded with lower RS and TS values
(600 rpm and 2 mm/min (Fig. 8b) also has a rough surface



The International Journal of Advanced Manufacturing Technology (2023) 127:2401-2423 2409

Advancing
side

3D Printed
Strands—

Opt.Ster. [Q]

Retreating
side

Advancing side

Opt.Ster.[@]

Opt.Mic.[g1

Fig.7 Optical stereoscope images from the side surface of the a
3D-printed sample, b weld zone, ¢ bulk PMMA side, d material pile-
up on the advancing side (3D printed), e surface downside on the
retreating side (bulk material), f optical microscopy image showing

but is less rough than the sample shown in Fig. 8e. In all
cases the typical circular welding marks are visible in
the images.

The images from the top, after the failure of the samples
in the tensile tests, show differences in the failure of the
samples (Fig. 8c, f, and i). In the sample welded with lower
RS and TS values (600 rpm and 2 mm/min, Fig. 8c), a brittle
fracture can be observed with almost no deformation vis-
ible in the image. The failure occurred in the TMAZ from

Retreating side

1.5 mm

|

Retreating side

Opt.Ster.[5] 1.5 mm

unwelded interfaces and cavitation on the side surface, and g stereo-
scopic image showing cavitations on the advancing side and surface
downsizing on the retreating side

the AS. As the RS and TS values increase (900 rpm and 4
mm/min, Fig. 8f), some deformation occurred in the sample
before its failure, still a rather brittle fracture mechanism
is shown. In the sample welded with higher FSW settings
(1200 rpm and 6 mm/min, Fig. 8i), a more ductile failure is
presented with deformation visible in the fracture area. In
the samples shown in Fig. 8f and I, failure occurred in the
NZ and not in the TMAZ zone as in the sample welded with
lower RS and TS values.
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RS: 600 rpm = TS: 2 mm/min RS: 900 rpm = TS: 4 mm/min RS: 1200 rpm = TS: 6 mm/min
a "N/ "N/

Opt.Ster. (3

Fig.8 Optical stereoscope images from the side surface of the weld
zone for samples welded with a RS 600 rpm, TS 2 mm/min; d RS
900 rpm, TS 4 mm/min; g RS 1200 rpm, TS 6 mm/min. Optical
microscope images from the top side of the weld zone for samples
welded with b RS 600 rpm, TS 2 mm/min; e RS 900 rpm, TS 4 mm/

Figure 9 presents SEM images of the top surface of two
different samples, one welded with the lowest FSW condi-
tions studied (600 rpm RS and 2 mm/min TS, Fig. 9a, b,
and c¢) and one with the highest FSW conditions studied
(1200 rpm RS and 6 mm/min TS, Fig. 9d, e, and f). Images
were taken at three different magnification levels of x 30,
% 300, and x 2000, at the AS on the samples. At the X 30
magnification images (Fig. 9a, and d), the strands of the
3D-printing structure are visible along with their deforma-
tion on the area in which the weld zone starts. In this area,
the welding marks are visible and marked in the figures. At
the X 300 magnification images (Fig. 9b, and e), friction
micro-debris are shown. In the sample welded with higher
RS and TS values (Fig. 9¢), the surface is more smooth than
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RTS IS RTS

2.5 mm ——— N Opt.Ster. € 2.5 mm —— B Opt.Ster. (& 25 mm —

min; h RS 1200 rpm, TS 6 mm/min. Optical stereoscope images after
the failure of the parts in the tensile tests, depicting the fracture pro-
file of the weld zone from the top for samples welded with ¢ RS 600

rpm, TS 2 mm/min; f RS 900 rpm, TS 4 mm/min; and i RS 1200
rpm, TS 6 mm/min

the samples welded with lower RS and TS values (Fig. 9b).
At the X 2000 magnification images (Fig. 9c, and f), micro-
cavitations and trenches are visible, which could not be iden-
tified in lower magnification images.

