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Abstract: The rise of Industry 4.0 has introduced challenges and new production models
like additive manufacturing (AM), enabling the creation of complex objects previously
unattainable. However, many polymers remain underutilized due to the need for improved
mechanical properties and reduced process-induced anisotropy. ME-based part construc-
tion involves successive filament deposition, akin to welding. Upon exiting the nozzle, the
polymer solidifies within seconds, limiting the time and temperature available for diffu-
sion and efficient bonding with the adjacent filament. Therefore, optimizing this welding
process is essential. The primary objective of this review was to report on the equipment
utilized to enhance the bonding between filaments deposited during manufacturing. While
higher temperatures improve welding, most equipment cannot endure prolonged high-heat
operations, limiting the use of engineering-grade polymers. Modifying polymer matrices
by incorporating low-molar-mass molecules can boost welding and mechanical strength.
Significant gains in mechanical properties have come from matrix modifications and new
in situ welding devices. Reported devices use light (laser, UV IR), electric current, radio
frequency and heat collection from the nozzle. The simplest device is a heat collector, while
a double laser beam system has achieved the highest mechanical properties without matrix
modification. There was an improvement in properties ranging from 20% to 200%.

Keywords: material extrusion; in situ; preheating; 3D printer modification; polymer welding

1. Introduction

The Fourth Industrial Revolution, or Industry 4.0, is based on the combination of
the physical and digital worlds and involves a new manufacturing paradigm [1]. In this
context, additive manufacturing (AM) is a new method that allows the construction of
parts according to a digital model by numerous successive steps of overlapping layers. It is
important to note that the term ‘3D printing’ is frequently interpreted as a synonym for
AM. This manufacturing method allows the construction of complex parts, which can be
hollow or have different internal structures, which in traditional methods such as extrusion,
injection and machining are not possible [2,3]. Parts can be manufactured with complex
geometry without the need for molds or preforms, drastically reducing design and project
execution time [4].

In the context of producing small numbers of parts or single bespoke parts, AM has
relevant advantages, such as eliminating the cost of molds and expanding the range of
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materials that can be employed [5-7]. A huge variety of raw materials can be used to
compose the layers of the final part [8-13].

Among the different AM techniques, the manufacture of objects by means of a molten
mass that flows through a nozzle and solidifies into stacked filaments [14-17] is generally
called fused deposition modeling (FDM) or material extrusion (ME), as defined by ASTM
F2792. This technique is the most widespread due to the low cost of raw materials and
equipment [18-21].

The patent covering the process was issued in 2009 [22], but even more than 10 years
later has not yet been fully mastered. The lack of development of the technique can be
blamed on three main reasons: inadequate equipment involving mechanical engineering;
inadequate software development; and difficult engineering applied to many raw materials.
Changes to the entire system (machine and software) must enable the raw material to reach
its best properties during processing. Therefore, a thorough understanding of the behavior
of the polymer in printing is extremely important so that the need for action by the other
areas involved (mechanical engineering and programming) is reduced.

Although currently there is a large variation of polymers, mainly in ME, two polymers
stand out: poly (lactic acid) (PLA) and acrylonitrile butadiene styrene (ABS) [23-25]. This is
due to the difficulty of depositing many polymeric masses on the base for the construction
of the layer, called ‘poor printability” in the literature [11,26-30]. Such behavior is also
associated with the major disadvantage of ME, since the construction of the layer takes place
through the welding of many intra and interlayer lines between adjacent filaments [31].

In the additive construction model, complex shapes can be obtained with hollow struc-
tures or with different structures, which is not possible in machining or injection/extrusion.
Most of the devices are small, and can even be used in an office environment with a clean
process, with energy savings of up to 25% and less waste generation (~90%) compared to
conventional methods [32]. Regarding the time between design and obtaining the final
product, it has been greatly optimized mainly as part of the concept of the Fourth Indus-
trial Revolution, which integrates the physical and digital world. The equipment, mainly
of the ME type producing filaments, can be purchased online at a cost that is accessible
to the population. The raw material used in ME printers also has lower cost compared
to other techniques and thus justifies the greater coverage of this technique for additive
manufacturing [33-36].

The properties of the printed parts are influenced by the welding of the filaments
between paths and adjacent layers [37]. In this way, compared to a part manufactured by
common processing and 3D printing with the same polymer, inefficient welding will reduce
the mechanical properties of the part, among other factors. According to the literature,
the improvement of the solder has been most often achieved through the addition to the
polymeric matrix of molecules with lower molar mass, where the diffusion of the polymeric
solder is mainly modified by increasing the depth of diffusion (or depth of the solder) [38].
With regard to equipment, weld modification has been carried out mainly by means of
laser devices, where considerable gains in mechanical strength have been obtained in situ
construction.

