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Additively manufactured thermoplastic polymers, such as polylactic acid (PLA), hold significant promise for
sustainable engineering structures, including wind turbine blades. Upscaling these structures beyond the limi-
tations of 3D printer build volumes is a challenge; fusion joining presents a potential solution. This paper in-
troduces a displacement-controlled resistance welding process for PLA, as an alternative to the typical force-
controlled methods. We investigated the bonding quality of resistance-welded and adhesive-bonded PLA
beams through three-point bending and measured the surface deformations using digital image correlation.
Different metal meshes (30 %,/0.11 mm Ni—Cu, 34 %/0.07 mm Ni—Cu, and 36 %/0.25 mm Co—Ni) served as
heating elements. The process parameters were varied for the 34 %,/0.07 mm Ni—Cu mesh to identify an op-
timum set of parameters. Results showed that this optimized displacement-controlled welding achieved 94 % of
the original strength of monolithic samples. This indicates that the new welding process not only ensures high-
quality bonding and fine surface finishing but also promotes sustainability, recyclability, and economic efficiency
in various polymer and composite structural applications.

1. Introduction

The increasing adoption of additive manufacturing for making
thermoplastic engineering structures, such as wind turbine blades, is
driven by their cost-effectiveness, topological flexibility, and recycla-
bility [1]. However, significant technical challenges in additively man-
ufactured thermoplastic polymer structures must be addressed to fully
realize their potential. Despite these challenges, thermoplastic polymers
are emerging as a preferable alternative to commonly used thermoset
polymers, primarily due to the environmental concerns associated with
plastic pollution.

Plastic pollution, largely attributed to thermoset polymers, has
irreversible environmental impacts, affecting carbon and nutrient cy-
cles, aquatic ecosystems, and leading to ecotoxicity [1]. Borrelle et al.
estimated that globally, 19 to 23 million tons of plastic waste were
generated in 2016, and the figure is projected to rise to 53 million tons
by 2030 [2]. In the US, approximately 77 % of plastic waste ends up in
landfills, with only 6.2 % being recycled [3]. Recycling emerges as a
crucial strategy in plastic waste management. Kazemi et al. indicated
that selecting appropriate recycling methods can significantly reduce
plastic waste [4]. However, chemical recycling methods, which often
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require large amounts of solvents, are both uneconomical and envi-
ronmentally detrimental [5]. Mechanical recycling currently stands as
the most practical approach for managing large volumes of plastic waste
across various industries [6].

In various sectors of industries utilizing additive manufacturing,
material selection is increasingly governed by a combination of tradi-
tional and emerging criteria. While mechanical properties continue to be
essential, aspects such as manufacturability, sustainability, and recy-
clability are gaining prominence in decision-making processes. Poly-
lactic acid (PLA) stands out due to its compatibility with additive
manufacturing processes, cost-effectiveness, sustainability, and envi-
ronmental benefits. Looking ahead, polyethylene terephthalate (PET) is
poised to attract more attention, especially given the recent focus by
researchers on their chemical recycling and upcycling efficiency [7].
Table 1 offers a comparison to provide a clear understanding of these
materials in the context of 3D printing.

The use of polylactic acid (PLA) in additive manufacturing (AM) has
seen a significant increase in recent years, primarily driven by its ad-
vantageous manufacturing processes, cost efficiency, and performance
in material extrusion AM [23-25]. This trend in PLA usage is part of a
larger movement in AM, where the incorporation of various polymers,
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A review of sustainability and recyclability of 3D printable materials. (References: Fonseca et al. [8], Liu et al. [9], Sodergérd et al. [10], Guo et al. [11], Pinto et al.
[12], Ugdiiler et al. [13], Bedell et al. [14], Teotia et al. [15], Rahimi et al. [16], Bai et al. [17], Su et al. [18], Sunil et al. [19], Olifirov et al. [20], Wélfel et al. [21],

Abbasian et al. [22].)

Material Manufacture Tensile Glass Biodegradable  Recycling Recycling Sustainability =~ Advantage Disadvantage
(bulk) process strength transition strategy process
(mPa) temperature
(((®]
PLA FDM 50-70 50-65 Yes Mechanical Crush, smash, 89.7 % (1st) Low melting Low-impact
and milling 91.1 % (2nd) temperature, strength, low-
63.0 % (3rd) biodegradable, temperature
low cost, ease to application
print
ABS FDM ~43 ~105 No Mechanical Crush, smash, 50 % (1st) Thermally stable, Low sustainability
and milling 42 % (2nd) high hardness/
29 % (3rd) impact strength
Polyamide- FDM ~66.5 70-80 No Mechanical Crush, smash, 96.9 % (5th) High High moister
6 and milling 70.9% (10th)  sustainability, absorption, high
46.9 % (15th)  high durability shrinkage
PVC FDM 34-62 ~82 No Mechanical Crush, smash, 37.1 % (1st) Chemical stable, Hard to print, low-
and milling low cost, high temperature
insulation application, low
sustainability
Polyimide DLP 110-150 ~230 No Mechanical Milling (Major - Thermal/chemical Limited
application for stable, superior application after
nano-pellet) mechanical recycled, high
properties energy
consumption for
resistance welding
PET FDM 55-75 ~80 No Chemical/ Glycolysis, 100 % High Low heat
Mechanical Hydrolysis, sustainability, low resistance
Alcoholysis, cost
Aminolysis
TPU FDM ~26 ~65 YES Mechanical Crush, smash, 95.5 % (1st) High Poor mechanical
and milling 86.4 % (4th) sustainability, low properties, low-
81.8 % (8th) melting temperature
temperature, application
biodegradable
Nomex Adhesive ~340 - No Landfill, — - Thermal/chemical Not 3D printable,
Bonding incineration stable, good low sustainability
mechanical and recyclability
properties
Resin VARTM 10-20 — No Landfill, — - Thermal/chemical Not 3D printable,
Infused incineration stable, good shear low sustainability
Balsa properties and recyclability
Wood

including thermoplastics, thermoset polymers, and elastomers, is
becoming increasingly prevalent. Particularly notable is their applica-
tion in Digital Light Processor (DLP) processes, which is expected to
further expand the use of polymers in AM. This expansion is set to
transform AM technologies, enabling more versatile, efficient produc-
tion of a wide range of components, from prototypes to custom-made
items [26-30]. These developments underscore the evolving nature of
AM processes and their growing impact on manufacturing and design
industries.

Although material extrusion processes in additive manufacturing
(AM) offer advantages, they are not without limitations [31]. One sig-
nificant challenge is that materials produced through this method
typically exhibit lower strengths compared to their injection-molded
counterparts, as noted in studies by Li et al. [32] and Duty et al. [33]
Additionally, the size of components is constrained by the build volume
of the material extrusion systems, which are generally <150 x 150 x
150 mm? for universal desktop printers and 800 x 800 x 800 mm? for
industrial printers. However, there are exceptions, such as the Univer-
sity of Maine's large-scale 3D printer, boasting a build volume of 30.48
x 6.71 x 3.05 m>. This printer was used to fabricate the world's largest
3D printed boat, ‘3Dirigo’ [34]. Large-scale 3D printed structures are
increasingly employed as core components in various fields, including
aeronautics, road vehicles, ships, and civil engineering [35-37].

In this joining method, a critical issue that must be resolved is
developing effective methods for joining these parts while ensuring
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satisfactory bonding quality and mechanical performance. This paper
focuses on addressing this specific issue, with an intention to advance
the capabilities of AM in producing larger, structurally sound compo-
nents for diverse applications.

To manufacture large-size parts in additive manufacturing, a variety
of methods are employed to join thermoplastic parts produced through
material extrusion. Mechanical fastening, such as interlocking mecha-
nisms akin to joining Lego parts, offers a straightforward approach.
Adhesive bonding, particularly using epoxy adhesives, is favored for its
simplicity. However, a significant drawback is that most commercial
epoxy adhesives are not specifically formulated for 3D printable ther-
moplastic polymers [38-40], indicating a need for more tailored adhe-
sive solutions in this field.

In various fusion joining techniques, several methods present viable
alternatives for assembling thermoplastic components. These include
infrared welding, induction welding, ultrasonic welding, resistance
welding, and laser welding, each offering unique benefits in terms of
bonding strength and precision [38,41]. Recently, friction stir welding
and friction spinning have also emerged as popular methods for joining
additively manufactured parts, adding to the arsenal of available tech-
niques in the industry.

Despite the variety of available methods, to the best of our knowl-
edge, resistance welding has not been extensively explored for the fusion
joining of additively manufactured thermoplastic polymer parts. This
paper will fill this gap by investigating the application of resistance
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Fig. 1. Microscopic images captured using a Leica DMI 8 microscope, showing three types of metal meshes. a) Overview of 25.4 x 25.4 mm mesh samples, rep-
resenting all three types of metal meshes; b) close-up of the 36 %/0.25 mm Ni-Co metal mesh, highlighting its structural details; c) detailed view of the 30 %/0.11
mm Ni-Cu metal mesh, illustrating its specific configuration; d) magnified image of the 34 %/,/0.07 mm Ni-Cu metal mesh, focusing on its unique characteristics.

welding in this context. Our study seeks to understand its effectiveness
and potential advantages over other methods, thereby contributing to
the advancement of joining technologies in the field of additive
manufacturing.