SEM images from the fracture surface of the samples,
after the completion of the mechanical tests, are presented
in Fig. 10, at X 25 magnification. The two same samples’
fracture surface is depicted from the tensile and the flex-
ural test. In all specimens, micro-cracks are observed in the
fracture surface. The flexural test specimens (Fig. 10c and d)
show a more brittle fracture surface than the corresponding
tensile test samples (Fig. 10a and b). In the flexural test sam-
ples, the one welded with lower RS and TS values (Fig. 10c)
slightly deformed before its failure, but still, a brittle failure
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Fig.9 SEM images taken on the top of the samples in the weld zone at a magnification of X 30, X 300, and x 2000, respectively, for samples
welded with a—c RS 600 rpm, TS 2 mm/min; d—f RS 1200 rpm, TS 6 mm/min

occurred. In the tensile test samples (Fig. 10a and b), the =~ compared to the sample welded with higher RS and TS
sample welded with lower RS and TS values (Fig. 10a)  values (Fig. 10b). This agrees with the findings presented
had a more brittle behavior, with lower deformation visible ~ above in the stereoscope images (Fig. 8) and the mechanical
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test results. Samples welded with lower RS values showed a
more brittle behavior than samples welded with higher RS
values. Still, the unwelded 3D-printed part used as a refer-
ence showed the least brittle behavior among the samples
tested. The micro-cracks shown in the SEM images for the
fracture surface are typical in polymeric materials with brit-
tle behavior [76, 77].

3.5 Experimental findings with the FFD

The full factorial design (FFD) is presented in Table 1.
The control parameter values in each run are depicted
along with the average values and deviation for the five
response metrics of the study, i.e., WT, T-sB, F-sB, T-E,
and F-E. Three replicas were tested in each run and the
experimental results for each repetition of the experi-
ments in each run are available in the supplementary
material of the work.

Figures 11 and 12 present the MEP and the interaction
plots for the five metrics studied. The increase in the RS
and the TS increases the WT. Higher TS values increase
both the T-sB and the T-E. The increase of the RS increases
the stiffness of the samples (T-E), while the median value
of RS achieved the highest T-sB value among the three RS
levels. A different effect is shown in the flexural test proper-
ties, with the increase of RS increasing both the F-sB and

Fig. 10 SEM images taken after RS: 600 rpm = TS: 2 mm/min
the completion of the mechani- - m—
cal tests on the fracture surface
of the samples at a magnifica-
tion of X 25 tensile tests: a

RS 600 rpm, TS 2 mm/min; b
RS 1200 rpm, TS 6 mm/min,
flexural tests; ¢ RS 600 rpm, TS
2 mm/min, and d RS 1200 rpm,
TS 6 mm/min

Micro cracks

~Micro Cracks

_W/ = — " T W
& =l

the F-E. Higher TS values also increased both the F-sB and
the F-E. Only the medial value of TS decreased the F-E.
Regarding the interaction plots, in all metrics, synergistic
relations were found.

3.6 Regression analysis

The quadratic regression model (QRM) for each response
is calculated:

n n
2
YVo=a; + Z b x; + Z CipX; + Z Z djxx;+e (1)
i=1 i=1 i

where k represents the response output (e.g., welding tem-
perature, tensile strength, flexural strength, tensile modulus
of elasticity, and flexural modulus of elasticity), a is the con-
stant value, b is the coefficients of the linear terms, c is the
coefficients of the square terms, d is the coefficients of the
two-way interaction terms, e is the error, and x; the seven
(n = 2) control parameters, i.e., the rotational speed (RS),
travel speed (TS).