Challenges in ME technology include low mechanical strength, lack of dimensional
accuracy, low surface quality, small number of parts produced, anisotropy and long printing
time [39]. The part is formed by a continuous and repeated system of welds, which reduces
the mechanical resistance when compared to the properties of the raw material. The
rapid cooling of the polymeric mass during deposition prevents the establishment of
ideal time and temperature conditions for efficient welding. Furthermore, most printers
are not designed to withstand prolonged printing periods at high temperatures, which
leads to overheating in regions that should remain cool, resulting in extrusion channel
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clogging. Attempts to increase printing speed, aiming to deposit adjacent filaments at
higher temperatures to enhance welding, have proven ineffective, as the liquefaction of
the polymeric mass does not occur adequately at high flow rates. In this context, the
implementation of devices to optimize in situ welding could mitigate these issues and
improve process efficiency.

This work presents a literature review on the development of devices aimed at improv-
ing filament bonding during 3D printing. Additionally, it examines the properties of the
polymer matrix and its modifications to better respond to the stimuli from the additional
devices in the 3D printer.

The structure of this paper begins with a discussion on welding, focusing on the joining
of two parts, particularly addressing the literature on the bonding of polymeric parts and
the inherent challenges in the material extrusion (ME) process. The key characteristics of
the polymer matrix are outlined, along with the modifications that can be made to achieve
better results when the 3D printer is modified. Subsequently, the paper reviews the works
in the literature regarding devices developed to improve the bonding between filaments, or
the welding of adjacent filaments, in an in situ process. Thus, the importance of developing
such devices and modifying 3D printers is highlighted, encouraging further research in this
field by demonstrating the improvement in properties, even when using simple systems.

2. Welding Methods

The welding mechanism encompasses all the steps of joining the parts from the
beginning to the end of the operation, and involves temperature, surface conditions and
pressure during welding [40]. Polymeric welding involves direct contact of the part’s layers
at temperatures above their melting point [41]. During welding, diffusion of molecules
occurs at the contact interface and thus partial or complete diffusion of molecules can
occur [42]. The mobility of the molecules near the surface must be stimulated by a heat
source [43].

Polymer welding techniques based on the heating method have been described in
the literature in different categories of melting the polymer mass [39,44-48], and some
variations in the terms may occur. Categorization of the main heating methods included
bulk heating, friction heating, electrothermal heating and other thermal techniques, as
shown in Table 1.

Table 1. Main welding technique separated according to the fusion method based on the literature.

Fusion Method Welding Technique

Hot melt adhesives
Bulk heating Dual resin bonding
Consolidation

Spin weld
Ultrasonic welding
Friction welding
Vibration welding

Friction heating

Resistance welding
Dielectric welding
Microware welding
Induction welding

Electromagnetic heating

Laser welding
Infrared welding
Hot plate welding
Hot gas welding

Thermal techniques
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When performing welding, different methods can be applied to make the same part,
and finding the best system should be the subject of careful analysis. Xiong et al. (2021) [46]
performed a comparison of some welding systems for a polymer composite system with
carbon fabric and found differences of welding power. The direct comparison indicated
that laser welding had the best results compared to other techniques.

Initially, laser welding was used only for metals, but due to the improvement of the
technique, high-power solid-state laser welding has emerged in polymer applications [49].
Currently, welding of polymers using lasers already occurs on an industrial scale [50], but
the optical and physicochemical properties of the material must be studied [49]. Infrared
welding has been performed on composite materials with carbon fabric [51].

In general, polymer welding using ultrasonic waves is used with amorphous ther-
moplastics, except nylon [47]. Packaging, for example, can be produced by ultrasonic
welding of thermoplastic polymers [52], and can be applied in small areas [47], which is
important in ME. But choosing the welding mechanism requires knowing the behavior
of the macromolecules involved. Tofangchi et al. (2019) [53] investigated the use of ultra-
sonic vibration in the channel prior to ME deposition to enhance adhesion. The authors
concluded that the ultrasonic waves induced relaxation in the macromolecules, leading to
significant improvements in adhesion.

2.1. Mechanism for Welding Macromolecules and Depth of the Weld

Welding quality depends on temperature, pressure, welding operation time, contact
area [40] and chain density, which are in turn dependent on time and temperature [54].
But in ME, the pressure and welding time are difficult variables to control. In addition to
the operating characteristics of the welding equipment, the characteristics of the materials
must be understood, because the behavior of the macromolecules may require changing
the polymer matrix or the printing method.

The interdiffusion coefficient is inversely proportional to the polymer’s viscosity [55]
and the welding time is directly proportional to the relaxation time of the polymer [56].
These parameters can be determined computationally to simulate the behavior of complex
polymers during welding to optimize performance [57]. This is especially important in
the welding of adjacent filaments, since the direct study is very complex. In the case
of crosslinked polymers, there is an exponential increase in the welding time with the
crosslinking and branching time of the polymer [56], i.e., the relaxation time will be much
longer compared to non-crosslinked polymers.

