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There are many possible reasons for low weld strength in FSW of thermoplastic; low thermal conductivity,
high energy losses in friction stir welding (FSW), material spill-out, involvement of high mechanical forces,
etc. To counter strike the above-mentioned issues which weaken the joint’s strengths, two strategies have
been approached. The first approach is based upon the preparation of aluminum (Al) layers-reinforced
Polylactic acid (PLA)/Al composite material which must have high thermal conductivity and crystallinity
for improved heat generation in FSW. In the second approach, the FSW has been performed using a semi-
consumable pin of similar materials which can compensate for the materials loss and void formation during
FSW. Alternating layer composite of (PLA)/Al was manufactured by modified fused filament fabrication
(FFF) 3D printing process then welded by FSW process in next steps. In this study, the FSW process was
performed by using a semi-consumable pin profile of PLA with varying tool rotation speed (TRS) (800,
1100, and 1400rpm), depth of semi-consumable pin (SPD) (2, 3 and 4 mm), and transverse speed (TVS) (20,
30 and 40mm/min). FSW joints were subjected to mechanical (tensile strength, percentage elongation, and
modulus of toughness), morphological (fracture by scanning electron microscopy and surface profiling),
structural (Fourier-transform infrared spectroscopy, x-ray diffraction) for optimizing the FSW process
parameters. Analytic hierarchy process and genetic algorithm are implemented to acquire a single set of
parameters which would result in the best value of tensile properties. The suggested levels are 1400 rpm,
2 mm, and 31.79 mm/min. of TRS, SPD, and TVS, respectively.
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considerations for the FSW process. In recent times, friction
welding of thermoplastics has been one of the most investigated
disciplines in polymer works. Lambiase et al. (2020) made
broad assessment of latter advancements on mechanical
behavior, process parameters, quality assessment and further
scope of expansion in domain in future (Ref 1). Derazkola et al.
(2018) have investigated the influence of pin profiles in FSW.
Three different pin profiles (frustum, triangle and cone) were
used. The best results were observed in frustum-shaped pin
profiles, profile pins having larger surface area formed defect-
free weld and edged type profile represented tunnel defect (Ref
2). Previous investigators have used sheet lamination method of
friction welding for Poly(methyl methacrylate) (PMMA) matrix
reinforced with steel layers. This reinforcement of steel in
PMMA resulted in superior flexural bending, depicted using
ultimate tensile test (Ref 3). It has been studied theoretically
and experimentally the effect of processing parameters like
angle of tool tilt, depth of plunge, tool rotation speed (w) and
transverse velocity. A combination of low tool plunge depth
with low tilt angle offers optimum material flow to form defect-
free joints. By using high tool rotational speed with low linear
velocity, the formation of defects may be minimized (Ref 4). It
has been performed experiments to check the influence of tool
rotation (1000, 1250 and 1600 mm) and transverse speed (25
and 50 mm/min) in FSW of PMMA. The highest flexural and
tensile strength were obtained at transverse speed of 25 mm/
min and 1600 rpm of tool rotation (Ref 5). Previous investi-
gator has developed a relation between process parameters and
polycarbonate sheet material properties after performing FSW.
Effect of plunge depth, traveling speed, tilt angle and tool
rotational speed were investigated. Major observations revealed
in experiment show that at very high and low heat inputs
defect-free welds cannot be prepared (Ref 6). It has been
investigated thermomechanical models using simulation meth-
od. The effect of rotational speed was investigated on
polycarbonate material. It was found that increasing rotational
speed reduces the temperature gradient, resulting in less
probability of crack formation near joint (Ref 7). The study
has been conducted for thermomechanical simulation of FSW-
welded PMMA. Effects of tilt angle and plunge depth were
analyzed, and simulation results disclosed that higher tilt angle
and plunge depth bring about high frictional heat (Ref 8§). The
previous investigators have used 3D thermochemical mechan-
ical numeric model to simulate underwater FSW of a polymer.
Experiments were performed on polycarbonate material to
validate the findings of simulation method. It was found that
crystallinity and chemical changes in submerged state were
lower than the conventional friction weld joint (Ref 9). It has
been used novel powder fed friction stir process, which
facilitates the creation of polymer matrix nanocomposites.
Polycarbonate-based nanocomposites with alumina nanocom-
posites were reinforced and which depicted higher tensile
strength but lesser flexural strength than the polycarbonate
matrix (Ref 10). The previous study has been conducted for
preparation of PMMA reinforced with alumina (20 %vol) using
friction stir welding. Defect-free nanocomposite at optimum
settings ( rotational speed of 1600 rpm and transverse speed of
120 mm/m) was formed. 10%-20% increases in toughness and
strength were observed in comparison with the non-treated
PMMA (Ref 11).