Regression tables were formed (Tables 2, 3, 4, 5, and 6) for
the five metrics studied and corresponding prediction mod-
els as functions of the control parameters (Egs. (2)—(6)) [78].
In all metrics, the p-values were almost 0 and the f-values
were much higher than four (4). The lowest calculated regres-
sion value was 77.04 % among the five metrics. Such results

Tensile Fracture RS: 1200 rpm = TS: 6 mm/min

o
b

Micro Cracks

Micro Cracks

l— Micro Cracks

(31 25x
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Tab_le 1 Full factorial 3 X 3 Run RS TS WT (°C) T-sB (MPa) F-sB (MPa) T-E (MPa) F-E (MPa)
design control parameters
and levels, average and 1 600 2  6873+236 1090+357 2657254 27201 +6044 211845+ 18.09
standard deviations values 2 600 4  8220+£7.06 2425+133 2297+695 386.15+529  2169.67 + 179.21
of measured responses for
welding temperature (WT), 3600 6 8930741 20.13+250 38.59+1.84 44970 +£7.03  3301.89 + 160.54
tensile strength (T-sB), flexural 4 900 2 89.10+3.84 22.14+192 2898 +0.58 357.19+12.07 2642.73 +44.65
strength (F-sB), tensile modulus 5 900 4 100.10£7.01 28.89+£0.52 36.59+£290 399.05+3.82 2631.43 + 177.43
of elasticity (T-E) and flexural g5 6 1003314620 32254217 4796097 44667979  3464.85 + 73.23
modulus of elasticity (F-E) for
each Experimental run 71200 2 99374525 2305+351 37.84+3.91 369.50 % 15.88 3604.90 + 586.83
8 1200 4 109.03 +3.81 27.60 +2.01 4476 +1.31 402.60+3.73  3012.83 +51.52
9 1200 6 109.73 £7.20 28.64 +£0.11 54.83 £1.69 42649 +3.32 3671.19 + 254.44
Fig. 11 Tensile tests: a main = 450 6 T-E (MPa) 2 4 5
effect plots for T-E, T-sB, and = 3(2)8 .,// =
WT, and interaction plots for b o 3751 e > 7 (rpm)
T-E, ¢ T-sB, and d WT w350 o ——600
= 30.0 T
§ 57 —8— 900
2250 /. --&- 1200
@ 22.5 /
2 200 o 450 TS
105 400 (mm/min)
O 100 . —-o— 2
= o 250
85 i o 300 -
80 : - 6
600 900 1200 i 2 4 6 I|l2s0
E RS (rpm) TS (mm/min) m 600 900 1200
T-sB (MPa) 2 4 WT (°C) 2 4 6
RS (rpm) e e RS (rpm)
-2
—e—600 —— 600
—e— 900 —8— 900
- 1200 - 1200
TS TS
(mm/min) (mm/min)
—-— 2 —-— 2
-8 4 —e— 4
--&- 6 ®- 6
@ 6© 90 1200 ] 6 900 1200
indicate that the prediction models are more than sufficient for =~ 7 — E =—112.5+0.583 X RS + 90.3 X TS — 0.000184
the calculation of the corresponding metrics. « RS% —2.05 % TS% — 0.0503 X RS x TS ®)
WT = —22.2 +0.1426 X RS + 15.54 x TS — 0.000046 X RS>
(2) F—E=1563+2.02 xRS — 467 X TS + 0.00074
— 1.004 x TS? — 0.00425 X RS x TS > > 6)
X RS* + 1323 x TS* —0.465 X RS X TS
T = 5B =~53.02+0.1060 x RS + 12.69 X TS — 0.000043 3) To identify the statistically important parameters, Pareto
X RS? = 0.641 x TS? — 0.00526 X RS x TS charts were formed for each metric and are presented in
Fig. 13 and the supplementary material provided. Next to
F — sB =169 +0.0241 X RS — 6.57 x TS — 0.000003 X RS” each Pareto chart, a chart with a comparison between the
“