Resistance welding, a widely used technique for joining thermo-
plastic polymer matrix fiber-reinforced composites, has been the focus of
various studies. This process, commonly applied to composites such as
graphite (G), carbon fibers (CF), and glass fibers (GF) in matrix materials
such as PE, PP, PET, PEI, PPS, PEEK, and Elium 188, typically utilizes a
force-controlled welding approach. Heating elements in these studies
have included unidirectional (UD) carbon fiber prepreg, carbon fiber
fabric, stainless steel mesh, and CNT embedded in PP film, with bonding
quality assessed via lap shear strength testing [42].

Eveno et al., reported a lap shear strength of 31 MPa for CF/PEI
composites using a unidirectional CF/PEI heating element under specific
conditions [43]. Similarly, Warren et al. found that GF/PET composites,
when resistance welded with stainless steel mesh, achieved a lap shear
strength of 25.4 MPa [44]. Dube et al. highlighted the effectiveness of
stainless steel mesh in achieving higher lap shear strengths in various
composites, including CF/PEEK, CF/PER, and GF/PEI [45]. Russello
et al. demonstrated the potential of CNT film in resistance welding of
PEEK polymers, achieving 96 % of the strength of continuous PEEK
polymer [46]. Murray et al. explored various heating elements with GF/
Elium 188 composites, finding significant differences in lap shear
strengths depending on the heating element used [47].

Additionally, Choudhury et al. investigated bamboo fiber/PLA
composites, revealing that those resistance welded parts with carbon
fiber fabric heating elements exhibited significantly higher tensile and
compressive strengths compared to those using stainless steel mesh and
PP film [48]. These studies collectively highlight the diverse applica-
tions of resistance welding in thermoplastic composites and point to-
wards the continual optimization of this process for various material
combinations.

Compared to the pressure-controlled method, the displacement-
controlled method in resistance welding offers key advantages, partic-
ularly in reducing the likelihood of over-squeezed flow in the polymer
bonding region. This approach also allows for more precise control over
the final geometry of the finished part, a critical aspect for many
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applications. Regarding heating elements, carbon fibers and stainless
steel mesh have been predominantly investigated. However, carbon
fiber elements face challenges due to the high melting viscosity of 3D
printed polymers, which complicates full impregnation and wetting of
the fibers [49]. Additionally, while unidirectional carbon prepreg is
commonly used, it often results in nonuniform heat distribution [50,51].

On the other hand, stainless steel mesh tends to provide more uni-
form current flow and effective polymer impregnation due to its
consistent wire resistance and larger open area, leading to improved
bonding quality [52]. Dube et al. have highlighted that the mesh
opening fraction and wire diameter ratio significantly affect bonding
quality [45]. However, stainless steel mesh is not without issues, as it
can cause current leakage due to high current induction.

In our work, we address these challenges by exploring three new
types of heating elements. These elements are designed to mitigate the
limitations observed in traditional materials and improve the overall
efficiency and quality of the resistance welding process.

This paper investigates the bonding quality of additively-
manufactured PLA polymers resistance welded using Ni/Cu and Ni/Co
metal meshes, employing a displacement-controlled process — a method
not extensively studied previously. We focused on understanding the
bonding mechanism between the metal mesh and 3D printed parts in
this context. Our study involved measuring the flexural strength and
modulus of slender samples with four types of infill patterns. Multiple
13.97 x 76.2 x 76.2 mm samples were printed using material extrusion
and subsequently joined via resistance welding. We evaluated the
bonding quality through microscopy, digital image correlation, and
three-point bending tests.

A novel aspect of our study was the characterization of the mode I
fracture (opening crack) behavior under three-point bending tests as a
performance metric, instead of the conventional mode II fracture (shear
crack) in lap shear tests. This approach was adopted to address the issue
of PLA build layer interface fracture prior to bond line fracture. Addi-
tionally, we conducted multivariable linear regression analysis to un-
cover correlations between the parameters of displacement-controlled
resistance welding and welding strength efficiency. The first principal
strain distributions in the welded samples under bending were deter-
mined using the digital image correlation (DIC) technique. A discussion
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Fig. 2. Schematic of the 3D printing (material extrusion) process. This illustration shows the key components of the 3D printer, including 1) the 3D printing filament;
2) the filament feeding roller; 3) the 3D printing head, which guides the filament; 4) the hot-end, where the filament is melted; 5) the stainless steel nozzle, through
which the molten filament is extruded; 6) the 3D printed parts; and 7) the Kapton coated 3D printing platform, providing the base on which the parts are printed.

is provided to summarize the advantages and drawbacks of each fusion
joining process investigated herein, providing valuable insights into the
efficacy and applicability of these methods in additive manufacturing.

2. Experimental methods

This section describes the procedures used in the preparation of 3D-
printed samples, along with a detailed description of the experimental
methods used to characterize their mechanical properties. It includes
specifics on the printing processes, material selection, and post-
processing steps, as well as the methodologies and instruments uti-
lized in the mechanical testing of these samples.

2.1. Materials

PLA filaments from Craftbot (Carrollton, TX), with a diameter of
1.75 mm, were selected as the 3D printing material due to their favor-
able strength-to-weight ratio and lower printing temperature compared
to other materials [53]. For the heating element in the resistance
welding of these 3D-printed PLA samples, Ni—Co metal alloy meshes
from McMaster-Carr (Elmhurst, IL) were used. These meshes, featuring
an opening size of 0.381 mm, a 36 % open area fraction, and a wire
diameter of 0.25 mm, can reach a maximum temperature of 982 "C [54].
The choice of these meshes was made by the consideration of their
effective impregnation capabilities and efficiency in temperature gen-
eration, attributed to their low wire diameter and constant open area.

Two types of Ni—Cu metal alloy mesh, also from McMaster-Carr,
were employed for comparison. The first type has an opening size of
0.07 mm, a 34 % open area fraction, and a wire diameter of 0.05 mm.
The second type has an opening size of 0.14 mm, a 30 % open area
fraction, and a wire diameter of 0.11 mm. Fig. 1 shows these metal
meshes under microscopy. According to Dube et al. [45], all three mesh
types are capable of achieving high bonding quality due to their favor-
able ratio of open area fraction to wire diameter. These meshes were also
selected for their corrosion resistance, thermal oxidation resistance, and
superior thermal efficiency compared to stainless steel meshes.

As a benchmark, Plexus MA310 high-strength MMA adhesives from
Perigee Direct (North Richland Hills, TX) were used for adhesive
bonding of the PLA specimens. This adhesive was chosen for its higher
strength relative to other brands, particularly for bonding thermoplastic
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polymer matrices [47].

2.2. Fabrication of additive-manufactured three-point bending specimens

A schematic of the material extrusion process utilized in this study is
illustrated in Fig. 2. The samples were printed using a Craftbot 3 dual
extrusion 3D printer (Craftbot, Carrollton, TX), which has a total build
volume of 250 x 200 x 200 mm. This printer can operate within a
temperature range of 20-300 °C and reach a maximum printing speed of
200 mm/s [55]. The first step in the printing process involved creating
the sample's geometry in AutoCAD or Solidworks and exporting it as an
STL file. This file was then imported into CraftWarePRO (Craftbot,
Carrollton, TX), where the 3D print settings were carefully adjusted.

For our experiments, the printing speed was set to 38 mm/s, and the
travel speed to 57 mm/s. We used a stainless-steel nozzle with a diam-
eter of 0.4 mm and set the print layer height to 0.3 mm to ensure a
smooth surface finish on the samples. The temperatures for the nozzle
and bed were set to 215 °C and 60 °C, respectively. The infill density was
chosen as 40 %, with an infill angle and increment angle of 0 degree for
each layer to optimize sample stiffness. Additionally, a raft was added
beneath each sample to enhance adhesion to the print bed. Multiple
infill patterns were tested to evaluate their impact on sample stiffness.
To ensure consistent print quality, a nozzle-to-bed level calibration and a
preheat of the nozzle and bed were performed before each printing
session to prevent nozzle clogging.

2.3. Fabrication of slender beam specimens via resistance welding

The setup for the resistance welding process is depicted in Fig. 3. This
section will describe the specific procedures involved in resistance
welding. Initially, the welding areas, measuring 13.97 mm x 76.2 mm,
were meticulously cleaned with 75 % ethanol. This step is crucial for
removing contaminants and ensuring optimal bonding quality. After
cleaning, a metal alloy mesh (either Ni—Co or Ni—Cu) was positioned
between the 3D printed parts. To complete the setup, two copper elec-
trode wires, each 90 mm in length, were connected to the mesh to
maintain consistent wire resistance.

For the application of uniform pressure and controlled displacement
during welding, we employed a Model 5969 Instron universal testing
system (Instron, Norwood, MA) along with compression platens. The
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Applied Compression

Fig. 3. Schematic of the resistance welding setup; 1 & 2: compression platens; 3
& 4: PLA thermoplastic polymer block; 5 & 6: copper metal wire; 7: metal
alloy mesh.

heat necessary for welding was provided by a Model 9202 multi-range
programmable DC power supply (B&K Precision, Yorba Linda, CA),
capable of delivering up to 60 V/15 A/360 W [56].