The mechanisms suggested as being responsible for weld quality are reptation move-
ment and molecular relaxation, which affect the growth of the interfacial thickness of the
solder [58-62]. There should be a large degree of entanglement for better adhesion [63].
Figure 1 shows a representative diagram of the welding mechanism at time zero, above zero
and much greater than zero, as described in the literature [42,45,64]. The thermodynamic
and kinetic parameters are important for understanding the weld formation and also the
residual stress [65]. In the highlighted image, the reptation motion of the molecule occurs at
the interface. The increase in temperature and reduction in molar mass reduce the reptation
time and increase the weld thickness [60], in addition to increasing the interpenetration
due to the decrease in polymer viscosity [66].

The strength of the weld will be limited by the depth of interpenetration [67], i.e., the
stronger the weld, the greater the penetration will be. One of the main factors affecting
the depth of interdiffusion, or weld depth, is the crystallization time [68]. Welds can
exhibit plastically deformed crystals as deep as 0.5 um, and the depth is greater with longer
interpenetration time. Also, plastic deformations can be found in the regions between the
crystals [69]. At temperatures above the glass transition temperature (Tg), interdiffusion
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is observed, promoting the plastic deformation of the material due to the penetration
interface [70].

N
e

Figure 1. Representation of molecular behavior based on the theory of molecular reptation as a

Theory of reptation

T>0

function of time.

The factors that increase diffusion are increased contact temperature, plasticization
and polymer dissolution. The factors that reduce diffusion are the presence of polar groups
and crosslinks, which cause the molecules to become stiffer [40]. Studies indicate that
the thickness of the weld was reduced in the case of long oriented chains, whose size
was larger than the entanglement [60]. When comparing the self-strengthening as a func-
tion of temperature for low-density polyethylene (LDPE) and high-density polyethylene
(HDPE), HDPE required higher temperatures for self-adhesion [40]. Self-adhesion is an
especially important parameter in ME because for good welding there must be rheological
compatibility between the filaments deposited of the same polymer mass. Indeed, this is a
predominant mechanism of additive manufacturing [71].

2.2. Welding in ME

The quality of welding will determine the properties of the final parts [63,71]; defi-
ciency in welding leads to a decrease in interlaminar fracture toughness of the polymer
matrix when compared by the conventional method [58]. Few in situ studies have been
published due to the difficulty of analyzing very small and dynamic systems [68], which
increases the difficulty of finding ways to improve welding in ME [39]. According to Spoerk
et al. (2017) [30], improving the weld can increase the strength of printed parts by up to
90% over compression molded parts. Further works involving combined modification of
the polymer matrix in conjunction with in situ welding are discussed below.

Mechanical evaluations of printed parts are mostly performed by tension testing,
followed by flexural, Izod impact and compression testing [68]. Tear strength (ASTM
D1938 Mode III [72]) has also been used to determine weld quality [73,74]. Such tests
are used to validate the polymeric solder in printing. Scanning and optical microscopy
analyses are also indicated for direct visualization of the weld and to assist qualitatively
and quantitatively when the contact area of the filaments is determined [58,75-78].

Welding in printing is influenced by the cooling profile [56], and in conventional polymer
welding, measuring this parameter in the process already presents difficulties. However, in
ME, the cooling occurs much faster and total relaxation does not occur completely, so in the
end there is a more anisotropic characteristic of the weld and fewer entanglements in relation
to the polymeric matrix in the equilibrium in the printing conditions [61].
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In the process of layer construction, the top layer is deposited above the previous layer
in which only a small region has sufficient temperature for welding to occur. In Figure 2,
this condition is represented by the red color of higher temperatures and blue for the cooler
regions. A small amount of heat is transferred to lower layers, but the second sublayer
never reaches the Tg [64]. The region where welding occurs through interdiffusion of
the molecules is immediately after the nozzle passes through the reheating of the lower
layer, allowing the mobility of the molecules, as indicated by the highlight in Figure 2. The
coalescence of the filaments would occur through the interdiffusion of filament molecules,
as indicated by Oskolkov et al. (2023) [79]. Interdiffusion occurs exactly at the location
immediately after the deposition of the heated polymer mass. In the solder, the temperature
is not sufficient to cause annealing because the lower layers do not rise above the Tg [64].
Thus, a postprocessing action with annealing could increase the strength of the parts by
increasing the interdiffusion.

Figure 2. Schematic representation of the welding process with emphasis on the region of interdiffu-
sion by reheating the bottom layer.

The welding of printed parts was studied by Coasey et al. (2020) [58] under endother-
mic conditions to analyze reptation. They found that increasing the extrusion temperature
improved the curing of the 3D printed parts. This is because interdiffusion is achieved
by the proper thermal properties of the deposited material [37]. Thus, only by mastering
the technique and understanding the behavior of the polymer during the printing process
will it be possible to advance regarding both equipment modification and tailoring of the
polymeric matrix. This will help to enhance the properties of the printed parts as well as
increasing the variety of polymers used in the technique.