+ 1.088 x TS* + 0.00207 X RS x TS

actual (experimental) and the predicted (calculated) values
is provided. To evaluate the performance of the prediction
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Fig. 12 Flexural tests: a main __3.50 || F-E (GPa)
effect plots for F-E, F-sB, and g 3.25 / RS
WT, and interaction plots for b = 3'92 o 7 36 i)
F-E, ¢cF-sB,andd WT < 550 ¢ | 32| —e—600
T 46 2 2.8| —_@—900
42 /
2 3 24| e 1200
QD 3 & 2.0
L 30 ® 36 TS
105 3.2 (mm/min)
O 100 ~ —0 —-— 2
=% —
E 2 ~ 55 -8 4
80 : *- 6
600 900 1200 * 2 4 6 2.0
RS (rpm) TS (mm/min) m 600 900 1200
F-sB (MPa) WT (°C) 2 4 6
RS (rpm) _.---® [110{ RS (rpm)
: =)
—e—600 A —e— 600
—8— 900 —8— 900
® - 1200 ® - 1200
TS TS
501 (mm/min) (mm/min)
40/ - 2 - 2
301 - 4 -8 4
--& &- 6
20+
n 600 900 1200 m 600 900 1200
Table 2 Polynomial ANOVA, welding temperature vs RS, TS Table 3 Polynomial ANOVA, tensile strength vs RS, TS
Source DF Adj SS AdjMS  F-value  P-value Source DF Adj SS AdjMS  F-value  P-value
Regression 5 4286.07 857.213  30.59 0.000 Regression 5 935.18  187.035  38.03 0.00
RS 1 286.50  286.500 10.22 0.004 RS 1 158.33  158.334  32.19 0.00
TS 1 278.16  278.159 9.93 0.005 TS 1 185.44 185.445 37.71 0.00
RS? 1 101.68  101.682 3.63 0.071 RS? 1 88.08 88.077 1791 0.00
TS? 1 96.80 96.802 345 0.077 TS? 1 39.39 39.390 8.01 0.01
RSXTS 1 78.03 78.030 2.78 0.110 RSXTS 1 119.64 119.638 24.33 0.00
Error 21 588.51 28.024 Error 21 103.28 4918
Total 26 4874.58  885.237 Total 26 1038.46  191.953
R 87.93% R 90.05%
R? (adj) 85.05% R? (adj) 87.69%
R? (pred) 79.72% R? (pred) 82.71%

models in the calculation of the response indicators, two
metrics were calculated, the mean absolute percentage
error (MAPE) [79] and the Durbin-Watson factor [80]. In
all cases, the MAPE values indicated a well-acceptable
accuracy of the prediction. Durbin-Watson factor values
indicate positive autocorrelation of the results (< 2) for the
T-E metric and negative autocorrelation of the results for the
T-sB and the WT (> 2). Regarding the Pareto charts, all the
parameters were statistically important except RS? and TS?
for the T-E metric, all were statistically important for the
T-sB metric, and RS and TS were the statistically important
ones for the WT metric. Figure 14 presents the effect of the
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two control parameters in the five metrics studied in a three-
dimensional surface plot.

3.7 Two-axis FSW

The experimental results on the mechanical tests of the
hybrid PMMA joint showed that welding 3D-printed and
bulk PMMA sheets with the FSW process produces a seam
with good strength (weld efficiency higher than 1 in sev-
eral of the cases studied). The morphological examination
revealed a good-quality seam with minimum defects and
unwelded regions. The FSW settings used were the optimum
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Table 4 Polynomial ANOVA, flexural strength vs RS, TS

Source DF Adj SS AdjMS  F-value P-value
Regression 5 2499.39  499.877  37.73 0.000
RS 1 8.21 8.210 0.62 0.440
TS 1 49.75 49.751 3.75 0.066
RS? 1 0.38 0.380 0.03 0.867
TS? 1 11371  113.709 8.58 0.008
RSXTS 1 18.53 18.526 1.40 0.250
Error 21 278.24 13.249