Specifically for PLA samples welded with Ni—Co metal alloy mesh,
an initial pressure of 2 MPa was applied, followed by a simultaneous
pressure reduction to maintain a 2 mm displacement. In contrast, for
samples using Ni—Cu mesh, we reduced the initial pressure after its
application to slow down the displacement rate, accommodating for the
melting of the polymer in the bonding area. The actual voltage, current,
and power output for the welding were regulated and monitored using
LabVIEW 2019 software. We programmed a ramp heating setting to
avoid high current spikes and ensure a steady, uniform heat distribution
across the metal mesh.

The experimental setup for resistance welding is shown in Fig. 4. A
combination of micrographs is also shown for checking the bonding
quality. Fig. 4 illustrates the resistance welding setup used for PLA
samples, alongside micrographs of the bonding region at varying mag-
nifications. These micrographs offer a detailed view of the bonding
quality. Notably, no voids are observed between the metal wires and the
PLA matrix, indicating a high-quality bond. However, Fig. 4b reveals a
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non-uniform interface, which can be attributed to the inherent waviness
of the metallic mesh. This waviness, while affecting the uniformity, does
not detract from the overall effectiveness of the bond. The results
collectively demonstrate that the displacement resistance welding pro-
cess is a viable technique for additive manufactured polymer structures.
It successfully achieves a flat and uniform bonding area, which is crucial
for the structural integrity and performance of these polymer-based
assemblies.

The pressure-controlled resistance welding process was conducted
on the additive manufactured polymer beams, shown in Fig. 5. Although
this process is often adopted as a high-quality welding process for fiber-
reinforced thermoplastic composites, the thermoplastic polymer struc-
tures are not compatible with this welding technique due to difficulty in
controlling the process.

The pressure-controlled resistance welding process, as depicted in
Fig. 5, was applied to additive manufactured polymer beams for
comparative analysis with those fabricated using the displacement-
controlled resistance welding process. Despite its widespread recogni-
tion as a high-quality method for welding fiber-reinforced thermoplastic
composites, this technique proved less compatible with thermoplastic
polymer structures due to challenges in controlling the process. In our
experiment, the pressure was set at 0.5 MPa, with varying output voltage
settings (1.5 V to 2.3 V) and resistance welding times (30s to 90s). The
current limit was maintained at 15 A, using a 34 %/0.07 mm Ni—Cu
metal alloy mesh as the heating element.

As observed in Fig. 5, the application of this method led to an
overflow of polymer material when the interface region's temperature
exceeded the glass transition temperature of the PLA beams. This
resulted in misalignment issues between the welded parts. Although
constant pressure-controlled resistance welding is a well-established
method for thermoplastic matrix composites, it falls short in achieving
satisfactory bonding quality with 3D printed polymer structures. Our
investigation suggests that the displacement-controlled resistance
welding process is more effective for fusion joining thermoplastic
polymers, providing better control and overall bonding quality.

2.4. Three-point bending tests

Following ASTM D790 standard [57], we measured the flexural
properties of the slender beam samples. The samples, measuring 152.40
% 76.20 x 14.68 mm, were subjected to three-point bending tests with a
support span-to-depth ratio of 11:1. To investigate the effect of different
infill patterns, three samples for each infill type were printed and tested.
These tests aimed to identify the best structural performance, comparing
these samples against continuously printed, smooth counterparts.

According to ASTM D790, the calculations for flexural stress, strain,
strength, and modulus are given by Egs. (1) to (4). In these equations, L,
b, and d represent the specimen's support span length, width, and
thickness, respectively. P denotes the midpoint span load, while Py, is
the maximum load recorded by the Instron machine system. D refers to
the mid-point deflection. of,,05, and 5, ¢, are the stress and strain
values at two points on the linear portion of the flexural stress-strain
curve.

For the tests examining infill pattern effects, the crosshead speed was
set between 4 and 6 mm/min. For measuring short beam flexural
properties, we used a crosshead speed of 2 mm/min.

o = 3PL/2bd? €y
& = 6Dd/L* 2
Of max = 3pmaxL/2bd2 (3)
E; = (072 —0n)/(er2 —€n1) ©)
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PLA polymer

= ) Ni-Cu metal wire

Fig. 4. Resistance welding experimental setup and microscopic analysis. a) Shows the 3D printed PLA polymer blocks secured in gripping fixtures on the Instron
machine, ready for the resistance welding process; b) presents a 5x magnification micrograph of the resistance welding region, highlighting the detailed bonding
area; c) displays a 20x magnification micrograph of the same region, offering a closer view of the bonding quality at a higher magnification.

INSTRON INSTRON

'INSTRON 'INSTRON |

Fig. 5. Constant pressure-controlled resistance welded PLA slender beams under various welding time frames. This figure illustrates the effects of different welding
durations on the PLA beams. From left to right, the beams were welded for 150 s, 180 s, 210 s, and 240 s, respectively. The top row shows the front view of each

sample, demonstrating the overall alignment and bonding quality, while the bottom row presents the side view, highlighting the degree of polymer overflow and
joint integrity.
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Fig. 6. Infill patterns of PLA samples (dimensions: 152.40 x 25.40 x 6.35 mm). This figure illustrates the four different infill patterns used in the PLA samples, each
with an infill density of 40 %. a) Square infill pattern, featuring unit infilled squares of 2 x 2 mm,; b) parallel infill pattern, with a spacing of 1 mm between two
parallel infilled walls; ¢) 2D triangular infill pattern, where each unit infilled 2D triangle has edge dimensions of 2.5 x 2.5 x 2.5 mm; d) 3D triangular infill pattern,

with each unit infilled 3D triangle having edge dimensions of 2.7 x 2.7 x 2.7 mm.

2.5. Digital image correlation (DIC) for surface strain measurement

The digital image correlation (DIC) technique [58,59], a non-contact
method for measuring full-field deformations, was utilized to measure
the side surface deformations of the specimens. We employed the 2D
GOM Correlate software (GOM Inc., Charlotte, NC) for this purpose.
During the three-point bending tests, a Nikon D7100 camera, equipped
with a 24 mm lens and capable of capturing images at a resolution of
3840 x 2748 pixels, was used to record the specimen surface. Images
were taken every second to accurately track deformation over time.

The camera was positioned at a work distance of 1.3 m, allowing for
the capture of the entire support span within the specimen's region of
interest. This distance ensured comprehensive coverage of the defor-
mation area during testing. To ensure optimal visibility and image
clarity, a NiLA VARSA LED light provided consistent illumination
throughout the experiment.

3. Results and discussion
3.1. Mechanical characterization for the effect of infill patterns

In the material extrusion process of 3D printing, several factors such
as infill pattern, infill density, layer height, printing temperature, and
printing speed are crucial in determining the structural performance,
weight, and cost of the sample [60]. For our samples, we opted for a 0.3
mm layer thickness. This choice was made to smooth the sample surface
and minimize the voids between each layer and the printed filament.
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The infill density was set at 40 %, balancing rapid prototyping efficiency
with maintaining adequate structural performance.

We explored four types of infill patterns to assess their effect on the
sample's properties. These patterns included parallel lines, a square grid,
a 2D-triangle grid, and a 3D-triangle grid. Fig. 6 provides an isometric
view of these infill patterns, illustrating their different geometrical
configurations.

Multiple infill patterns of the PLA samples flexural stress against
flexural strain curves are shown in Fig. 7. A ductile type of failure is
observed, and a similar bending stiffness is observed for all four types of
infill patterns of PLA smooth beams. Across all four infill patterns, a
ductile type of failure was universally observed, along with similar
bending stiffness in the smooth PLA beams. As illustrated in Fig. 7a and
b, the parallel and 3D-triangular infill patterns exhibited relatively
higher ductility. Consistency across all four infill pattern structures was
evident, indicated by the uniform linear elastic response observed in
each case.

Interestingly, despite the brittle-type failure noted in Fig. 7c, all
samples exhibited steady crack propagation. This behavior can be
attributed to the internal lattice truss structure of the samples. Typically,
cracks initiated near the indentation pin region on the outer layer, then
propagated through the inner lattice truss, leading to necking, filament
distortion, and eventually, filament breakage.

Table 2 provides a summary of the flexural strength and modulus for
each infill pattern, all tested at the same infill density of 40 %. Among
these, the 3D-triangle infill pattern demonstrated the highest flexural
strength and modulus, surpassing the other three patterns. This result
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Fig. 7. Load-deflection curves for PLA samples with different infill patterns (dimensions: 152.40 x 25.40 x 6.35 mm). This figure shows the mechanical behavior of
the PLA samples under load, each featuring a 40 % infill density but with varying infill patterns as shown in Fig. 6: a) Square infill pattern (Fig. 6a); b) parallel infill
pattern (Fig. 6b); ¢) 2D triangular infill pattern (Fig. 6¢); d) 3D triangular infill pattern (Fig. 6d). The curves illustrate the differences in load-bearing capacity and

deflection characteristics attributable to each infill design.

Table 2

Flexural strength and flexural modulus of the PLA samples under four infill patterns.