Researchers have extensively used PLA for the development
of composites for various applications by FFF-based 3D
printing. It has been noticed that mechanical, thermal, and
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electrical properties are enhanced with the addition of rein-
forcements with suitable concentrations. FFF has brought a
paradigm shift in rapid tooling, which is further strengthened
by the inclusion of composite materials available for extrusion
(Ref 12, 13). The manufacturing of small/limited size parts is
one of the major issues related to FFF processes. In most of the
commercially available FFF-based 3D printers, there is a
limitation for size which restricts the application domain of the
process, to overcome this issue, FSW of such FFF parts is one
of the foolproof techniques. The implication of FSW for FFF
parts extends the application domain for various sectors.
Recently, researchers have tried to join the FFF parts through
FSW for various structural, automotive, and aerospace appli-
cations. The studies have been performed on welding of
acrylonitrile butadiene styrene (ABS), PLA, and polyether ether
ketone (PEEK) materials extensively (Ref 14, 15). As per the
necessities concern, friction-assisted welding for thermoplastic-
based materials has been explored in the recent past with
maintaining mechanical strength and minimizing defects in
welded products. The unwanted chip formation and uncon-
trolled materials flow are issues that occur due to low heat
formation in the FSW of thermoplastic materials due to low
thermal conductivity itself. To overcome these issues Nath et al.
(2021) and Singh et al. (2020) have suggested the use of the
novel self-heated FSW tool when joining (Ref 16, 17). The
joining of two dissimilar thermoplastics is quite tough due to
the mismatch in their glass transition, melting point, crys-
tallinity, thermal conductivity, and various rheological proper-
ties. It has been explored a way to frictionally weld the two
dissimilar types of thermoplastics (e.g., ABS and polyamide 6
(PA6)) by maintaining the similar melt flow index (MFI) in the
repair of leakages/cracks in oil/gas pipelines (Ref 18). Using
the consumable tool of the MFI compatible thermoplastic is one
of the alternative ways to join thermoplastics with maintaining
good mechanical properties and very few defects (Ref 19, 20).
Lambiase et al. (2020) have been reported varying the tilt angle
in FSW of polycarbonate (PC) sheets helps in controlling the
defects (Ref 21). Sharma et al. (2020) have been studying the
effects of the tool speed, transverse speed, and pin profile
(cylindrical, threaded, and conical) on the tensile strength of the
PLA welds manufactured by the FSW process (Ref 22). Since
PLA is one of the most economical and easily available
thermoplastics materials with good mechanical properties, it
has been used in various scaffolding applications. FSW of 3D
printed PLA structure may be used in biomedical applications
for repair/surgery prospective. The mechanical properties of
friction-welded metal matrix composites, powder metals,
titanium alloys, and copper alloys are extensively studied in
the last three years. However, it can be deduced that minimal
work has been done using Al particles and especially hybrid
metal sprayed/FFF process. In recent years FFF-based tech-
niques have been employed for the 3D printing of PLA-based
thermoplastics composites for applications in medical, engi-
neering, and biomedical applications (Ref 23-26). The evolu-
tion of such techniques can be very helpful for repairing
scaffolds by FSW practice.

Literature is evident that PLA-based thermoplastic compos-
ites material has a great range of functionalities for its
applications in automobile, aerospace, construction, biomedi-
cal, tissue engineering, packaging, robotics, electrical and
sensors, and frequency shielding applications. AM technologies
have emerged as established tools for processing PLA-based
composites in such applications. FSW of those AM components
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is highly appreciated for such application. Previous studies
have reported FSW of AM thermoplastic composites with the
investigation of mechanical, thermal, and morphological prop-
erties. But to maintain the sustainable mechanical properties of
FSW, welded AM components have been less reported. The Al
film deposition method has been applied in between the PLA
matrix for modifying the tensile properties and to support better
heat generation/materials flow in this study.

2. Materials and Method

In this study, hybrid PLA/Al composite structures were
prepared using 1.75mm PLA feedstock filaments (Make:
Shenzhen Sunhokey Electronics Co., Ltd, Shenzhen, China).
The properties of PLA are given in Table 1. The density of
natural PLA polymers is 1.210-1.430 g/cm®, and tensile
strength varies between 61 and 66 MPa. The glass transition
temperature is 50-80 °C and melting temperature varies
between 130 °C and 180 °C. The method for manufacturing
hybrid structures has been adopted from studies conducted by
Kumar et al. (2020) (Ref 27, 28). The Al metal spray deposited
in between the additive layers was procured in the form of
compressed liquid (Make: Wurth India Ltd, India). Al metal
spray was specified with 50um dry layer thickness and density
of 1.15 g/em®. Al metal spray consists of 99.9% commercially
pure Al particles mixed in acrylated alkyd resin and is
recommended to use up to 250°C temperatures (Ref 29).

The SEM and energy-dispersive x-ray spectroscopy (EDS)
analysis of Al metal spray has been performed to check the
size, shape and composition of the Al spray selected as the
reinforcement material (Please see Fig. la and b). The data
reveal that size of the Al spray ranged between 2.068 and
7.121 um with irregular round shape formation. The Al spray
consists of 75.51% (mass%) Al and 24.49% (mass%) of
Oxygen.

For this research study, firstly hybrid composites structures
of PLA and Al have been prepared using a modified FFF
process in the rectangular substrate and cylindrical semi-
consumable pin profiles that are shown in Fig. 2(a) and (b). In
Fig. 2(c) it has been shown that a semi-consumable pin profile
was fixed in the shoulder of the FSW setup. Figure 2(d) shows
the welded PLA and Al hybrid structure by the FSW process.
Further, the welded structures were processed and cut into the
required dimension for mechanical (tensile properties), mor-
phological (SEM and optical microscopy), and structural (XRD
and FTIR) properties investigations.

Table 1 Physical and thermal properties of PLA

Properties Value Refs.
Density 1.210-1.430 g/em® 30
Tensile strength 61 MPa-66 MPa 31
Glass transition temperature 50-80 °C 32
Melting temperature 130-180 °C 33
Recommended printing temperature 180-230 °C 34
Recommended printing speed 30 mm-90 mm/sec 35

Viscosity 0.265-0.467 M Ps-s 36
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3. Experimentation

3.1 Composite Development

Figure 3 depicts schematics of the hybrid FFF process to
form PLA/AI layers of composites structures. A commercial
FFF-based 3D printer (Make: Pruss i3: Model: MK2, maximum
nozzle temperature: 400) was used to manufacture the PLA/AI
composite structure. The processing method for composite
formation has been adopted from the previous studies con-
ducted by Kumar et al. (2020) (Ref 27, 28). Al metal spray
supplier claimed 50um layer thickness of Al metal spray
deposits in one complete back and forth motion (Ref 29).
Kumar et al. (2020) have been suggested that the mechanical
properties of PLA/Al composite structure are maximized if it
processes by keeping 100% infill density and 60 °C, barrel
temperature, 0.1 mm layer thickness, 3 number of outer
perimeters, 45°Infill angle, rectilinear fill pattern, 0.4 mm
nozzle diameter with 5 number of in-between spray layers (Ref
28). Also, a stand-off distance of 150 mm has been maintained
between the substrate and spay cylinder during the spraying
process. The static stand-off distance has been maintained
during the spraying process to ensure the uniform deposition of
the Al on the PLA surface. On the suggested FFF parameters,
PLA/ALI substrates have been prepared in 60mm x30mm x4mm
dimension sheets. The cylindrical semi-consumable pin profile
(diameter: 3mm and length: 50mm) was also prepared using
similar FFF process parameters.