2.3. Cooling Profile for Welding Filaments

The weld quality is influenced by the cooling time before the next filament is deposited
and by the construction environment [37]. Measuring the temperature in the weld zone is a
crucial step to increase weld strength [64]. Drastic decreases in properties can be attributed
to poor interfilament diffusion as well as large increases in viscosity [60].

Determining the welding time is a complex parameter, especially in the case of printed
parts [49]. The thermal profile of the polymer mass as it solidifies forming the layers occurs
in many steps and is a crucial parameter in processing. But due to spatial and temporal
variations, it is difficult to carry out thermal measurements. Infrared thermographic imag-
ing is an alternative to analyze the cooling profile in the printed part’s layers. According
to a study carried out by Seppala et al. (2016) [64], the heat loss happened at a rate of
approximately 100 °C/s, so the temperature remained above the Tg for approximately 1 s,
while time for the formation of the weld was less than 2 s.
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2.4. Polymeric Matrix
2.4.1. Glass Transition (Tg)

Weld strength as a function of polymer’s molecular structure, as can be seen in Table 2,
according to Pelsmaeker et al. (2018) [49], where the polymers were separated into three
groups: (I) those that do not weld due to the presence of aromatic fractions along the
polymeric chain; (II) those with a degree of crystallinity that results in inefficient welding;
and (III) amorphous polymers whose characteristic is strong welding. As indicated, the
aromatic rings in the main chain of polycarbonate (PC) made welding difficult. Another
determining factor was the ability to form crystalline structures, resulting in poor-quality
welds. Only amorphous polymers were considered ideal for the formation of strong
welds. Thus, there was no direct relationship between the Tg and the strength of the weld.
Instead, this depended on the structural characteristics of the macromolecules, mainly
their crystallinity.

Table 2. Weld strengths as a function of polymer’s molecular structure. Data reorganized and adapted
from Pelsmaeker et al. (2018) [49].

Tensile Strength Weld

Group Description Polymer Strength [MPal Tg [°Cl]

I They dg not Weld due to the presence of ' PC 0.01 142

aromatic fractions along the polymeric chain.
HDPE 3.38 —115

1 Characterized by a degree of crystallinity that PP 2.63 =5

results in inefficient soldering. PA6 0.01 49

ABS 4.65 101

Amorphous polymers whose characteristic is PLLA 25.89 54

I strong soldering. As indicated, the aromatic PMMA 21.18 110

rings in the main chain of polycarbonate (PC) cocC 11.00 74

make soldering difficult. PS 8.99 82

2.4.2. Formation of the Crystalline Structure During Manufacturing

Although crystalline polymers do not show good results in welding and also produce
poor printability characteristics, such polymers are still of great importance [80]. These must
be studied so that both the polymeric matrix and the printing equipment are optimized,
favoring both the formation of crystals and the formation of the weld between the deposited
filaments, since both characteristics are important. Understanding the crystallinity of parts
during manufacturing is thus necessary to achieve good polymeric welding [66].

The evaluation of crystallinity of polymers used for printed parts is performed by dif-
ferential scanning calorimetry (DSC) and X-ray diffraction analysis (XRD), the latter being
the most cited technique [68]. Polymers with a high crystallization rate such as isotactic
polypropylene (PP) are difficult to use in ME, so polymers with lower crystallization rate
such as PLA are more acceptable [81]. The low crystallinity characteristic of PLA allows
greater molecular diffusion at the interface, explaining its wide application [82].

Equipment designed to measure temperature and X-ray dispersion in situ can indicate
crystalline structures in the core of the deposited filaments. These two techniques can also
be used to determine the relaxation of residual stress due to heat transfer when performing
the upper layer deposition, in addition to the increase in chain diffusion at the interface.

The formation of crystals inside the filament results in stiffening and helps the ther-
modynamic and geometric stability of the melted material [83]. The individual crystals on
the surface aid in mechanical anchoring and increase the rigidity of the weld [84]. Nogales
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et al. (2019) [85] investigated the formation of crystalline structures during the deposition
of filaments using X-ray diffraction.

Mass transport occurs until crystallinity stops the process [86]. In other words, the
reduced crystallization rate and the decrease in viscosity promote greater diffusion at the
weld interface [87]. The formation of crystals is governed by the relative molar mass and
the extent of interdiffusion, so promoting greater mobility of molecules has a positive effect
on interdiffusion [82].