Material Infill type Flexural strength (MPa) ~ Flexural modulus (GPa)  Specific flexural strength (MPa/(kg/m®))  Specific flexural modulus (MPa/ (kg/m?))
PLA 40 % square 37.44 £0.71 1.72 £ 0.02 0.10 £ 0.002 4.65 £+ 0.05

40 % parallel 40.87 £ 0.17 1.68 + 0.04 0.11 £+ 0.0005 4.54 +£0.11

40 % 2D triangle 38.97 + 0.96 1.78 + 0.01 0.11 £+ 0.003 4.81 + 0.03

40 % 3D triangle 43.45 + 0.92 1.90 + 0.03 0.12 £ 0.002 5.14 £ 0.08

indicates that the 3D-triangular infill pattern not only offers superior
mechanical properties but also achieves the maximum strength-to-
weight ratio among the evaluated designs.

3.2. Optimization of the resistance welding parameters

In Fig. 8, the relationship between voltage, current, and power
output over time is plotted for three types of metal meshes used in
resistance welding. To avoid a sudden temperature increase at the
interface, a constant-rate heating setting was adopted. The voltage and
current settings were configured as follows: for preheating the 36
%/,/0.25 mm Co—Ni and 30 %/0.11 mm Ni—Cu metal meshes, we set
them at 0.5 V/1 V & 15 A & 30 s/30 s, while for the 34 %/0.07 mm
Ni—Cu metal mesh, the settings were 0.5 V/1.5V & 15 A & 30 5/30s.
According to data from the Instron system, the Co—Ni and Ni—Cu
meshes began softening the polymer at 1 V, whereas the Ni—Cu mesh
required 1.5 V to start the softening process.

Observations from Fig. 8a to d indicate that the 34 %/0.07 mm
Ni—Cu metal mesh has the highest wire resistance, as evidenced by the
lowest current output at a consistent voltage of 0.5 V. Based on Ohm's
law, this mesh should produce the lowest power at the same voltage
output. The wire resistances for the 36 %/,/0.25 mm Co—Ni, 30 %/0.11
mm Ni—Cu, and 34 %/0.07 mm Ni—Cu meshes are 0.12 Q, 0.11 Q, and
0.26 Q, respectively. Unsteady power output at high current levels was
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observed in Fig. 8.

Adjusting the peak current level and the welding time at this level is
crucial for optimizing bonding quality. Therefore, the selection of the
peak current level was informed by the homogeneity and temperature
levels indicated in the infrared thermal contour plots.

We investigated the effect of welding time at peak current levels over
two-time frames (90, 180 s and 60, 120 s), with a 30 s increment in each
case on the print quality. At these peak current levels, the power output
initially reaches a maximum value but then gradually decreases. This
decrease is attributed to reduced wire resistance under high tempera-
tures. Therefore, a ramp type of heating is preferred to achieve uniform
heating and high energy generation efficiency. Particularly at high
current levels, it is advisable to shorten the welding time and increase
the voltage more frequently. This approach counters the effect of tem-
perature on wire resistance, optimizing power usage efficiency and
achieving a higher welding temperature quickly.

Fig. 8b and f demonstrates that the compression pressure level
applied to the metal mesh significantly influences wire resistance. For
instance, with the 36 %/0.25 mm Co—Ni metal mesh, we observed that
the wire resistance increased from 0.12 Q to 0.50 Q when the
compression pressure was raised from 2 MPa to 6 MPa. Similarly, for the
34 %/,/0.07 mm Ni—Cu metal mesh, the resistance increased from 0.22 Q
to 0.26 Q as the compression changed from 0.5 MPa to 2 MPa. This
indicates that beyond a compression level of 2 MPa, the wire resistance
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Fig. 8. Voltage (U), current (I), and power output (P) over resistance welding time with different metal meshes. This figure illustrates the electrical parameters
during the resistance welding process for different metal mesh configurations: a) Ni-Co metal mesh under a 1.5 V voltage limit; b) Ni-Co metal mesh under a 1.7 V
voltage limit; ¢) 30 %/0.11 mm Ni-Cu metal mesh under a 2.3 V voltage limit; d) 34 %,/0.07 mm Ni-Cu metal mesh under a 1.7 V voltage limit; e) 34 %,/0.07 mm Ni-
Cu metal mesh under various voltage limits; f) 34 %,/0.07 mm Ni-Cu metal mesh under combined 2.1 V & 2.3 V settings for 90 s & 30 s, respectively. (Note: The size

of each metal mesh used in the experiments was 13.97 mm x 76.2 mm.)

change becomes more pronounced. Under a consistent current level,
higher compression results in increased power efficiency.

Infrared thermal contour plots of metallic mesh were shown in Fig. 9.
The heat distribution of the metal mesh was captured and the peak
temperature generated at the center then gradually decreased to the
surrounding. In Fig. 9, infrared thermal contour plots illustrate the heat
distribution in metallic meshes during resistance welding. The plots
show that the peak temperature typically originates at the center of the
mesh and then decreases towards the surrounding areas. For this anal-
ysis, four settings that resulted in the best flexural response for each type
of metal mesh were selected. Fig. 9a and b demonstrate that a temper-
ature range of 95.4 °C to 110.1 °C is effective for melting the polymer
using the 36 %/0.25 mm Ni—Co metal mesh (with an opening size of
0.381 mm). Likewise, Fig. 9c and d indicate that peak temperatures of
82.2 °C for the 30 %/0.11 mm Ni—Cu mesh (opening size: 0.14 mm) and
69.2 °C for the 34 %,/0.07 mm Ni—Cu mesh (opening size: 0.07 mm) are
adequate.
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Observations from the infrared images reveal that when the current
reaches 10 A or higher, electronic oscillations begin to occur, leading to
a non-uniform and unsteady temperature distribution across the mesh.
This effect underscores the need to adjust the peak welding temperature
in accordance with the mesh's opening size. The larger the opening, the
more power is required to effectively melt the polymer at these open-
ings. Additionally, as the peak welding temperature increases, so does
the thermal residual stress around the metal fibers. This increase is due
to the larger temperature differential from room temperature, which has
implications for the welding process's overall effectiveness.

Fig. 10 shows the loading history for a constant displacement rate
compression approach using a 13.97 mm x 76.2 mm 34 %/0.07 mm
Ni—Cu metal mesh. We explored four initial compression levels (0.25
MPa, 0.50 MPa, 2 MPa, and 4 MPa) to determine their role in polymer
impregnation. Our results revealed that an initial compressive stress of
0.5 MPa optimally secures the polymer, avoiding overflow or interface
voids. Additionally, three displacement rates (0.4 mm/min, 0.5 mm/
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Fig. 9. Infrared thermal contour plot of metal meshes at peak temperature levels. This figure illustrates the temperature distribution in a 13.97 mm x 76.2 mm area
of metal mesh under various ramp heating settings: a) 36 %/0.25 mm Ni-Co metal mesh with a 0.5 V/1 V/1.5 V voltage setting and a 30 s/30 s/150 s time frame; b)
36 %/0.25 mm Ni-Co metal mesh under 0.5 V/1 V/1.7 V voltage setting and 30 s/30 s/90 s time frame; c) 30 %/0.11 mm Ni-Cu metal mesh under 0.5 V/1 V/1.7 V
voltage setting and 30 s/30 s/90 s time frame; d) 34 %,/0.07 mm Ni-Cu metal mesh with a 1.5 V/1.7 V/1.9 V/2.1 V/2.3 V voltage setting and a 30 s/30 s/30 s/90 s/
30 s time frame. (Note: Measurements were taken using a handheld infrared camera.)

min, and 0.6 mm/min) combined with two travel displacements (2 mm
and 3 mm) were tested to find the best impregnation settings.

Interestingly, except for the setting with a 4 MPa initial compressive
pressure, all twelve loading curves exhibited two peaks. The first peak
corresponds to compression compaction and thermal expansion. As the
polymer at the interface begins to soften and impregnate into the metal
mesh, a load drop is observed. Under our constant displacement rate,
this indicates that the rate of polymer softening exceeds the displace-
ment rate. After reaching a certain displacement, especially in the 2 MPa
initial compression setting, the rate of load drop slows down. In contrast,
for the 0.5 MPa and 0.25 MPa settings, the load stops dropping and rises
to a second peak. This second peak is attributed to the rate of thermal
expansion in the polymer interface region outpacing the rate of polymer
softening. Furthermore, a lower displacement rate under the same initial
compression tends to exhibit higher thermal expansion.

Upon reaching the second peak, polymer melting, and squeeze flow
commence, causing the load to sharply drop to 10-20 N. During certain
intervals, the polymer slightly touches the compression platens. As the
process concludes, the load draws back, and consolidation occurs until
the crosshead stops at the predefined displacement level. Specifically,
from Fig. 10c, the Ni/Cu, 2_6, Ni/Cu, 2_7, and Ni/Cu, 2_9 settings are
projected to induce mechanical residual stresses of 1.25 MPa, 2 MPa,
and 0.37 MPa, respectively. This is because the temperature of the
polymer at the interface remains above its glass transition temperature
(around 60 °C), while the crosshead continues to apply compression.