(a)
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Fig. 1 (a) SEM micrograph of al spray and (b) EDS plot of Al
spray
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(a) 3D printed PLA-Al
composites substrates

(€) Joint after FSW of PLA-Al

(b) 3D printed PLA semi-
consumable pin profile

(d) FSW of PLA-Al substrates
with semi-consumable pin

Fig. 2 Process methodology for FSW of PLA and Al composite structures (a) 3D printed substrate, (b) 3D printed semi-consumable pin profile,

(c) Working procedure of FSW, (d) FSW manufactured joint
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Fig. 3 Schematic for manufacturing of PLA/Al composite structures

150mm

3.2 FSW of PLA/AlI Composites

A vertical milling setup (Customized with maximum TRS:
2000 rpm; maximum TVS: 100mm/min)) configured with
electronic tool rotation speed control has been used for FSW of
PLA/ALI substrates. The tool’s shoulder-pin arrangement has
been modified in a way so that it can increase or decrease the
length of the pin profile exposed interface of substrates. The
shoulder has been configured with a facility to lock and unlock
the pin profile from both directions (from up and side). Inserted

2394—Volume 31(3) March 2022

<+—— PLA feedstock filament

PLA/AI composite sheet

pin profile was tightened by a screw lock from both sides of the
shoulder. In this study, the shoulder diameter was fixed to
20mm, and a cylinder PLA pin of 3 mm was fixed to it (see
Fig. 4).

In the FSW, there is a significant material loss occurs during
the process due to shoulder movement, which pushes materials
to flow outside to the interface. The aim of facilitating the semi-
consumable to regulate the materials flow at the interface
during the FSW process to restrict the void and crack formation
since materials usually spill out to the outer side of the
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Tooling with semi-consumable pin

PLA-Al substrate

Stirred region

PLA-Al substrate

FSW with semi-consumable tool

Pin-holding arrangement for semi-
consumable pin

L

Tooling arrangement with semi-
consumable tool

Fig. 4 Schematic for FSW of PLA/AIl composite substrate using semi-consumable PLA tool

Table 2 Experimental design for FSW of PLA/AI
composites

Sample No. TRS SPD TVS

1 800 rpm 2 mm 20 mm/min
2 800 rpm 3 mm 30 mm/min
3 800 rpm 4 mm 40 mm/min
4 1100 rpm 2 mm 30 mm/min
5 1100 rpm 3 mm 40 mm/min
6 1100 rpm 4 mm 20 mm/min
7 1400 rpm 2 mm 40 mm/min
8 1400 rpm 3 mm 20 mm/min
9 1400 rpm 4 mm 30 mm/min

interface. This modified shoulder-pin setup regulates the flow
of PLA to the interface of PLA/AI substrate to minimize the
defects caused by materials spill-out.

FSW for joining 3D printed PLA/Al substrates was
performed as per the design of the experiment given in Table 2.
FSW parameters such as TRS (800, 1100, and 1400 rpm), SPD
(2, 3, and 4 mm), and TVS (20, 30, and 40 mm/min) have been
controlled to execute joining. The range of TRS was selected
based upon the fact that below 800 rpm it was unable to get a
well-mixed stirred region (defected weld joint), and above 1400
rpm, it degraded the substrate due to high heat generation
(defected weld joint). The maximum SPD was selected upon
the thickness of the PLA/AI substrate (4 mm). The PLA pin
was filled to half (2mm), three fourth (3 mm), and full profile (4
mm) of the PLA/AI substrates. The level of TVS was selected
based upon the pilot experimentation. Below 20 mm/min TVS,
welded pieces were observed with some degradation, whereas
above 40 mm/min, it has appeared with non-mixed joint
interfaces.
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PLA/Al
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Fig. 5 FSW-welded joint claimed to jaws of UTM

3.3 Mechanical Gharacterization

3.3.1 Tensile Testing. First, FSW-welded joints were cut
into the required shape for tensile testing. Then, a universal
testing machine (make: Shanta Engineering) of 5000N maxi-
mum load capacity has been taken to fracture the FSW-welded
samples. A strain rate of 50 mm/min with grip separation of 52
mm was maintained for tensile fracture of FSW samples.
Tensile testing was conducted to obtain the results in the form
of the ultimate tensile strength (UTS), fracture tensile strength
(FTS), percentage elongation at break (PEB), and modulus of
toughness (MOT). Figure 5 shows the fixture of tensile testing
on which upper and lower jaws hold the sample. It should be
noted that each joint has been tested three times to minimize the
experimental errors.

3.4 Morphological Characterization

The morphological characterization has been performed to
investigate the fracture mechanism by SEM, structural and
compound identification by XRD, and FTIR.
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3.4.1 SEM. FSW-welded PLA/Al composites joints that
underwent tensile fractures were analyzed by SEM. Micro-
graphic observations have been taken to investigate the effect
of conducting FSW process parameters on joint strength. SEM
setup (Make: Jeol, Japan; Model: JSM: IT 500) has been used
to take the photomicrographs of fracture joints at x25 and x50
magnifications. The observations were taken under vacuum
mode while providing a power supply of 15V. It should be
noted that an EDS extension of SEM was used for the
identification of elements at the fracture region.

3.42 XRD. XRD is a rapid analysis method that can
provide information on unit cell dimensions and is mainly used
for the phase identification of crystalline materials. Construc-
tive interference of monochromatic x-rays and a crystalline
sample is the basis of XRD. A cathode-ray tube produces the x-
rays, which are then filtered to produce monochromatic
radiation, collimated to focus the beam, and guided at the
sample. When Bragg’s Law (nA=2d sin0) is satisfied, positive
interference (and a diffracted ray) results from the interaction of
incident rays with the sample. The wavelength of electromag-
netic radiation is related to the diffraction angle and lattice
spacing in a crystalline sample by this law. The observed,
processed, and counted diffracted x-rays are then analyzed. Due
to the random orientation of the solid and powdered material,
scanning the sample across a range of 20 angles should yield all
possible lattice diffraction directions. Since each material
(metal, polymer, or any minerals) has its own set of d-spacings,
converting the diffraction peaks to d-spacings allows mineral
identification. This is usually accomplished by comparing d-
spacings to regular reference patterns. The generation of x-rays
in an x-ray tube is the basis for all diffraction methods. The
diffracted rays are obtained after the x-rays are focused on the
sample. The angle between the incident and diffracted rays is a
critical component of all diffraction. Beyond that, the instru-
mentation for powder and single-crystal diffraction differs.