Total 26 2777.63  513.126

R 89.98%

R? (adj) 87.60%

R? (pred) 83.79%

Table 5 Polynomial ANOVA, tensile modulus of elasticity vs RS, TS

Source DF Adj SS AdjMS  F-value P-value
Regression 5 69,714.0 13,942.8 28.83 0.000
RS 1 4783.4 47834 9.89 0.005
TS 1 9391.4 93914 1942 0.000
RS? 1 1644.8 1644.8 3.40 0.079
TS? 1 486.8 486.8 1.01 0.327
RSXTS 1 10,926.4 10,9264  22.59 0.000
Error 21 10,155.3 483.6

Total 26 79,869.3 14,4264

R 87.29%

R? (adj) 84.26%

R? (pred) 77.04%

Table 6 Polynomial ANOVA, flexural modulus

of elasticity vs RS,

TS

Source DF Adj SS Adj MS F-value P-value
Regression 5 8,432,512 1,686,502 32.25 0.000
RS 1 57,759 57,759 1.10 0.305
TS 1 251,380 251,380 4.81 0.040
RS? 1 26,790 26,790 0.51 0.482
TS? 1 1,681,318 1,681,318 32.15 0.000
RS x TS 1 936,013 936,013 17.90 0.000
Error 21 1,098,073 52,289

Total 26 9,530,585 1,738,791

R 88.48%

R? (adj) 85.74%

R? (pred) 79.26%

ones for welding 3D-printed PMMA parts [10] and worked
well in this hybrid joint scenario, too. To further evaluate
the feasibility of producing hybrid PMMA joints, two-axis
joint schemes were tested. In these tests, all the possible

planar shapes were evaluated, i.e., single- and two-axis
paths (linear, curvilinear, acute, right, and obtuse angles,
and combinations of those), as mentioned above. Three
different joints were designed to include these geometrical
shapes and are shown in Fig. 15. The joints were designed
(Fig. 15a, d, and g) and manufactured with 3D-printing and
bulk PMMA sheets, respectively (Fig. 15b, e, and h). They
were assembled to test the fitting of the parts and then they
were welded with the FSW process, using the conditions that
had the highest mechanical strength in the corresponding
experiments (RS 700 rpm and TS 4 mm/min). The produced
seam in all three joints is presented in Fig. 15c¢, f, and I,
respectively.

During the FSW process, the temperature was also moni-
tored and the temperature distribution along the seam for all
three joints is presented using a color code in Fig. 16a, b,
and c. As shown, temperatures along the seam were rather
low in the area of 110 °C. Higher temperatures were devel-
oped in the angles and especially in the acute angles, in
which temperature reached almost 170 °C. This is a higher
temperature than the highest reported in the linear seam, in
which the temperature did not exceed 150 °C (Fig. 6). This
finding by itself justifies the need for such an investigation
on the performance of the weld in the two-axis scheme. Still,
since the melting temperature of the PMMA was found to be
194 °C, the highest temperature developed in the two-axis
joints was much lower than the melting point temperature,
verifying that also these seams were produced with the mate-
rials in solid state, which is the desired material status for
the FSW process.

After the completion of the FSW process, the morphol-
ogy of the two-axis seam was inspected with an optical
stereoscope at six distinct positions indicated in Fig. 16a, b,
and c, respectively, for each one of the three different joints
tested. The images taken at each position for each joint are
presented in Fig. 16. In all images a defect-free seam is
presented. Differences can be observed in the roughness of
the seam, with images on right angles and along the cur-
vilinear segment of the seam being less rough than in the
other positions.