Fig. 11 shows a scatter plot comparing the average power output to
the total energy consumption for three different types of metal meshes.
One key observation is that the average power density tends to increase
as the temperature on the metal mesh region rises, which in turn reduces
wire resistance. Conversely, thermal oxidation on the metal mesh sur-
face can lead to an increase in wire resistance, resulting in a decrease in
average power density. According to Ohm's Law, with a constant cur-
rent, there is a positive correlation between the increase of wire resis-
tance and power output.
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Fig. 11 shows a quadratic fit for the fixed voltage and current output
across two time intervals and various metal meshes, with corresponding
polynomial fit parameters listed in Table 3. We observed that as the
welding time increases, the average power output initially rises and then
decreases. This trend is attributed to the decreasing wire resistance over
time. Further analysis, in conjunction with data from Fig. 9, reveals that
higher peak temperatures lead to a more rapid drop in wire resistance.
Specifically, the peak average power densities for the 30 %/0.11 mm
Ni—Cu, 36 %/0.25 mm Co—Ni, and 34 %/0.07 mm Ni—Cu metal
meshes are 15,757.32 W/m?, 14,824.81 W/m?, and 13,561.01 W/m?,
respectively, corresponding to peak welding temperatures of 82.2 °C,
95.4 °C, and 69.2 °C.

When the voltage, current, and welding time are fixed, a lower initial
compression force on the metal mesh results in decreased wire resis-
tance, thereby increasing power output. According to Joule's Law, lower
wire resistance generates more energy when voltage is constant. This
effect is also observed in Fig. 7f. While high wire resistance is preferable
for low energy consumption and high efficiency, excessive compression
force can compromise the polymer structure, leading to buckling due to
the softening in the welding region. Considering structural integrity, a
lower compression force is recommended for optimal resistance
welding.

The relationships between power output, total generated energy, and
compression forces follow a linear pattern. The parameters of this linear
regression fit model, as listed in Table 3, indicate strong correlations
with all R? values exceeding 90 %. This high R? value signifies a strong
agreement between the polynomial fit curve and the scattered data
points.

3.3. The effect of resistance welding parameters and heating element type
on the flexural properties

Fig. 12 shows the load versus deflection curves for slender rectan-
gular PLA beam samples (13.97 mm x 76.2 mm x 152.4 mm), which
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illustrate the optimization process of resistance welding for three types
of metal meshes. The best-optimized results are presented in Fig. 12a, b,
and d. In Figs. 12a to 12c, dashed lines represent selected resistance
welded PLA samples with good bonding quality, whereas in Fig. 12d,
they indicate the smooth samples. Across all subfigures, the performance
of the resistance welded PLA polymer slender beams is compared with
that of smooth beams.

A key metric for assessing bonding quality is the peak load achieved
by the samples. Higher peak loads indicate better bonding quality.
Conversely, low flexural strength, flexural modulus, and maximum
allowable strain (the flexural strain at the point of flexural strength) are
indicative of poor quality. For instance, in Fig. 12a, the samples labeled
‘Ni/Co, 1’ and ‘Ni/Co, 2’ were set to the same power output but differed
in their initial compressive stress (6 MPa and 2 MPa, respectively). The
sample ‘Ni/Co, 1’ demonstrated superior bonding quality, attributed to
its higher initial compressive stress level.

A high initial compressive stress in resistance welding does not
necessarily result in an increased level of mechanical residual stress.
According to data from the Instron system, the compressive stress for
both ‘Ni/Co, 1’ and ‘Ni/Co, 2’ samples dropped to zero as the resistance
welding process neared completion. This indicates that while a higher
initial compressive stress improves bonding quality through enhanced
polymer consolidation, it does not significantly affect residual stress
levels.
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Table 3
Second-order polynomial fit parameters for three metal mesh types. The meshes were tested under voltage limits of 1.5V, 1.7 V, and 2.3 V across two sets of time
intervals: 90 s, 120 s, 150 s, 180 s, and 60 s, 90 s, 120 s, respectively.

Material Sample label Polynomial equation a b c R? (%)
30 %/0.11 mm Ni-Cu metal alloy mesh/PLA matrix Cu/Ni,1_1 to Cu/Ni,1_3 y=ax®+bx+c —0.002 9.51 1776.02 100
34 %/0.07 mm Ni-Cu metal alloy mesh/PLA matrix Cu/Ni,2_1 to Cu/Ni,2 4 y= ax® + bx+ ¢ —0.001 7.20 2497.86 99.46
36 %/0.25 mm Co-Ni metal alloy mesh/PLA matrix Co/Ni,3 to Co/Ni,6 y=a®+bx+c —0.005 27.07 —18,749.28 90.27
36 %/0.25 mm Co-Ni metal alloy mesh/PLA matrix Co/Ni,1 and Co/Ni,2 y=ax+b 6.29 -0.11 — 100
34 %/0.07 mm Ni-Cu metal alloy mesh/PLA matrix Cu/Ni,2_10 to Cu/Ni,2_17 y=ax+b 4.47 —0.02 — 100
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Fig. 12. The slender rectangular PLA beam samples (13.97 mm x 76.2 mm x 152.4 mm) load against deflection curves: a) resistance welded by the 36 %/0.25 mm
Ni/Co metal mesh; b) resistance welded by the 30 %,/0.11 mm Ni/Cu metal mesh; c) resistance welded by 34 %,/0.07 mm Ni/Cu metal mesh under a constant
displacement rate; d) resistance welded by 34 %/0.07 mm Ni/Cu metal mesh under a constant displacement rate and low compressive stress level.

Table 4

A summary of the resistance welding parameters, power efficiency, and flexural properties of the smooth beam and slender beam resistance welded by the 36 %/0.25
mm Co-Ni metal mesh.

Material PLA Thermal Sample Initially AC AC Thermal Average Total Flexural Flexural Maximum
Infill welding label applied power power welding power energy modulus Strength allowable
type area compression voltage current time (s) density (@) (MPa) (MPa) strain (%)

(mm) (MPa) setting setting (W/m2)
(%) )
36 40 % 13.97mm  Ni/Co,1 6 0.5/1/ 15 30/30/90  14,021.48 2238.91 1073.73 22.14 2.9
%/0.25 3D- x 76.2 1.7
mm Co- triangle mm Ni/Co,2 2 0.5/1/ 15 30/30/90  15,148.20 2418.82  975.50 15.88 2.1
Ni metal 1.7
alloy Ni/Co,3 2 0.5/1/ 15 30/30/90 13,615.23 1976.40 1001.97 16.24 2.4
mesh/ 1.5
PLA Ni/Co,4 2 0.5/1/ 15 30/30/ 14,711.65 2562.67  880.07 14.41 2.2
matrix 1.5 120
Ni/Co,5 2 0.5/1/ 15 30/30/ 13,499.25 3017.73 1008.18 23.21 3.6
1.5 150
Ni/Co,6 2 0.5/1/ 15 30/30/ 12,272.19 3135.34  830.86 10.90 2.1
1.5 180
- - - Smooth - - - - - - 1001.75 26.70 + 4.3
+ 21.51 0.48
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Table 5

A summary of the resistance welding parameters, power efficiency, and flexural properties of the smooth beam and slender beam resistance welded by the Co-Ni metal mesh.

Material PLA Thermal Sample Initially applied Compression Total AC power AC power Thermal Average Total Flexural Flexural Maximum
infill welding label compression rate (mm/min) displacement voltage current welding power energy modulus strength allowable
type area (mm) (MPa) (mm) setting (V) setting (A) time (s) density (6)] (MPa) (MPa) strain (%)

(W/m2)
30 %/0.11 40%3D-  13.97 mm Cu/ 2 - - 0.5/1/1.7 15 30/30/60 13,592.14 1782.27 731.97 14.18 2.5
mm Ni-Cu triangle x 76.2 mm Ni,1_1
metal alloy Cu/ 2 - — 0.5/1/1.7 15 30/30/90 15,385.93 2456.78 960.48 21.91 29
mesh/PLA Ni,1.2
matrix Cu/ 2 - - 0.5/1/1.7 15 30/30/120  15,757.32 3019.30 792.16 17.42 2.5
Ni,1_3
34 %/0.07 40 % 3D- 13.97 mm Cu/ 2 - — 0.5/1.5/ 15 30/30/90 11,971.91 1911.64 721.49 14.50 2.3
mm Ni-Cu triangle X 76.2 mm Ni,2_1 2.3
metal alloy Cu/ 2 - - 0.5/1.5/ 15 30/30/120  13,300.07 2548.46 907.40 20.93 3.1
mesh/PLA Ni,2 2 2.3
matrix Cu/ 2 - - 0.5/1.5/ 15 30/30/150  13,495.63 3016.92 866.46 22.34 3.5
Ni,2_3 2.3
Cu/ 2 - - 0.5/1.5/ 15 30/30/180 13,441.23 3434.01 922.00 23.24 3.4
Ni,2_4 2.3
Cu/ 2 0.1176 1 1.5/1.7/ 15 30/30/30/ 13,580.93 3035.99 624.47 18.94 3.6
Ni,2 5 1.9/2.1/ 30/90
2.3
Cu/ 2 0.1667 2 1.5/1.7/ 15 30/30/30/ 11,741.51 1499.88 656.22 11.79 1.5
Ni,2_6 1.9/2.1 30
Cu/ 2 0.12 1.5 1.5/1.7/ 15 30/30/30/ 12,361.76 1973.89 877.23 16.32 2.3
Ni,2_.7 1.9/2.1/ 30/30
2.3
Cu/ 0 - - 1.5/1.7/ 15 30/30/30/ 12,917.06 2475.07 580.46 18.90 3.5
Ni,2 8 1.9/2.1/ 30/30/30
2.2/2.3
Cu/ 2 0.1 1.2 1.5/1.7/ 15 30/30/30/ 13,000.82 2491.12 863.27 19.29 3
Ni,2 9 1.9/2.1/ 60/30
2.3
Cu/ 2 0.2 1 1.5/1.7/ 15 30/30/30/ 13,125.60 2934.20 909.85 21.08 3.3
Ni,2_10 1.9/2.1/ 90/30
2.3
Cu/ 2 0.4 2 1.5/1.7/ 15 30/30/30/ 13,324.75 2978.72 934.05 22.43 2.9
Ni,2 11 1.9/2.1/ 90/30
2.3
Cu/ 2 0.6 3 1.5/1.7/ 15 30/30/30/ 13,154.99 2940.77 766.85 22.67 3.5
Ni,2 12 1.9/2.1/ 90/30
2.3
Cu/ 4 0.4 2 1.5/1.7/ 15 30/30/30/ 13,221.73 2955.69 894.96 22.38 3.0
Ni,2_13 1.9/2.1/ 90/30
2.3
Cu/ 0.5 0.6 3 1.5/1.7/ 15 30/30/30/ 14,754.64 3298.37 944.02 25.68 3.8
Ni,2_14 1.9/2.1/ 90/30
2.3
Cu/ 0.25 0.5 2 1.5/1.7/ 15 30/30/30/ 15,214.95 3401.27 813.99 23.80 3.8
Ni,2_15 1.9/2.1/ 90/30
2.3
Cu/ 0.5 0.5 2.5 1.5/1.7/ 15 30/30/30/ 14,990.57 3351.11 849.35 24.03 3.8
Ni,2_16 1.9/2.1/ 90/30
2.3
Cu/ 0.5 0.4 2 1.5/1.7/ 15 30/30/30/ 12,691.55 2837.17 847.10 21.14 3.1
Ni,2_17 1.9/2.1/ 90/30
2.3
PLA — - Smooth - - - - - - - 1001.75 + 26.70 + 4.3
21.51 0.48
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Table 6