In this study, D8 ADVANCE ECO (manufactured
by—BRUKER; Billerica, Massachusetts, United States) has
been used to analyze all three samples (Neat PLA, best tensile
strength joint, and least tensile strength joint). In this research
work, 20 angles vs. intensity graph have been plotted with a
wavelength value of 1.54060A. As the sample and detector
were rotated, the intensity of the reflected x-rays was recorded.
Data have been collected at 20 range from ~10° to 100.397°
angles. By using the XRD method, %age crystallinity and
%age amorphous have been calculated. XRD measured the
crystal structure of all three joints samples with Cu-Ko
radiation (wavelength (L) = 1.54060A) at 40 kV and 25 mA.

3.4.3 FTIR. IR spectroscopy based upon Fourier trans-
formation was performed for neat FSW PLA sample, best and
worst FSW PLA composite samples using Analytical INFRA
3000B FTIR spectrometer. The infrared rays fall over the cross-
sectional surface of FSW PLA, sample 2 and sample 7 obtained

Cross section of

FSW sample Incident IR rays

Fig. 6 Schematics for FTIR of FSW PLA samples
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after performing UTM testing. Figure 6 shows the schematics
of FTIR testing of FSW specimens. The changes produced in
bonding characteristics of PLA before and after coating were
obtained.

3.4.4 Surface Rendering. The photo-micrographic
observations were taken through SEM and were further
processed through a surface rendering software package
(Gwyddion, version: 2.56). This analysis has been done to
investigate the fracture surface morphology and ideas about
failure fashion (ductile vs. brittle fracture). The rendering of
photomicrographs has been performed using the smoothening
filter of full-width half maxima (FWHM). The FWHM has been
calculated by using a standard deviation (o) in the fracture
surface. The mean of a mean of distribution has been assumed 0
for the rendering of the surface. See the given expression (Eq 1)

FWHM = 2,/(2In2)6 = 2.3548¢ (Eq 1)

4. Results and Discussion

4.1 Tensile Properties

The tensile loading on PLA-/Al-welded parts has resulted in
a complete fracture from the interface of joints. The observa-
tions have been taken in the form of UTS, FTS, PEB, and MOT
(see Table 3). It has been observed to have maximum UTS
(34.63 MPa) and FTS (31.17 MPa) for sample 7, whereas
minimum UTS (5.72 MPa) and FTS (5.15 MPa) for sample 2.
The tensile strength in the case of sample 7 was exhibited due
to the combination of higher TRS (1400 rpm) and TVS (40
mm/min), which provided better heat generation at the joint
interface to promote the stirring/fusion. On the other hand,
insufficient heat formation due to lower TRS (800 rpm) and
TVS (30 mm/min) was unable to produce adequate heat for
stirring, so that it has been observed as minimum tensile
strength for sample 2. The maximum strength has been
observed for sample 7, so that neat PLA materials have also
been welded on the same parametric setting. UTS (22.15 MPa)
and FTS (19.83 MPa) of neat PLA were observed less than
PLA/AL joints of sample 7. Higher UTS and FTS in the case of
PLA/AI sample compared to the neat PLA sample due to the
addition of in-between Al layers. The addition of Al layers may
have contributed to the higher heat formation (due to higher
thermal conductivity of Al) during the FSW process, which
encouraged the better fusion of the joints. There may be more
possible reasons for getting higher strength for sample 7 as
compared to the neat PLA sample and other samples. The low
thermal conductivity of neat PLA is one of the reasons that is
why lower tensile properties have been observed. Moreover, the
Al reinforcement in the case of PLA/Al composition of sample
7 has increased the crystallinity so that it has attained the
maximum tensile strength. Despite this fact, the right process
parametric combination in the case of sample 7 has also
increased the uniformity/dispersion of Al which leads to better
heat generation resulting in higher tensile strength. The
involvement of proper heat generation at the interface of the
joints has smoothened the materials flow which provided the
adequate mechanism for control of materials flow in case of the
sample which has higher tensile strength. On the other hand,

Journal of Materials Engineering and Performance



Table 3 Tensile properties of PLA/Al joints

Sample UTS, MPa FTS, MPa PEB, % MOT= (1/2x UTS X strain at PEB), MPa
1 2347 + 0.24 21.12 £ 0.25 5+0.0 0.608
2 5.72 + 0.04 5.15 £ 0.05 1£0.0 0.019
3 14.94 £+ 0.12 13.44 £+ 0.11 2+£0.0 0.154
4 30.57 £ 0.42 27.51 + 0.40 4+£0.0 0.686
5 5.92 £ 0.08 5.33 £ 0.09 1£0.0 0.030
6 11.9 £ 0.21 10.71 £ 0.22 3+£00 0.184
7 34.63 + 0.78 31.17 £ 0.76 4 +£0.0 0.657
8 6.71 £ 0.18 6.04 £ 0.16 1400 0.034
9 13.53+ 0.20 12.18 + 0.21 2 £0.0 0.163
Neat PLA joint 22.15+ 0.24 19.93 £ 0.25 4+ 0.0 0.460
Results of tensile properties are the average of three repeated experiments
40.0
30.0 -
4
Tensile
strength 209 q
(MPa)
10.0
0.0 To0s  oon2 o018 00% o000 0036 0082 0048 0054 0060

Fig. 7 Stress vs. strain curves of fractured PLA/AI joints

the strength of sample 2 has been observed due to that low
rotational speed is unable to produce adequate heat to regulate
the materials flow which leads to weakening the tensile
strength.