2.4.3. Molar Mass (MM) and Polydispersion

Weld quality can be affected by molar mass and polydispersion. These factors should
be considered in ME since long heat and pressure application times cannot be employed
in this type of processing. In polymer science, it is known that high molar mass provides
greater mechanical strength to the final material and therefore is always desirable in
engineering, but the increase in molecular mass makes welding difficult [49]. Molecules
with lower molar mass work better due to the greater ease of diffusion, especially in printed
parts, in the final analysis favoring the mechanical properties of the parts.

The reduction in the molar mass results in the reduction in the storage modulus, but
helps to strengthen the weld [38]. Low MM molecules promote both diffusion and nucle-
ation [67], promoting strong welds. Low MM molecules provide greater entanglement and
consequently a drastic increase in adhesion between layers and greater isotropy [88]. These
promote both interfacial molecular diffusion and/or co-crystallization, which physically
anchor the chains across the interface in the case of the polylactic acid (PLA) in ME [67].
Smaller molecules fuse more quickly than larger ones and thus facilitate welding [57].
Fabrication by printing using PLA samples with molar mass values by weight (Mw) of 148
and 100.103 g-mol ! were compared, and the system with lower MM presented relatively
higher modulus, attributed to low diffusion [63].

Polydisperse systems have been studied to obtain the combination of advantages
and characteristics of molecules with high and low molar mass. A good polymer system
with high molar mass added to non-crystallizable low MW molecular fractions was ob-
served to be favorable [67]. Stronger welds can be achieved by reducing the absolute and
relative molar mass [63]. The difference in average molar mass (polydispersion degree)
is a factor that alters the solder since molecules with low molar mass can more easily
diffuse, improving joinability [55]. The addition of molecules that increase plasticity can
decrease the anisotropy and improve the mechanical property by facilitating the diffusion
of molecules and can increase the maximum stress by up to 100% according to Levenhagen
et al. (2018) [88]. The chain terminals were found to have greater interdiffusion than
the central parts of the macromolecules, and in the oriented long chain, this effect was
suppressed [60].

2.4.4. Additives

Additives can increase the rigidity and nucleation of crystals in the mass of the
deposited filaments by up to 40%, helping in the thermodynamic and geometric stability
of the printed parts [63]. The inclusion of additives in the polymeric matrix can alter the
welding of the filaments in the printing process, and has been one of the objects of study to
improving the welding strength.

Studies indicate that the inclusion of particles can improve the welding of the deposited
filaments [70]. The inclusion of carbon fibers in a poly(ether-ether-ketone) (PEEK) matrix
improved the mechanical properties of the printed parts, as it aided in the distribution of
heat during thermal treatment [89]. Carbon nanotubes can withstand rapid heating and
result in better welding, enabling printed parts to have more isotropy and even properties
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equivalent to those of injected parts [82]. Mineral fillers can further disperse the laser and
reduce laser transmission [50].

In ME, changing the characteristics of the polymeric matrix, such as blending, reduces
the anisotropy of the printed parts regardless of the printing parameters [65]. In the case
of polyetherimide/polycarbonate blends, a molecular diffusion simulation was carried
out with printed parts, where the authors found that each component presented its own
diffusion time [38].

According to Levenhagen and Dadmun (2018) [88], a bimodal blend was formulated
by adding a polymer with low molar mass to one with high molar mass, which improved
the mechanical properties of transversely printed parts. The addition of only 3% of the low
molecular weight molecules increased the maximum tension by 100%. Low molar mass
molecules with 2, 3 and 4 terminals were used and produced a significant improvement in
the isotropic properties, with the 3-terminal molecules presenting excellent performance
due to better diffusion at the interface and between filaments.

When analyzing the MM and viscosity separately for each molecule, the one with 3
terminals had the lowest viscosity value, and molecules with 4 terminals drastically in-
creased the viscosity of the blend, which negatively influenced the diffusion and worsened
the welding [88].

3. Extreme Welding Conditions: Equipment Failure

A simulation of the flow of molten polymer inside the printing nozzle carried out at
a temperature of 260 °C indicated that at high flow rates, the melting temperature does
not reach the interior of the core at high feed rates, as evidenced by the coloration in
Figure 3A [69]. The graph shows the difficulty of liquefying the polymer mass at higher
printing speeds. In Figure 3B, at different points in the final path of the fluid, there was
a drastic drop in temperature due to the increase in flow, especially at a height of 20 mm,
close to the outlet, indicating a lower outlet temperature of the polymer [69]. According
to the scheme in Figure 3C, the nozzle can be divided between the melting zone and the
cooling zone, where there is a flow of heat from the heating zone to the cooling zone [87].
Different insulating materials were used in an attempt to optimize the equipment for
PEEK printing, but even with the change of temperature and heat flow, there was still heat
transfer [87]. In this way, although higher temperature improves welding, the equipment
does not support high temperatures and longer working times. This is especially bad
for engineering polymers because of the high temperatures required for processing them,
particularly for ME.