Mechanical properties of the 3D printed smooth beam and the slender beam

bonded by the epoxy adhesive.

modifications of several key parameters: displacement rate, total
displacement, resistance welding time, and power output settings. We
implemented a ramp heating setting with 0.2 V increments to increase
the homogeneity of heat distribution [61], which is crucial for consistent

Particular attention was paid to the resistance welding time at the
peak current levels of 2.3 V (first highest) and 2.1 V (second highest).
Adjusting these times was essential for achieving optimal impregnation
of the PLA polymer into the metal mesh. Moreover, we fine-tuned the
displacement rate to improve polymer consolidation quality, while
controlling total displacement was crucial to prevent the polymer from
being over-squeezed out of the interface region. Over-squeezing,
resulting from improper displacement settings, can cause polymer to

Material Infill type Sample Flexural Flexural Maximum bonding.
label strength modulus allowable
(MPa) (MPa) strain (%)
PLA 40 % 3D- - 27.09 1020.79 4.3
triangle - 26.86 1006.05 4.3
- 26.16 978.41 4.3
Nominal - 26.70 + 1001.75 + —
Value 0.48 21.51
PLA/ 40 % 3D- - 17.74 942.82 2.7
Plexus triangle
MA310

For samples ‘Ni/Co, 3’ to ‘Ni/Co, 6’, the power output settings were
consistent, but the resistance welding times at peak current levels varied
(90,1205, 150 s, and 180 s). In Fig. 12b, samples ‘Ni/Cu, 1_2’, ‘Ni/Cu,
2.3, and ‘Ni/Cu, 2 4" are identified as having good bonding quality.
Notably, ‘Ni/Cu, 2_3’ and ‘Ni/Cu, 2_4" exhibit higher maximum allow-
able strains (3.5 % and 3.4 %, respectively) compared to ‘Ni/Cu, 1_2’
(2.9 %). This observation correlates with the findings from Fig. 9c and d,
where a higher welding temperature at the peak current level was
associated with a lower maximum allowable strain. The reasoning is that
under a constant cooling rate, higher temperatures induce more thermal
residual stress between the metal fiber and polymer matrix at the
interface region.

In Fig. 12a and b, it is observed that the flexural strength of resistance
welded PLA slender beams still falls short of that achieved by smooth
PLA beams. To address this, we employed a displacement rate-
controlled welding approach preceded by initial compression to
enhance bonding quality. This process involved systematic
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spread around the interface region and onto the outer surface, poten-
tially creating voids and compromising structural integrity [62].

Following these systematic modifications, samples labeled ‘Ni/Cu,
210’ to ‘Ni/Cu, 213" were identified as exhibiting good bonding
quality, demonstrating the effectiveness of our optimized welding
parameters.

In Fig. 12¢, it's observed that the peak load of the resistance welded
PLA slender beams still does not match that of the smooth sample. This
discrepancy is partly attributed to the high initial compressive stress,
which causes the polymer to melt faster than the rate of displacement,
leading to suboptimal polymer consolidation. To resolve this issue, we
reduced the initial compressive pressure to 0.5 MPa and 0.25 MPa. The
resulting load versus deflection curves for these modified settings are
shown in Fig. 12d.

Among the resistance welded samples, ‘Cu/Ni, 2_.14’ demonstrated
the highest flexural strength at 25.68 MPa. Its flexural modulus and
maximum allowable strain were measured at 944.02 MPa and 3.8 %,
respectively. For comparison, the smooth sample exhibited a flexural
strength of 26.70 + 0.48 MPa, a flexural modulus of 1001.75 + 21.51
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Table 7

The bonding quality of the slender beam resistance welded by the metal mesh
and bonded with epoxy adhesive. (Note: 1. Percentile data = mechanical
properties of resistance welded beams/mechanical properties of slender beams;
2. bonding quality: >90 % is A, 80 %-89.99 % is B, 70 %-79.99 % is C. Rest
percentiles are considered as poor quality.)

Material Infill Sample Welding Welding Welding
type label strength modulus maximum
efficiency efficiency allowable
(%) (%) strain
efficiency
(%)
PLA/ 40 % - 66 % 94 % 63 %
Plexus 3D-
MA310 triangle
30 %/0.11 40 % Cu/ 53 % 73 % 58 %
mm Ni- 3D- Ni,1.1
Cumetal triangle Cu/ 82 % 96 % 67 %
alloy Ni,1.2
mesh/ Cu/ 65 % 79 % 58 %
PLA Ni,1_3
matrix
34 %/0.07 40 % Cu/ 54 % 72 % 53 %
mm Ni- 3D- Ni,2 1
Cumetal triangle Cu/ 78 % 91 % 72 %
alloy Ni,2.2
mesh/ Cu/ 84 % 86 % 81 %
PLA Ni,2_3
matrix Cu/ 87 % 92 % 79 %
Ni,2_ 4
Cu/ 71 % 62 % 84 %
Ni,2_5
Cu/ 44 % 66 % 35%
Ni,2 6
Cu/ 61 % 88 % 53 %
Ni,2.7
Cu/ 71 % 58 % 81 %
Ni,2_8
Cu/ 72 % 86 % 70 %
Ni,2 9
Cu/ 79 % 91 % 77 %
Ni,2_10
Cu/ 84 % 93 % 67 %
Ni,2 11
Cu/ 85 % 77 % 81 %
Ni,2.12
Cu/ 84 % 89 % 70 %
Ni,2_13
Cu/ 96 % 94 % 88 %
Ni,2_14
Cu/ 89 % 81 % 88 %
Ni,2.15
Cu/ 90 % 85 % 88 %
Ni,2_16
Cu/ 79 % 85 % 72 %
Ni,2_17
36 %/0.25 40 % Ni/Co,1 83 % 107 % 67 %
mm Co- 3D- Ni/Co,2 59 % 97 % 49 %
Ni metal triangle Ni/Co,3 61 % 100 % 56 %
alloy Ni/Co,4 54 % 88 % 51 %
mesh/ Ni/Co,5 87 % 101 % 84 %
PLA Ni/Co,6 41 % 83 % 49 %
matrix

MPa, and a maximum allowable strain of 4.3 %. Thus, ‘Cu/Ni, 2_14’
represents the best bonding quality among the welded samples, reaching
very closely to the mechanical performance of the smooth samples.

A comprehensive summary of the resistance welding parameters,
along with the flexural and thermal properties for the three types of
metal meshes, is presented in Tables 4 and 5. The detailed data points
are compiled in Tables 4 and 5. In terms of energy consumption and
power generation efficiency, our findings suggest that metal meshes
with a smaller opening size and higher wire resistance are preferable for
optimal electricity usage. This is particularly important in resistance
welding processes, which should operate at lower current levels to
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Table 8

Multivariable linear regression analysis on the relationship between the welding
efficiency and displacement-controlled resistance welding parameters of resis-
tance welded PLA beams by 34 %/0.07 mm Ni-Cu metal alloy mesh (note: 1. y:
welding efficiency = mechanical properties of resistance welded beams/me-
chanical properties of slender beams (0-100 %, or higher), x;: Initial applied
compression (MPa), x: Compression rate (mm/min), x3: Total displacement
(mm); 2. Condition: Resistance welding voltage: 1.5/1.7/1.9/2.1/2.3 V, resis-
tance welding current limit: 15 A, resistance welding time: 30/30/30/90/30 s).

y Polynomial A B C D R2
equation

Welding y=A+ 0.725 —0.006 0.452 —0.028 76.74
strength Bxj + Cx2 +
efficiency Dx3

Welding y=A+ 0.89 0.005 —0.070 -5.73 7.10
modulus Bx) + Cxy + *1074
efficiency Dx3

Weldingmax y =A+ 0.74 —0.036 0.348  —0.028 63.01
allowable Bxj + Cx2 +
strain Dx3
Efficiency

minimize electric oscillation and the risk of current leakage. Further-
more, based on the equation for wire resistance, lower wire diameters
and higher wire resistivities are preferred for achieving desirable
welding outcomes.