Figure 7 shows the stress vs. strain curves for fractured
PLA/ALI joints. The MOT is the measure of how much joints
can sustain if crash loading is applied. The better resistance
against crashes makes welded joints more acceptable for
structural/construction applications. It should be noted that
MOT is dependent on the value of both UTS and PEB. As the
value of UTS and PEB is given in Table 3, the MOT of the
joints has been calculated. It has been observed to have
maximum MOT in sample 7 (0.657 MPa) and minimum in
sample 2 (0.019 MPa). The results show that sample 7 has
maximum resistivity against crash loading.

4.2 Surface and Fracture Morphology of Welded Pieces

4.2.1 Optical Photomicrographs of a Stirred Surface
Region. Figure 8 shows the optical photomicrographs of
stirred surfaces of PLA/AI joints manufactured by the FSW
process. A non-uniformly mixed surface with broken/cracked
layers has been noticed in the case of sample 2 to identify the
cause for minimum UTS and FTS. Also, the surface of welded
sample 2 can be considered defective due to a lack of heat
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generation at the interface (primarily due to low TRS of tool:
800rpm). The stirred surface in the case of welded sample 7 has
been noticed with well-established structures of uniform mixing
with minimum surface defect (low porosity and cracks), which
confirms the causes for getting maximum UTS and FTS in the
case of welded sample 7. The well and uniform surface/
interface mixing were possible due to the high TRS of pin
profile (1400 rpm) in the case of sample 7, which provided
adequate heat generation for well stirring. Similarly, UTS and
FTS of sample 5, sample 6, and sample 8 have been noticed
similar to sample 2. It can be observed from the photomicro-
graphs of sample 5, sample 6, and sample 8§ that the mixing of
surfaces was not proper due to variation of input process
parameters. These parametric combinations have led to the
generation of porosity and cracks (due to improper mixing) on
the surface, which minimized the UTS and FTS values. On the
other hand, uniform mixing has been noticed in sample 1,
sample 3, sample 4, and sample 9, with the low significance of
cracks and porous holes, confirming higher UTS and FTS. The
formation of void and cracks mainly occur due to improper
materials flow during the stirring process in FSW. Materials
flow is controlled by the action of heat generation due to
parametric combination, the thermal conductivity of the
materials, and temperature-dependent rheology. In this case,
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Fig. 8 Optical photomicrographs of stirred surfaces of PLA/AI joints (x20 magnification)

inadequate heat generation caused by low TRS (800rpm) has
maximized the formation of the voids in the case of joint
sample 2. In the case of the neat PLA sample, low thermal
conductivity and low crystallinity were responsible. Voids and
cracks are visible in micrographs of joint sample 2 and neat
PLA joints (see Fig. 8). On the different aspects, adequate heat
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was generated in the case of joint sample 7 which maximized
the tensile strength. This prediction for varying tensile strength
of joints may be predicted from the flow pattern. The flow
pattern of sample 2 looks broken due to the improper heat
generation, mainly due to low tool speed and intermediate pin
depth (3mm) which restricted the uniform flow of material

Journal of Materials Engineering and Performance



Fig. 9 Cross-sectional view of welded (joints) sample 2 and sample 7

during FSW. On the other hand, low pin depth (2mm) may have
been smoothening the flow (Also confirmed from the optical
micrograph).

The formation of sound joint by FSW process of polymers
or polymeric composites is highly dependent upon the selection
of the process parameters. The right selection of levels of FSW
process parameters more or less decides the quality of the weld,
plus defects may be minimized if selection becomes optimum
(Ref 37-42). In this study, the TRS (800rpm) with 3mm pin
depth resulted in the flow of materials outside the stirred region
which has been resulted in the excessive flow of the materials
during FSW in case of sample 2 (see Fig. 9), whereas the
control flow of materials has been observed with high TRS
(1400rpm) and low depth of pin profile in case of sample 7.
This may be due to the fact that low depth of pin profile has
resulted in the controlled flow of materials during FSW toward
reducing the defect formation caused by restricting excessive
materials flow.

4.2.2 Fracture Morphology by SEM Photomicro-
graphs. The SEM photomicrographs reveal the proper expla-
nation of why UTS and FTS were observed maximum for
sample 7 and minimum for sample 2. The photomicrographs of
fractured joints of neat PLA have also been compared with
these two for understanding the role of reinforcing Al and
varying process parameters (refer to Fig. 10). In FSW, the joint
strengths are mainly dependent upon a few factors such as
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control of materials flow during stirring, the impact of varying
process parameters, control over adequate heat generation, and
materials properties like thermal conductivity, crystallinity,
glass transition temperature, melting temperature, etc. Low
thermal conductivity and low crystallinity are major problems
associated with the thermoplastic materials which minimized
the joint strength if manufactured by the FSW (Ref 43, 44). The
low thermal conductivity and crystallinity restrict the control of
materials flow in FSW process. Low thermal conductivity and
low crystallinity cause inadequate heat generation during FSW
which minimized the mechanical strength. Also, inadequate
heat generation and uncontrolled materials flow leads to the
formation of large voids and cracks which lower the mechan-
ical strength of the joints. To counter the above-mentioned
issues which weaken the joint’s strengths, two strategies have
been made. Firstly, the Al layers have been deposited in
between the PLA layer to enhance the thermal conductivity and
secondly the FSW has been performed using a semi-consum-
able pin of similar materials which can compensate for the
materials loss and void formation during FSW (Ref 28, 45).
In the case of fracture of neat PLA joints, a range of cracks
has been observed with some surface asperities in the form of
porous holes. This is caused by less heat formation during the
stirring process due to the no reinforcement of Al metal. Similar
observations have been observed for sample 2, in which non-
mixed layers and surfaces have been observed. Also, the more
magnified photomicrographs of sample 2 signified the forma-
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Fig. 10 SEM photomicrographs of fractured surfaces of FSW-welded neat PLA, sample 2 and sample 7

tion of porous and blowholes which have been caused due to
the low heat formation at the interface of the joints due to low
TRS (800 rpm). On the other hand, the well-structured/pat-
terned fracture has been observed in the joint of sample 7 which
confirms the high UTS and FTS. Also, there are insignificant
holes/pores/blowholes/cracks that have been observed in the
case of the fractured joint of sample 7. Photomicrographs of
fractured FSW-welded samples were processed through the
Gwyddion 2.56 software package to investigate the fashion of
fractures upon tensile loading (see Fig. 11). The rendered
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photomicrograph of fractures neat PLA joint has been observed
with a sign of some stretched pores. There are two thick lines
along the surface that signify the chances of non-mixing and
crack formation due to less heat at the interface. But the
involvement of high TRS of pin profile has been contributed
likely for some extent of good mixing of PLA polymers. In the
case of fractured fractures, the surface of sample 2, there is
brittle fracture-like fashion has been observed with less
significance of pore formation due to stretching by tensile
loading.
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Fig. 11 Rendering of fractured surfaces of welded joints

The high formation of defects in sample 2 is primarily due to
the low TRS, which contributed to less heat generation for
stirring/mixing of polymer. On the other hand, the fracture
fashion of welded joint of sample 7 has been observed with
pure brittle fracture. It has been observed several pores/
stretched parts on the fractured joint, which contributed to
better resistance against tensile loading in sample 7.