When blockage or restriction occurs in the path of the filament, the extrusion mech-
anism fails and the traction wheel slides against the filament and corrodes its surface, at
which point the filament no longer advances. This behavior occurs due to the difficulty
of heating the polymer at high printing speeds [86]. On the other hand, at very high
temperatures and long printing times, the heat sink fails and passes the heat to a region
not suitable for melting the polymer (the heat from the nozzle through the tube where the
filament comes from). Due to this, the polymer softens and remains in a rubbery state,
unable to flow. In practice, the filament does not flow and is not solid enough to be pushed,
so it sticks to the walls of the tube. In other words, the equipment is still not prepared to
withstand the ideal conditions to achieve the best weld, especially for engineering polymers
that require very high temperatures, such as polyvinylidene fluoride (PVDEF), polyethylene
(PE), polyamide (PA) and polyethylene terephthalate (PET), among others [90].
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Figure 3. Representation of the heat flux distribution in the printing tube (A) and the core temper-
ature as a function of filament feed rate (B) [67]. Image of print nozzle and heat sink (C) with the
representation in a temperature and heat on the nozzle (D) [87].

4. Devices for In Situ Welding: Case Study

4.1. Light Devices: Laser, UV and IF
4.1.1. Laser

Figure 4A shows an in situ laser beam system developed by Ravi et al. (2016) [91]. The
laser is conducted to the printing location by a mirror system, where the last mirror acts
as the print head. In this case, the laser passes over the filament, the last built layer, and
especially influences the welding of the next layer rather than between adjacent filaments.
This system is similar to one proposed by Luo et al. (2018) [92]. The main difference
is that in this more recent proposed scheme, the mirror that conducts the laser beam is
not in the print head. The inclusion of the mirror system in the nozzle can increase the
weight of the nozzle and affect the bar that fixes the print head, so that slight bending
occurs. On the other hand, the laser beam can be more accurate. Meng et al. (2019) [93]
employed a laser system with PEEK and long carbon fibers. This system was similar to
the one presented by Chen et al. (2022) [94], both featuring a laser integrated into the
print head. In contrast, the system studied by Han et al. (2024) [95] applied the laser in a
highly localized manner during the deposition of nylon-based parts. Han et al. (2019) [96]
used a CO; laser, where only the final part of the laser generation system was attached to
the print head [97]. Mundada, Yang and Chen (2023) [98] investigated the temperature
profile of the deposited layer using a thermocouple. Their results showed that a 12W laser
was sufficient to increase the temperature, leading to a 50% improvement in mechanical
strength. Additionally, Han et al. (2023) [99] reported a direct correlation between laser
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power and temperature increase. Beyond enhancing bonding, the laser also contributed to
surface finishing improvements [100].
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Figure 4. Representative scheme of the in situ laser welding system with a mirror on the print head
(A) [101]. Increased mechanical strength with and without in situ laser welding and micrographs of
the region with and without welding (B). Representative diagram of the welding system with two
lasers (C),Pre andpost-laser-asissisted heating (D) and lateral laser-assisted heating (D”) [102].

The localized heating immediately before the deposition of the molten mass by the
printing nozzle increases the diffusion of that mass, resulting in a 50% increase in relation
to the part without the improvement in the weld, and improving the isotropy of printed
parts manufactured with acrylonitrile-butadiene-styrene (ABS). There was an increase in
the ductility of the parts printed with the laser, attributed to the increase in the interlayer
interaction due to the interdiffusion, as observed in Figure 4B [91]. The inclusion of the
laser, in addition to increasing the flexural strength, increases the elongation of the material,
as observed through the bending displacement. Finally, in the highlight (Figure 4B), the
images by scanning electron microscopy (SEM) of the surface with and without the laser
reveal an increase in surface roughness, which may have contributed to the mechanical
anchorage between the filaments. But since the small depth of the laser range, on the
order of a few micrometers, results in a small range for the melting of the polymeric
mass [91], while increasing the laser power too much can cause degradation, Du et al.
(2016) [102] developed a system with two coupled lasers. A similar system was studied
by Lee et al. (2021) [103], in which two lasers were employed to create a preheating and
postheating system.

The increase in temperature is directly related to the increase in laser power, but
the laser power must be such that it allows the temperature to increase to the melting
temperature (Tm) before the degradation temperature (Td). It is very difficult to establish
efficient welding of crystalline materials such as PEEK, so the implementation of a laser
system applied during the construction of printed parts can be an alternative to expand
use of this polymer in ME. There was an increase in interlamellar shear strength of more
than 45%, and the crystallinity was 2 times greater than that obtained without in situ laser
treatment, approaching the typical PEEK crystallinity of 35% [92,104].
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The path taken by the laser can be adjusted so that it only affects a portion of the part
being fabricated [91]. This characteristic is especially important because during use, the part
can be subjected to greater tension in a certain region than in another. Thus, it is possible to
program a region with and without a laser, with the added benefit of increasing the laser
lifetime. This makes it possible to optimize the equipment so there is no waste, in addition
to applying different laser powers in regions with the highest voltage concentration.