The scatter plot of the flexural properties of the resistance welded
and smooth short beam PLA samples are shown in Fig. 13. In Fig. 13a
and c, we observed that among all the resistance welded beams, those
using Ni/Co metal mesh exhibited the highest flexural modulus, given
the same levels of maximum allowable strain and flexural strength. This
outcome is attributed to the adequate thermal residual stress generated
between the metal fiber and polymer matrix during the resistance
welding process. Several factors influence this level of thermal residual
stress, including cooling rate, peak temperature, and the volume of the
metal mesh [63].

In our experiments, the cooling rate remained almost constant as all
welding operations were conducted at room temperature. The signifi-
cant thermal residual stress observed is primarily due to the high tem-
peratures reached at peak current levels and the use of a relatively large
wire diameter. Previous research has shown that an appropriate amount
of thermal residual stress can enhance structural integrity [63,64]. This
is because the polymer matrix may not bond effectively with the metal
fiber due to different curing mechanisms in the resin/fiber system. A
suitable level of residual stress can create mechanical interlocking be-
tween the metal fiber and the matrix, thus achieving improved structural
integrity. This finding aligns with our results.

Contrary to the suggestions by Dube et al. [45], which indicate that
enlarging the ratio of opening fraction to wire diameter could signifi-
cantly increase bonding quality, our investigation found that this ratio
does not significantly affect the flexural modulus and strength. As shown
in Fig. 13b, there is a linear correlation between flexural strength and
maximum allowable strain.

Tables 6 and 7 list the flexural strength, flexural modulus, and
maximum allowable strain for slender beam samples resistance welded
with various metal meshes. These properties are benchmarked against
those of smooth samples and expressed as a percentage. Additionally,
the flexural properties of adhesive-bonded slender beams (using Plexus
MA310) and smooth slender beams are included for comparison.

Initially, the adhesive bond is considered to exhibit poor bonding
quality, as indicated by its low flexural strength and maximum allow-
able limit. Another type of poor bonding, as seen in Table 7 with samples
like ‘Cu/Ni, 2_5” and ‘Cu/Ni, 2 8’, is characterized by a low flexural
modulus. As previously mentioned, the level of residual stress signifi-
cantly influences structural stiffness, prompting further investigation
into how to effectively modify thermal residual stress.

Notably, the sample ‘Cu/Ni, 2_14’ achieved 96 %, 94 %, and 88 % of
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Fig. 14. 2D contour plot of welding strength efficiency, displacement-controlled resistance welding parameters, and resistance welding setup of resistance welded
PLA beams by 34 %/,/0.07 mm Ni-Cu metal alloy mesh: a) welding strength efficiency against averaged power density and initially applied compression; b) welding
strength efficiency against averaged power density and total displacement; c) welding strength efficiency against averaged power density and compression rate.
(Note: Condition: Resistance welding voltage: 1.5/1.7/1.9/2.1/2.3 V, resistance welding current limit: 15 A, resistance welding time: 30/30/30/90/30 s.)

the smooth slender beams' flexural strength, modulus, and maximum
allowable strain, respectively, marking it as the best bonding quality
among all the samples tested. In contrast, while some samples welded
with the 36 %/0.25 mm Co—Ni metal mesh surpassed the smooth
sample in flexural modulus, they did not reach the same levels in flexural
strength and maximum allowable strain.

Table 8 shows the relationship between displacement-controlled
resistance welding efficiency and displacement-controlled resistance
welding parameters. Based on the multivariable linear regression anal-
ysis, the displacement-controlled resistance welding parameters have a
relatively strong relationship with the welding strength and maximum
allowable strain efficiency (R? > 50 %), under a similar power setting
(resistance welding time, voltage, and current). So, we are using the
welding strength efficiency to show the effect of displacement-
controlled resistance welding in Fig. 13. This also indicates that
displacement-controlled resistance welding improves the strength more
than improvements in the modulus.

Fig. 14 reveals that the most optimized process for welding PLA
polymers using a 34 %/0.07 mm Ni—Cu metal alloy mesh involves
certain specific conditions. An average power density between 14,500
and 14,800 W/m?, a compression rate of 0.56 to 0.60 mm/min, a total
displacement of 2.8 to 3.0 mm, and an initial compression of 0.5 to 1.1
MPa can achieve welding strength efficiencies >94 %. However, it is
crucial to consider several sub-optimal scenarios identified during the
process and their respective consequences.

As shown in Fig. 14a, an average power density around 13,000 W/m?
leads to a discontinuous gradient and demonstrates that a higher initial

compression increases welding strength efficiency. This effect is attrib-
uted to the enhancement of PLA polymer impregnation into the metal
mesh during the early stages of resistance welding. While a lower
average power density is more energy-efficient, a higher initial
compression may cause local crushing or buckling issues. Consequently,
when welding strength is comparable across different resistance welding
plans, a lower initial compression is preferred.

When the PLA polymer achieves good impregnation (average power
density at approximately 13,500 W/m?2), the initially applied compres-
sion becomes less critical compared to the compression rate and total
displacement, up until the average power density reaches about 14,000
W/m?. Fig. 14b and ¢ indicates potential for further enhancing welding
strength efficiency. However, caution is needed: an average power
density exceeding 15,000 W/m? might lead to polymer deterioration at
the interface, a compression rate higher than 0.6 mm/min can increase
mechanical residual stress due to slower polymer melting and impreg-
nation, and a total displacement above 3 mm could induce additional
mechanical residual stress post-welding and squeeze out the liquid
polymer, causing local buckling.

Herein, we investigated the relationship between the failure modes
and welding parameters of the welded beams which shown in Fig. 15.
Previous investigations have suggested a strong relationship between
the failure modes of slender beams and their welding strength efficiency.
Typically, the ranking of welding strength efficiency correlates with
failure modes as follows: substrate failure > cohesive & substrate failure
> adhesive & substrate failure > cohesive failure > adhesive failure
[65,66]. However, as observed in Fig. 15a and b, in our study, the failure
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displacement-controlled resistance welding parameters versus welding strength efficiency; c¢) welding strength efficiency versus averaged power rate; d) welding
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Fig. 16. Strain field in a slender beam under three-point bending as determined by digital image correlation (DIC): a) region of interest for the first principal strain
measurements; b)-f) a contour plot of the first principal strain at the flexural strain of b): 7.44 % (beams resistance welded by 34 %/0.07 mm Ni-Cu metal mesh
(Sample Ni/Cu, 2_14)); ¢): 3.84 % (beams resistance welded by 30 %,/0.11 mm Ni-Cu metal mesh (Sample Ni/Cu, 1_2)); d): 4.22 % (beams resistance welded by 36
%/0.25 mm Co-Ni metal mesh); e): 4.30 % (beam adhesive-bonded by Plexus MA310); f): 3.74 % (smooth beam).

modes did not show a strong correlation with either the welding strength directly correspond to welding strength efficiency, possibly due to local
efficiency or the averaged power rate. While the general principles from defects, sample inconsistencies, or accidental fracture triggers.
previous studies are valid, in specific instances, the failure mode may not Further analysis, detailed in Table 8, indicates that the parameters of
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Fig. 17. Load versus deflection curves for the PLA slender beams resistance
welded by 34 %/,/0.07 mm Ni-Cu metal mesh.

displacement-controlled resistance welding have a limited relationship
with welding strength efficiency. We conducted an investigation
focusing on modulus welding efficiency and the type of metal mesh
used. Fig. 15d reveals interesting insights into the efficiency of different
metal meshes. When comparing the 30 %,/0.11 mm and 34 %,/0.07 mm
Ni—Cu metal alloy meshes, it was found that the 34 %/0.07 mm mesh
requires approximately 14.8 % higher average power density to achieve
a similar welding modulus efficiency. Conversely, the 36 %/0.25 mm
Co—Ni metal alloy mesh demonstrates about 10 % higher welding
modulus efficiency than the 34 %/0.07 mm Ni—Cu mesh under a
comparable average power efficiency.

3.4. Surface strain distribution measured by 2D-DIC

Fig. 16 show the distribution of the first principal strains on the
surface for resistance welded, adhesive bonded, and smooth slender
beams. Utilizing Digital Image Correlation (DIC), we captured the strain
at the middle-bottom point of slender beams under various conditions:
resistance welded with 34 %/0.07 mm Ni—Cu metal mesh, 30 %/0.11
mm Ni—Cu metal mesh, 36 %/0.25 mm Co—Ni metal mesh, adhesive
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bonded, and smooth. This was conducted at a consistent time frame of
120 s to ensure a uniform level of curvature induced by the crosshead
motion. The recorded strain values were 1.50 %, 7.05 %, 23.05 %, 2.47
%, and 2.32 %, respectively, for each type of beam.