4.2.3 EDS. Figure 12 shows the EDS plots for fractured
joints of neat PLA joint, sample 2 and sample 7. The EDS
observations have been taken as confirmatory for variation over
tensile properties. In the case of the fractured joint of near PLA,
there is a high atomic carbon content (40.46 + 0.77%) which
must lead to hardening of surface to that fractured against less
tensile loading; on the other hand, the presence of Al (3.89 +
0.28%) in case of sample 7 has been led to increased heat
formation which contributed toward better tensile properties.
Comparing carbon content in sample 2 (38.10 £+ 0.63%) and
sample 7 (34.74 £ 0.28%), the higher carbon presence in
sample 2 made the stirred surface hard and reduced the better
stirring so that mechanical properties have resulted in mini-
mum.
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4.3 XRD

XRD measured the crystal structure of all three joints
samples (neat PLA joint, sample 2, and sample 1) with Cu-Ka
radiation (wavelength (L) = 1.54060A) at 40 kV and 25 mA.
The diffraction patterns were collected at an angle, 20 between
10 and 100.397° at a 5°/min scanning rate. It has been observed
that joint of sample 7-based sample exhibits a maximum of 10
peaks (12.991°, 14.120°, 17.242°, 22.322°, 26.598°, 27.775°,
29.351°, 30.346°, 64.240°and 77.426°), whereas sample 2
exhibited five peaks (17.192°, 26.900°, 28.048°, 64.303°, and
77.500°) and neat PLA sample exhibited has only two peaks
(28.079° and 77.340°). According to the standard database
(PDF 00-064-1624) for PLA thermoplastic polymer with space
group R-3(148) and a(A): 10.653; b(A): 6.131; c(A): 28.810; a/
b: 1.73756 and c/b: 4.69907 has been compared (Fig. 13).

Based on the database, it is noticed that all the peaks in each
sample are matched with PLA thermoplastic polymer database
with very marginal shifting that confirms the PLA polymer
present in the samples. The crystal size, the ratio of crystalline
to amorphous regions, the distance between the crystal planes,
crystal arrangement pattern, and crystalline structure are all
evaluated using XRD. This means that the XRD technique can
monitor structural changes in crystalline materials caused by
blending with other materials. As per previously reported work,
PLA thermoplastic polymer has different crystallinity %age
values as per thermal and other external factors (Ref 46). As per
data given in Table 4, neat PLA has 25.30 % crystallinity,
whereas sample 2 and sample 7 has 31.20% and 41.30 %
crystallinity value. According to previously reported work,
crystallinity directly affects the tensile strength (higher crys-
tallinity has higher tensile strength) of that is a polymer. In the
crystalline phase, the intermolecular bonding is more signifi-
cant and supports the tensile testing results given in Table 2
(Ref 47). The higher crystallinity in the case of sample 7 has
been assured the higher tensile strength, refer to Table 4.

4.4 FTIR

The FTIR spectrum based upon absorbance of IR rays by
FSW PLA specimens is shown in Fig. 14. A significant
variation in absorbance was obtained for incident IR waves
with wave number (WN) ranging from 500 to 4000cm™.
Absorbance spectrum of PLA (Fig. 12a) outlined that signif-
icant chemical structural changes were observed in FSW
sample 2 (Fig. 12b) and sample 7 (Fig. 12c) at three distinct
points, i.e., 3857cm’!, 2340cm™ and 1125cm™ WN as com-
pared to base polymer matrix. At 3857cm™ WN, a sharp peak
shows the strong bonding of C=0 in PLA. A slight shift in the
peak at same WN range highlights the dislocation of C=0 bond
from its original position due to which weak mechanical
strength was obtained in sample 2. The shifting of peak
corresponds toward asymmetrical stretching of bonds that may
result due to the formation of new bonds between the Al and
C=0 functional group present in PLA. The absorbance peaks at
2340cm™ WN in Fig. 12(a) corresponded toward the excitation
of C-H functional group of FSW PLA, whereas Fig. 12(b)
shows that the absorbance of IR rays decreased in same WN
range for C-H group in case of sample 2. On the other hand,
better processing conditions improved the absorbance peaks for
C-H group of FSW composite as Fig. 12(c) shows that strong
peaks were obtained for sample 7. Also, FSW PLA and its
composite samples outlined the formation of a strong aldehyde

Volume 31(3) March 2022—2401



5 400 — Element Mass% Atom% Spc_001
€ C 33.78+0.64 | 40.46=0.77
8 500, L;!(ai.‘ 0 | 66222170 | 59542153
z oxal Total 100.00 100.00
§ 200 —{ity
E
100 — Neat PLA
0 — #“1“"1‘“!*‘[‘ — ‘ﬁ'*’#f“' b e e B I L 2 E I*
0 5 10 15 20
Energy [keV]
v Mass% Atom% Spc_001
§ 30.79=0.51 | 38.10=063
9 62.89=1.18 | 58.42=1.10
2 6.32=0.34 | 3.48=0.19
< 100.00 100.00
5
Sample 2
S ————r— ——
0 S 10 15 20
Energy [keV]
— 1
£ Element Mass% Atom% Spe00
3 C 27.74=0.22 | 34.74=028
Y [6) 65.29=0.51 | 61.38=048
z Al 6.97=0.13 | 3.89=0.07
§ Total 100.00 100.00
£
Sample 7
T T T T T T T I T T T T T T T T ‘]—
S 10 15 20
Energy [keV]

Fig. 12 EDS on the fractured joint of neat PLA joint, sample 2 and sample 7

functional group at 1125 cm™ WN. With improved TRS and
TVS conditions, the absorbance peaks at 1125 cm” WN
significantly increased for sample 7, whereas no large shift was
observed in PLA and sample 2 for same 1125¢cm™ WN range. It
may be stated that several Al spray coatings played a less
significant role in improving the bonding properties of the FSW
PLA matrix. On the other hand, fixing processing conditions,
i.e., TRS, depth of pin, and TVS of FSW, may be more
responsible for imparting better mechanical properties to the
specimens. On behalf of FTIR analysis, adequate bonding
strength in sample 7 was achieved due to higher TRS (1400
rpm) and intermediate TVS (40 mm/min).