4.1.2. Ultraviolet Irradiation (UV)

In the study carried out by Levenhagen et al. (2019) [101], two changes were made to
improve the weld, in which an increase in the maximum transverse stress was obtained
compared to the pure nonirradiated sample. Since polymer molecules are large and
complex, increasing the cooling speed of the polymeric mass, the amount of solder is
reduced during the printing process. In this way, the inclusion of low-weight molecules can
be used, resulting in a bimodal mixture. The submission of this mixture to an ultraviolet
(UV) irradiation system during the ME process results in a sharp increase in the maximum
transverse tensile stress of the printed parts, which can be 140 to 200% [105]. The control
of the intensity of the radiation allows it to act in a balanced way in the formation of
the covalent bonds and in the mobility of the polymeric chains to diffuse through the
interface [101,106]. Figure 5 contains a representative diagram of this system, showing
the molecules before and after the application of UV light on the left, and the system for
application of UV light on the right.

Figure 5. Representative image of the molecules before and after UV exposure (on the left) and
highlight in the UV light source (on the right). Reprinted (adapted) with permission from {Levenhagen
and Dadmun, 2019} [101]. Copyright {2023} American Chemical Society.

Likewise, a UV resin curing system was developed by Yavitt et al. (2020) [107]. In this
case, a dual system of UV and thermal curing of nanocomposites was used during and
directly after ME by direct ink writing (DIW). An additive, chemically activated by UV
or thermally activated by UV illumination to act as a curing initiator, was added to the
polymeric matrix together with an acrylate resin and a barium sulfate filler having total
reflection in the UV wavelength, facilitating the UV penetration. The authors reported
that UV light allowed sufficient mobility of macromolecules and improved cure kinetics to
diffuse and connect the final thermoset structure.

4.1.3. Infrared

Preheating has been adopted to improve the weld between adjacent filaments in large-
scale and large-area ME. In this regard, Kishore et al. [108] studied an improved in situ welding
system composed of pyrometers and an infrared heating element (Figure 6A) [108,109]. The
temperature gauges (pyrometers) measured the temperature before and after the lamps. The
lamps, on the other hand, worked to heat the filament immediately before deposition of the
next layer. In the system studied, ABS with carbon fiber was used and a more than twofold
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gain in fracture energy was observed under optimized conditions. The authors considered
this the be an effective method to increase the temperature slightly above the Tg, improving
the weld between the filaments.

A - Direction of motion

Wd—— Pirometer
— Extruder

. —
Pirometer — |!|

Infrared Lamp

Print bed

Nozzle
Dielectric disc

Conductor AC

Plasma

Figure 6. (A) Representative scheme of in situ infrared heating in a large-scale printer [108].
(B) Representative scheme of the application of electric current in the printing nozzle and plasma
formation. Reprinted (adapted) with permission from {Sweeney et al., 2020} [82]. Copyright {2023}
American Chemical Society.

4.2. Electric Current

In Figure 6B, a representative diagram of the electrical current application system is
shown, where dielectric disks are located in the nozzle itself. The electric current reaches the
printed part in the region directly below the device and there is a concentration of current
intensity in the region of the nozzle. The printed polymer part acts as a resistor, transform-
ing electrical energy into thermal energy. Cold plasma formation is generated by dielectric
barrier discharge, forming a plasma electrode around the print nozzle concentrically to
induce heating of the material [82].

The Z-force is increased and allows parts manufactured by printing not only to func-
tion as prototypes, but as final parts. As observed when applying in situ dielectric welding,
it is possible to find resistance values similar to those used for manufacture by injection,
only the elongation was lower compared to the injected part, but much higher compared
to the system without welding. According to this study, the elastic modulus showed little
difference in relation to tensile stress, but there was an increase in resistance with in situ
welding, reaching similar values to those of injected parts. Finally, the elongation, despite
the gain, was below that of the injected part. The gain in relation to tensile strength was
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31% and in relation to plastic deformation yield, the increase was of the order of 250%
compared to 3D printed parts [110].

4.3. Radio Frequency Microwave

In the system proposed by Sweeney et al. (2017) [111], The production of the printed
part occurs in two stages. First, it involves carbon coating on the surface of the deposited
filament, as seen in Figure 7A. The highlight in the image indicates that the Y and Z
directions are weak, due to the dependence on the solder, whereas in the filament deposition
axis (X axis), the part presents greater resistance and is stronger. Next, the part goes through
a microwave postprocessing stage to improve the weld, as depicted in Figure 7B. Other
studies can be found using microwaves as a postprocessing method with good results in
welding [112-114].
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Figure 7. Representative scheme of the carbon coating on the surface of the deposited filament
(A) and microwave application in postprocessing (B) [111]. Representative scheme of the device for
collecting heat radiating from the deposited layers (C). Increased heat retention resulting in improved
weld (D) and SEM imaging with (E) and without (F) a heat collector [115].