4 Discussion

PMMA has been investigated for its performance in FSW
joints in bulk [67, 81] and 3D-printed form [10], with
research still being marginal in the field. Dissimilar joints
with PMMA sheets and aluminum or other polymers (ABS,
etc.) have also been presented [82—85]. Herein, the ability to
create a hybrid joint combining 3D-printed and bulk PMMA
sheets was proven. Joining PMMA sheets with 3D-printing
exploits the ability of 3D printing to construct complex
geometry for extending the functionality and applications of
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Fig. 13 Pareto chart and actual
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Fig. 14 Surface graphs of the response indicators vs. the TS and RS control parameters a T-E, b T-sB, ¢ WT, d F-E, e F-sB, and f WT
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Welding
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-
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path Linear path

RS: 900 rpm
TS: 4mm/min

Fig. 15 Two-axis FSW showing the different seam shapes considered
herein. The geometry is shown in the first row, the samples prepared
and fitted for the process (3D printed and bulk PMMA) are shown
in the second row, and in the third row, the completed seam after the
joining of the components is presented for each different seam geom-

the PMMA sheets. As mentioned, the 3D-printing and FSW
settings were acquired from the previous study on the FSW
of 3D-printed PMMA sheets [10]. The optimum conditions
according to the statistical analysis conducted in this study
were used herein. Due to these optimized settings used,
good quality seams were achieved, with good morphologi-
cal characteristics and strength. Welding efficiency higher
than 1 was achieved in most cases, compared to PMMA
3D-printed parts. The highest welding efficiency reported
was 1.36 in the tensile tests, achieved by the sample welded
with 900 rpm and 6 mm/min FSW conditions. The sample
welded with the same conditions achieved also the highest
welding efficiency in the flexural tests, which was 0.98, also
a more than sufficient value for welding efficiency. Still, two

\
Fillet path IS

Welding
trace

Welding

Bulk Sheet Bulk Sheet

RS: 900 rpm
TS: 4mm/min

RS: 900 rpm
TS: 4mm/min

etries, respectively: a—c circular path and obtuse angles, d—f linear
path, right angles and fillet path, g—i linear path and acute angles. In
all cases, samples were processed with 900 rpm RS and 4 mm/min
TS

control parameters (RS and TS) with three levels each were
investigated. The results showed the importance of the FSW
parameters in the performance of the weld and the use of
statistical modeling tools for the analysis of the experimental
results. The difference in the tensile strength of hybrid joint
specimens welded with different FSW settings reached 35%.
It should be noted that while experimental results showed
improvement in processing quality, heat input or generated
heat during friction stir welding has a significant role in the
thermal properties, the width of weld samples, morphol-
ogy of the sample, mechanical characteristics, and weld
efficiency of samples [8§6-88] affecting the reported results.
Deepening the investigation into these parameters can be a
subject of future work.
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Fig. 16 The top images show with a color bar the temperature devel-
oped along the seam during the FSW process in the three different
seam shapes performed: a circular path and obtuse angles; b linear
path, right angles, and fillet path; ¢ linear path and acute angles.
Below each image, stereoscopic images at the six seam regions indi-

It should be noted that the bulk sheet has a solid struc-
ture, while the 3D-printed structure has voids and porosity
[70]. The layers’ shape is not always uniform [89] and the
strength of the performance of the parts is affected by the
bonding between the strands [90]. Due to these characteris-
tics, 3D-printed parts show anisotropy [91, 92] and inferior
mechanical properties compared to bulk sheet parts [93, 94].
Such differences in the properties and the structure of the
3D-printed parts compared to the bulk sheet parts justify
why the feasibility of such hybrid joints is a challenging task
and why the investigation of the performance of such hybrid
joints has industrial and scientific merit.

Additionally, since FSW is a process in which the mate-
rial should be in a solid state [95], one of the aspects highly
affecting the feasibility of the process is the material flow
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cated on the top image are presented, depicting the morphology along
the seam at positions with different seam geometries. The 194 °C
temperature shown is the melting temperature of the PMMA, so
recorded temperatures (< 170 °C) verify the solid state of the process

caused by the temperature increase occurring during the
process. As expected, how the material flow is affected by
the temperature has been investigated for the FSW process,
mainly in alloys [96-98]. As the temperature increases, the
material flow of the material is increased, improving the
stirring of the materials and facilitating the FSW process
to perform a weld. The effect of temperature in the pro-
cess performed in the current study is presented in the MEP
(Figs. 11 and 12). The increase of the temperature increases
the mechanical properties, verifying the argument that as the
temperature increases, the material flow is increased and the
mixing of the materials is improved, leading to more robust
welds. In the current study, the average temperature per case
studied is ranging from 80 to 105 °C. Both the increase of
the RS and the TS increase the temperature during the FSW
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process and this has a positive effect on the performance of
the welds, verifying the aforementioned argument.