4.5 Optimization of Tensile Properties

The hybrid multi-objective optimization for tensile proper-
ties (UTS, FTS, PEB, and MOT) has been executed in the
process shown in Fig. 15.

4.5.1 Regression Analysis. Regression analysis is one of
the most widely used techniques for interpreting variable data
to deliver a good analysis and optimization strategy. The
regression analysis is thus a combination of statistical methods,
facilitating the estimation of relationships between a dependent
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variable and independent variables. In regression analysis, the
outcome is predicted by the values of covariates or predictors. It
can be used to determine the strength of the relationship
between variables and find out the forthcoming relationship
between them. Regression analysis may have variations, such
as linear, multiple linear, and nonlinear. Linear and multiple
linear are the most common methods. The mathematical model
defines a relationship between independent and response
parameters as shown in Eq 2:

Y =Byt D BixCit Y Bix Cli+ >y x CiCy
(Eq 2)

Equation 2 can be written for six variables as shown in Eq 3,
where Cq, C,, Cs, C4, Cs, Cg are the process parameters, and Y
denotes the response parameters.

Y = o+ B1BC, + BrCy + B3C3 + B4Ca + BsCs + B Cos
+ B7C1 x C

(Eq 3)

In this research, there are three input variables, whereas
UTS, FTS, PEB, and MOT are output parameters. Four single
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Table 4 XRD observations of neat PLA joint, sample 2,
and sample

Neat PLA Sample 2 Sample 7
Crystallinity (in %age) 25.300 31.200 41.300
Amorphous (in %age) 74.700 68.800 58.700
Peak Angle (20) 12.991°
14.120°
17.192° 17.242°
28.079° 26.900° 22.322°
77.340° 28.048° 26.598°
64.303° 27.775°
77.500° 29.351°
30.346°
64.240°
77.426°

objective functions are developed, one for each output, using
regression methods.

UTSmax = 114.9 +0.027924 — 88.95B + 1.204C
+0.0000044 x 4 + 15.38B x B — 0.01900C x C
—0.010374 x B 4 0.0000034 x C

(Eq 4)

FTSymax=103.4+0.025104 —80.02B
+1.083C +0.0000044 x4 +13.84Bx B
—0.01712C x C —0.0093334 x B+0.0000044 x C

(Eq5)
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PEBpmax =29.04 4+-0.0001854 —13.83B
—0.3556C —0.0000024 x A +2.167Bx B
+0.003333C x C —0.0000004 x B+40.0001114 x C

(Eq6)

MOTnmax =3.3894-0.0009564 —2.472B
+0.01378C —0.0000004 x 4 +0.3833B x B
—0.000213C x C—0.0000664 x B —0.0000024 x C

(Eq7)

4.5.2 AHP. AHP is a mathematical tool of problem-
solving, organizing, and analyzing complex decisions, using
math and psychology It was developed by Thomas L. Saaty in
the 1970s and has been refined by many researchers since then
and became popular in the late 1990s and early 2000s. AHP
provides a logical framework for a requisite result by quanti-
fying its criteria and alternative options and associating those
elements with the overall goal. Table 5 shows the amount of
subjective weight for each property.

Objective weights of attributes can be determined using the
statistical variance concept. The steps involved in finding the
values of objective weights are mentioned below:

i. Step 1 Decision matrix: The values of attributes in a tabu-
lar form

ii. Step 2 Normalized matrix: The normalized matrix can be
developed using Eq (8)

rij = aij/ Y aij (Eq 8)

where aj; = decision matrix; n = number of entries in the column
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Fig. 14 FTIR-based absorption spectrum of joints sample of neat PLA (a),

Table 5 Subjective weights for tensile properties

sample 2 (b) and sample 7(c)

Table 6 Objective weights for tensile properties

UTS FTS PEB MOT Subjective Weights UTS FTS PEB MOT
UTS 1.00 1.00  3.00 0.50 0.23 Equal Weights 0.25 0.25 0.25 0.25
FTS 1.00 1.00  3.00 0.50 0.23 Subjective Weights 0.24 0.24 0.09 0.43
PEB 0.33 033  1.00 0.25 0.16 Objective Weights 0.19 0.19 0.16 0.46
MOT 2.00 2.00 4.00 1.00 0.38 Hybrid Weights 0.23 0.23 0.16 0.38

iii. Step 3 Compute the values of statistical Variance: The

values of statistical variance (Vi) are found using Eq (9):

1< 2
N T oo
=D i i mean) (Eq9)

iv. Step 4 Determine objective weights: The objective
weights (;) are computed using Eq (10);
Vi
Wi=—— (Eq 10)
Vi
i=1

The hybrid weights are computed using the geometric mean
of AHP and Equal weights. Each value of the geometric mean
is divided by the sum of all geometric values. The objective
weights assigned to different response parameters are shown in
Table 6.