4.4. Devices for Induction Heating

A simpler in situ welding system was proposed by Hu et al. (2019) [115]. In this system,
a collector retains the heat that comes out of the printing nozzle so that it is concentrated
in the region of immediate printing, as shown in Figure 7C. As seen in Figure 7D, heat
retention occurs efficiently, in which the temperature remains higher than in the system
without the device. The micrographic images of the printed parts with and without a
heat collector, in Figure 7C,D, respectively, reveal that the welding between the filaments
was more efficient with the heat collector. There was formation of a region of greater
contact between adjacent filaments. That study is particularly important since PEEK,
an engineering polymer with high crystallinity making it difficult to apply in ME, was
evaluated. Ravoori et al. (2019) [116] developed a low-cost, low-complexity system that
uses a metal block attached to the print head to serve as a preheating source. The metal
block provides additional heat to the deposition area. Finally, in a doctoral dissertation,
Patain (2007) [117] designed a pre-deposition heating system using forced air. This system
has not been widely explored in the literature.
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5. In Situ Welding Improvement: Summary

Table 3 lists some studies that have described modifications to the solder during
printing. Improvements in properties were achieved, where increase in tensile stress was
cited the most. The most significant results were achieved by associating the modification
of the polymeric matrix with an in situ welding device. Despite the gain in properties,
there are still few works that have investigated the implementation of an in situ system
for the improvement of polymeric welding. The simplest system employed was the heat
collector [7]. The system using a double laser beam [1] reached the highest values of
mechanical properties without modifying the matrix (pure polymer).

Table 3. Gain of properties with improvement of the in situ polymeric solder.

Device For Inter Layer

Percentage Increase in

Welding Polymeric Matrix Property Improved Property Ref.
Two laser ABS 195% Tensile strength [102]
45% Interl, hy t th
One laser PEEK 5% nterlayer shear streng [92]
34.4% Degree of crystallinity
One laser ABS 50% Bond strTngth between [91]
ayers
Laser PLA 106% Flexural strength [99]
Laser Polyether Imide (PEI) 178% Tensile strength [96]
Laser (COy) PEEK 350% Tensile strength [97]
Laser ABS 50% Tensile testing [98]
Laser (CO,) polimetilmetacrilato (PMMA) 66% for PMMA Bending [118]
estireno-acrilonitrila (SAN) 48% for SAN
100% Tensile st th
Laser carbon fiber-reinforced nylon filament cnste STeng [95]
200% Strain
carbon fiber reinforced o Interlaminar shear )
Laser poly-ether—ether—ketone (CCF/PEEK) 157.0% strength (ILSS) [94]
250% Plastic deformation
Dielectric barrier i Tensile strength
discharge—DBD PA6,66 with carbon nanotubes 319 (statistically equivalent to [82]
¢ injection molded
specimens)
Ultraviolet (UV) PLA and low-molecular-weight 200% Tensile strength [101]
olycarbonate (PC 51% .
IR radiation poly (PC) Elongation at break [103]
PLA 151%
Tensile strength (fracture
IR Lamp carbon fiber-reinforced ABS +100 toughness by a factor [109]
of 7x)
IR PLA (with carbon nanotube in situ coating) 275 % Tensile strength [111]
21.0% Tensile strength [115]
Heat collect PEEK -
eat coflector 22.9% Bending strength
Metal block (pre- and 60% Tensile testing
theat PLA [105]
postheater) 65% Young’s modulus

6. Conclusions

Studies focused on the development of devices to enhance in situ welding in material
extrusion remain scarce. However, existing results demonstrate significant improvements
in mechanical properties, even with the use of simple devices. These findings underscore
the need for further research aimed at modifying 3D printers to incorporate such devices.
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As the polymer matrix loses heat very abruptly, simply changing the properties of
the polymers would not be enough. Modifications to the polymer matrix, through the
formation of blends or composites, have enhanced weld strength by incorporating particles
that retain heat or molecules with low molecular weight. However, modifications to the 3D
printer are necessary to preheat the adjacent filament when deposited to obtain efficient
welding between the filaments.

Devices utilizing light for preheating adjacent filaments have been the most employed
for enhancing welding between deposited filaments. The simplest device, designed to
retain heat in the welding region, showed some efficiency even when applied to complex
polymers, such as engineering polymers. This device stands out for its ease of replication.
It is plausible that evaluating other polymers with the same device could significantly
enhance its efficiency.

In the context of filament welding, the best results were achieved through the combi-
nation of in situ welding and polymer matrix modification. Despite the limited number of
studies focused on improving in situ welding, the results obtained highlight its relevance,
as improvements were observed in all experiments conducted, including those using the
simplest device.
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