The merit of the two-axis welding scenarios studied was
also proven, since an increase in the temperature of up to
12% was found, especially in the acute angles. The maxi-
mum temperature recorded was up to 170 °C. This tem-
perature is lower than 194 °C, which is the melting point,
still, it is closer to it than the 150 °C which was the tempera-
ture recorded in the linear welding scenario of the hybrid
joint. So, the shape of the seam should be considered also
to ensure that the solid state of the materials is maintained
throughout the FSW process. It should be noted also that the
temperatures reported for the linear seam are in good agree-
ment with the literature on joining bulk PMMA sheets [67].

Results in the mechanical tests presented herein cannot
be directly correlated with the literature, since no similar
joint has been presented yet to the authors’ best knowledge.
Comparing the results with the corresponding ones for
welding PMMA 3D-printed parts [10], the highest strength
achieved on the hybrid PMMA joint in the tensile test is
more than 100% higher than the 3D-printing joint (approxi-
mately 46 MPa vs. approximately 20 MPa). A study on the
FSW of bulk PMMA sheets welded with higher RS than the
ones used herein reported the tensile strength of the welded
sheets up to approximately 57 MPa [67]. The lowest tensile
strength reported in this study was approximately 37 MPa.
Such differences are expected since the 3D-printed parts
welded herein have inferior strength than the bulk sheets
and this affects the performance of the hybrid joint. Still, it
provides the ability to join complex geometry parts on the
PMMA sheets. Additionally, it should be noted that in this
study [67], the increase in the RS also resulted in higher-
strength joints, similar to the findings presented herein. The
other study on joining bulk PMMA sheets with the FSW
process [81] uses lower RS values than the current study and
higher TS. Statistical modeling tools and regression were
used, still, the results cannot be compared with the current
findings since the authors provide results in force units and
not in stress units.

5 Conclusions

Herein, the feasibility of producing hybrid joints by welding
3D-printed and bulk PMMA sheets with the FSW process
was proven. An FFD approach was used with two control
parameters (RS and TS) and three levels each. Tensile and
flexural tests were conducted, along with microhardness
measurements, while the thermal properties of the PMMA
grade used were determined. Weld efficiency higher than
1 was achieved by all joints, except the ones welded with
2 mm/min TS, showing the importance of the weld condi-
tions in the performance of the weld. The highest welding

efficiency was achieved in the tensile tests (1.36) by a sample
welded with 900 rpm and 6 mm/min. In the flexural tests,
the highest welding efficiency was achieved by a sample
welded with the same conditions. A 0.98 welding efficiency
was reported, which is more than sufficient achievement.

The increase of TS increased the mechanical strength of
the hybrid joints (a more than 30% difference is reported
between the sample welded with lower and high TS values),
while the increase of RS had in most cases a similar effect.
The morphological examination revealed a good-quality
seam with minimum cavities and defects, while the thermal
property examination verified the solid state of the materi-
als during the FSW process. Regression analysis provided
prediction models for the five metrics studied, i.e., WT,
T-sB, T-E, F-sB, and F-E. To further evaluate the feasibil-
ity of the hybrid PMMA joint, planar two-axis joints were
implemented. It was found that the quality of the seam is
maintained even in these case scenarios; still, the developed
temperatures are higher, especially in the acute angles. Such
hybrid joints significantly extend the functionality of the
PMMA sheets and the applicability of the 3D-printing pro-
cess and have direct industrial application. In future work,
dissimilar material hybrid joints can be tested, along with
more sophisticated modeling tools and additional control
parameters.
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