Zyvin 1s the goal to attain the maximum values of all
response parameters. It can be defined by given Eq (11).
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Zyin=—W;(114.9 +0.027924 — 88.958 + 1.204C
40.0000044 x A +15.38B8 x B—0.01900C x C —0.010374 x B
40.0000034 x C) — —W5(103.4 40.025104 — 80.02B
+1.083C +0.0000044 x A +13.848 x B—0.01712C x C
—0.0093334 x B+0.0000044 x C) — ¥329.04 +0.0001854
—13.838 —0.3556C —0.0000024 x A +2.167B x B-+0.003333C x C
—0.0000004 x B+0.0001114 x C — W,(3.389 +0.0009564
—2.472B+0.01378C —0.0000004 x A+0.3833B x B—0.000213C x C
—0.0000664 x B —0.0000024 x C)

(Eqll)

4.5.3 GA. GAs is search and optimization techniques
based on genetics and natural selection. It has been successfully
applied to a broad range of real-world problems of high
complexity. A GA can be used for solving both constrained and
unconstrained optimization problems. The algorithm generates
a group of points at every iteration. The best point in the group
formulates an optimal solution. GA provides a list of reasonable
solutions rather than one single solution in a faster and more
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efficient manner when compared to the other traditional
methods. It is useful when the search area is very large and
has a large number of involved parameters. The steps required
for the implementation of GA are shown in Fig. 16.

Table 7 displays the single and multi-objective goals for
response parameters. In the case of a single objective, it is
required to maximize all four tensile properties. On the other
hand, the purposes of multi-objective optimization are to
minimize as equal weights are assigned to all the response
parameters. It can be noticed that the values of TRS, SPD, and
TVS are the same during UTS maximization and multi-
objective using AHP weights. Generally, the optimum value of
TRS remains the same for all the conditions except the single
objective optimization of FTS and PEB. Also, the value of SPD
is the same for all the conditions, whereas TVS is also
approximately the same except for a single objective PEB. The
optimized levels of input parameters can be used to attain
desired results as per goal, such as single objective or multi-
objective.

The number of iterations performed by GA is vital to notice
as this defines the complexity of the optimization problem. The
lesser number of iterations indicates a simple and easy solution,
whereas higher values of generations imply the complex nature
of the problem. Figure 17 shows the best, mean and worst
values attained at different iterations during multi-objective
optimization. It can be noticed that best fitness and mean fitness
values are achieved at generations lesser than 100. Also, the
best, worst, and mean scores are attained in less than 100
generations which implies the average complexity experienced
while finding appropriate solutions to the optimization problem.

Figure 18 plots the response surface plots depicting the
impact of TRS and TVS on FTS. It can be observed that both
extreme levels of TRS lead to an increase in FTS, whereas the
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Table 7 Single and multi-objective optimization results

Optimization Notation @ TRS SPD TVS
Single objective UTSmax  1400.00 2.00 31.79
Single objective FTSmax  1358.15 2.00 31.30

PEBpax  800.00 2.00 20.00
MOTyax  1400.00 2.00 31.93

Single objective

Multi-objective using Equal
weights

Multi-objective using AHP ZnviN
weights

Multi-objective using Objective  Zyn
weights

Multi-objective using Hybrid
weights

1400.00 2.00 31.79
1400.00 2.00 31.85

ZymiN 1400.00 2.00 31.85

medium level of TRS results in decreased value of FTS. On the
other hand, with an increase in levels of TVS, the FTS
continues to increase up to 1400 rpm. The combined levels of
both TVS and TRS are excellent conditions for the maximiza-
tion of FTS.

In Fig. 19, the impact of TRS and TVS on the response
(PEB) has been plotted using response surfaces. The yellow-
colored surface depicts optimum levels of input parameters like
the maximum value of PEB was attained. Hence, it is
recommended to use lower levels of TVS and higher levels
of TRS for acquiring the best response in terms of PEB.
However, from 25-35 mm/min. TVS, the minimum value of
PEB, was attained as per response surface plots. Also, the
response again increases slightly as there is a further increase in
levels of TVS. The suggested levels of TRS and TVS are 20
mm/min. and 800 rpm, respectively, for maximization of PEB.

Figure 20 shows the response surface plots depicting the
impact of SPD and TVS on MOT. It has been observed that the
effect of lower levels of SPD supports the increment in the
value of MOT. On the other hand, the higher levels of TVS are
most favorable for the maximization of MOT. Thus, to attain
the maximized value of MOT, the SPD and TVS must be
maintained at 2mm SPD and 40 mm/min TVS, respectively.
Figure 21 shows the impact of TRS and SPD on UTS, which is
one of the most critical parameters considered during the tensile
testing of materials. It can be noticed that the medium levels of
SPD do not support the enhancement of UTS.
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Fig. 18 Effect of TRS and TVS on FTS

Also, the lesser values of UTS have been attained at lower
TRS. Hence, it is recommended that the optimum levels of TRS
and SPD must be 1400 rpm and 2 mm, respectively. To
summarize, the individual impact of each input parameter is
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different. Hence, to attain maximum values of all the four
tensile properties, the levels suggested by AHP must be
maintained during the manufacturing process.
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5. Conclusions at the joint interface to promote the stirring/fusion. On the

other hand, insufficient heat formation due to lower TRS

Following are the conclusions of the present study. (800rpm) and TVS (30 mm/min) were unable to produce
adequate heat for stirring, so that it has been observed as

i. The tensile strength in the case of sample 7 was exhibited ,, mimum tensile stren, gth for salpp} ©2. .
due to the combination of higher TRS (1400 rpm) and ii. A s1gn1ﬁcant non-mixing/non-stirring region has been ob-
TVS (40 mm/min), which provided better heat generation served in sample 2 due to low TRS, as well as well-
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structured/well-stirred surface was observed for sample 7
due to high TRS as confirmed by SEM and optical
microscopes.

iii. The deposition of Al microlayers in between PLA layers
has increased crystallinity (As confirmed by XRD analy-
sis), responsible for higher mechanical properties in the
final weld. It is confirmed by FTIR analysis that a better
FSW setting in welding of sample 7 has led to better
binding, which provided better tensile properties.

iv. Response surface plots showed the conflicting levels for
each response which could not be used for attaining the
maximized level of each response. AHP and GA are
implemented to acquire a single set of parameters that
would result in the best value of each response, i.e.,
UTS, FTS, PEB, and MOT. The suggested levels are
1400 rpm, 2 mm, and 31.79 mm/min. of TRS, SPD, and
TVS, respectively, as per AHP.
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