The rationale behind selecting the same time frame for all beam
types is to compare the strain fields under a similar bending condition.
This comparison is vital for evaluating structural integrity by examining
the level of strain concentration at the mid-bottom of the beams. This
region is particularly critical as it is where the first fracture is likely to
occur in a beam subjected to three-point bending. Through this analysis,
we aim to determine which beam type is more susceptible to fracturing
under similar stress conditions.

Through DIC observations, it is evident that the first principal strain
primarily concentrates at the bonding region of the slender beams and
then progressively extends outwards towards the two support ends. This
strain pattern is particularly noticeable as the strain linearly increases
from the top middle to the bottom side of the beam. This increase is
attributed to a higher level of curvature present in the mid-bottom
section of the beam, which is under more significant bending stress.

In Fig. 16¢, an asymmetrical distribution of the first principal strain is
observed, which can be linked to the uneven application of flexural
loading and the anisotropic stiffness distribution within the bonding
region. This asymmetry highlights the variation in mechanical response
across different sections of the beam, indicating areas of potential
weakness or heightened stress concentration. Understanding these
strain patterns is crucial for assessing the structural integrity and per-
formance of the beam under various loading conditions.

Overall, the investigation reveals that normal strain predominates in
the smooth, resistance welded, and adhesive bonded slender beams,
with no visible signs of residual stress in the smooth and adhesive
bonded structures. In contrast, all resistance welded beams exhibit high
surface strain concentration, attributable to thermal residual stress
induced during the resistance welding process. This could adversely
affect long-term performance, including aspects such as fatigue.

3.5. Effect of cooling rate on the resistance welded PLA slender beams

The effect of the cooling rate on the resistance-welded PLA slender
beams is shown in Fig. 17. Two different cooling plans were chosen to
modify the residual stress level in the interface region of the resistance-
welded beams. The influence of cooling rate on resistance-welded PLA
slender beams is depicted in Fig. 17. Two distinct cooling protocols were

Table 9
A comparison of joining strategies for the FDM printed thermoplastic polymer structures.
Reference Substrate Implant material Fusion joining process Test method ~ Welding Advantage Disadvantage
material strength
efficiency
Present PLA 34 %/0.07 mm Ni- Displacement- Three-point 79 %-96 % Fast, easy setup, Current leakage, Proper
study Cu metal mesh controlled resistance bending repeatable process implant material remain
welding tests unclear
Poyraz Polypropylene Polypyrene Ultrafast microwave Lap shear 69.88 %-— No need electrical Hard to penetrate thick
etal. [67] (PP) nanogranule-coated welding tests 96.79 % connection, fast, no materials
carbon/catalyst heat distortion
Vijendra Polyethylene - Induction heated tool- Tensile tests ~ 77.11 %-— Better bonding than Restricted to thin structure,
etal. [68] (PE) assisted friction-stir 104.32 % FSW surface damage, tedious setup,
welding (I-FSW) low hardness on the bonding
area
Azhirietal.  ABS Nano-silica Friction stir welding Tensile tests 71 % (no Better bonding than Restricted to thin structure,

[69]

Leicht et al.

[70]

Balkan
etal. [71]

Polyarmide-12

PP/PE/PVC

Adhesive

Welding rod

(FSW)

Adhesive bonding

Hot gas welding

nano-silica)
71 %98 %
(nano-silica)

Lap shear 8 %45 %

tests

Tensile tests  PE: 92.31 %
PP: 77.27 %

PVC: 76.92 %

FSW, high hardness on
the bonding area

Fast, easy operation,
good bonding surface
finishing

Better bonding than
FSW, high welding
flexibility

surface damage

Poor bonding quality

Hard operation, poor surface
finishing
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employed to alter the residual stress levels in the interface region of
these beams, with the resistance welding plan and heating element
being the same as in the Ni/Cu, 2_14 sample. Post-welding, all six beams
underwent a stress-relief process in a heating oven at 70 °C for 30 min.
Subsequently, half of the samples were rapidly cooled in an ice water
pool for 30 min, while the remaining three were allowed to cool slowly
in the oven over 7 h, reaching room temperature. Following ASTM D790
standards, all samples underwent three-point bending tests. The data
from Figs. 17 and 12d suggest that an optimal level of residual stress in
the interface region is crucial for high-quality bonding in resistance-
welded PLA beams, with the initial welds exhibiting superior perfor-
mance. Variations in stiffness are primarily attributed to the annealing
effect on the PLA polymer structure.

4. Discussion on the welding efficiency of displacement-
controlled resistance welding process and future trend of fusion
joining of additively-manufactured architecture

A detailed comparison between different joining strategies on the
FDM-printed thermoplastic polymer structures is shown in Table .
Compared with other joining methods, displacement-controlled resis-
tance welding demonstrates commendable efficiency in achieving
welding strength, as indicated by references [72,73]. Acherjee and
Roudny et al. have suggested that an appropriate welding technique can
be developed based on substrate stiffness [74,75]. This welding method
offers numerous benefits. It is a rapid and straightforward process for
bonding large polymer structures, requiring only a power source and
electrical wires. Uniquely, it allows for embedding metal mesh and wires
within the structure, ensuring strong internal bonding—an advantage
not present in external joining processes. Additionally, displacement-
controlled resistance welding maintains excellent surface finish, pre-
vents damage at the bonding site, adheres to high geometric tolerances,
and preserves the original 3D design from CAD software.

Despite its many advantages, displacement-resistance welding is not
without limitations. It is a repeatable process, suitable for structural
repairs, but these repairs are largely confined to surface or interface
regions near the metal mesh. A significant drawback is the risk of current
leakage due to the high voltage required for welding large areas, posing
a safety hazard. Furthermore, the selection of suitable implant materials
for this welding method is still a subject for further research.

Regarding other joining processes, friction stir welding can yield
satisfactory bonding quality. However, this method often results in
relatively low hardness and damage at the interface of the bonding re-
gion. Additionally, poor surface finishing is observed, attributed to the
spinning action of the welding rod. In the case of microwave, ultrasonic,
or induction welding, a major limitation is the difficulty in penetrating
thick sample surfaces to reach the working area. Moreover, these
methods can cause surface distortion due to residual energy remaining
on the surface. Thus, each joining process has its own set of advantages
and disadvantages. Determining which process is most effective for
welding thermoplastic plastics in specific applications requires further
investigation.

5. Conclusion

The bonding quality of slender PLA beams, joined through resistance
welding and adhesive bonding, was examined using three-point bending
tests and digital image correlation (DIC) experiments. For these exper-
iments, three types of metal mesh—30 %/0.11 mm Ni—Cu, 34 %/0.07
mm Ni—Cu, and 36 %,/0.25 mm Co-Ni—were chosen over stainless-steel
mesh due to their lower current requirements, thereby maximizing
power efficiency and ensuring safe operation. In line with previous
findings, all three metal meshes demonstrated a high open area-to-wire
diameter ratio, contributing to superior bonding quality. However, this
ratio did not significantly affect the flexural strength and modulus of the
beams. Microscopic examination of the resistance-welded samples
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revealed an absence of voids in the interface region, indicating effective
bonding.

An investigation into the resistance welding process parameters
revealed that factors such as power output, welding time, initial
compressive pressure, displacement rate in the displacement-controlled
process, and total displacement are crucial. Subsequently, comparisons
were made between flexural strength, modulus, and maximum allow-
able strain of the welded beams and smooth slender PLA beams. It was
found that a higher wire diameter coupled with a larger opening size
results in an increased flexural modulus. For achieving high energy ef-
ficiency and safe operation in line with environmental sustainability and
clean production goals, a metal mesh with small openings and high wire
resistance is recommended. Conversely, for optimal structural perfor-
mance characterized by high flexural stiffness, a metal mesh with a high
wire diameter and large opening size is preferable. Both types of heating
elements were shown to yield comparable results in terms of flexural
strength and maximum allowable strain.

Multivariable linear regression analysis indicated that the
displacement-controlled resistance welding process has a more pro-
nounced effect on flexural strength than on modulus. Using a 34 %/0.07
mm Ni—Cu metal alloy mesh in the welding of PLA polymers, with
parameters set to an average power density of 14,500 W/m?, a
compression rate of 0.60 mm/min, total displacement of 2.8 mm, and
initial compression of 1.1 MPa, can achieve over 94 % (25.68 MPa)
welding strength efficiency. Similarly, using 30 %,/0.11 mm Ni—Cu and
36 %/0.25 mm Co—Ni meshes can optimize welding strength effi-
ciencies to 82 % (21.91 MPa) and 87 % (23.21 MPa) respectively.
Interestingly, the mode of failure does not significantly correlate with
welding strength efficiency, which contrasts with previous findings on
resistance welding.

Displacement-controlled resistance welding offers numerous benefits
over other joining processes. While the optimal implant material is yet to
be determined, Ni/Co or Ni/Cu metal meshes are preferred to stainless
steel mesh due to their uniform heating distribution and safer welding
characteristics. The use of PLA in engineering structures is particularly
promising, offering several advantages over thermoset resin, notably in
terms of additive manufacturability, recyclability, and reprocess-ability.
Future investigations into displacement-controlled resistance welding
should focus on its economic efficiency, sustainability, and potential for
reducing environmental pollution, especially when applied to a wider
range of composite materials or 3D-printed structures.
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