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Abstract

Metal additive manufacturing (AM) technologies are the subject of this review, which delves into the
revolutionary developments in 3D printing, including the materials used, the applications, the
problems, and the trends to come. 3D printing has changed the game for industries like aerospace,
healthcare, and automotive. It allows for the manufacture of complicated, high-precision components
with minimum lead times, which was originally created for fast prototyping. Powder Bed Fusion
(PBF), Electron Beam Melting (EBM), Binder Jetting, and Directed Energy Deposition (DED) are four
important metal 3D printing methods that are analyzed for their strengths, weaknesses,
opportunities, and threats. Titanium alloys, aluminum alloys, and stainless steels are among the
critical materials that undergo evaluation for their mechanical qualities & potential uses. Metal 3D
printing has many practical uses in industry, and this article highlights a few of them, including
efficient tooling systems, patient-specific medical implants, and lightweight aircraft components.
Lack of uniform certification requirements is one of the challenges that are mentioned, along with
high prices, material constraints, and the necessity of substantial post-processing. The integration of
Al to optimize processes, the development of hybrid manufacturing methods, and the introduction
of new materials are all promising areas for future research. This paper highlights the
groundbreaking possibilities of metal 3D printing in the manufacturing sector, which might lead to
industry-wide solutions that are scalable, environmentally friendly, and extremely effective.

Keywords: 3D printing; additive manufacturing; artificial intelligence (Al) in AM; 3D industrial
application

1. Introduction

Definition and Overview of 3D Printing 3D printing, or additive manufacturing (AM), refers to
a family of processes where material is deposited layer-by-layer to create a 3D object based on a
digital design. While initially developed for rapid prototyping, the technology has gained significant
traction in industries like aerospace, healthcare, automotive, and defense due to its ability to produce
complex and customized parts.

The term AM is often used to describe layer manufacturing, rapid manufacturing (RM), freeform

Fabrication, and rapid prototyping (RP) [1]. This technology, initially developed for product
visualization to speed up the design process hence the name rapid prototyping, has now advanced
so far as to produce functional components. Some of the appealing qualities of additive
manufacturing which have sparked research interest among industrialists and academics alike are
the potential to process a wide selection of materials, tool-less fabrication requiring minimal to no
post-processing, and close to zero lead times [1-3]. It is because of these abilities AM has found
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extensive applications in aerospace [4], biomedical [5] automotive [6], and many other sectors [7]; [2]
the early version of 3D printing is to produce a fast prototype by speeding up the process in model
development and shortening lead time between product development and market placement. The
requirement to capture the market placement is significant to facilitate the product for not being
outdated. In a fraction of time, the company able to produce prototype parts faster compared to
conventional manufacturing methods, such as molding, forging, and milling [8]. Few researchers
believed that the product produce by AM is unique as well it can be produced in a short time which
is surely able to mass customization [3]. This is also considered as the growth of 3D printing where
the changes in the uses of 3D printing in presenting the trend of new business model. In the
meantime, 3D printing acknowledged as one of the fastest-growing fields in AM.

AM is capable of fabricating parts of various sizes from the micro-to macro-scale. However, the
precision of the printed parts is dependent on the accuracy of the employed method and the scale of
printing [9]. For instance, micro-scale 3D printing poses challenges with the resolution, surface finish
and layer bonding, which sometimes require post-processing techniques such as sintering [10]. On
the other hand, the limited materials available for 3D printing pose challenges in utilizing this
technology in various industries. Hence, there is a need for developing suitable materials that can be
used for 3D printing. Further developments are also needed to enhance the mechanical properties of
3D printed parts. Objectives of this literature review aims to explore the key advancements in metal
3D printing, examining its fundamental technologies, material properties, applications, challenges,
and recent innovations [11]. Additionally, this review will highlight the emerging trends and future
opportunities within the realm of metal 3D printing (additive manufacturing).

1.1. The Central Focus of Current Research in 3D Printing Covers Numerous Disciplines

It reflecting its wide-ranging uses and multidisciplinary nature. Here are the primary attention
areas in current research:

There is a broad range of topic areas that are now being investigated in 3D printing, which
reflects the revolutionary potential of this technology across a variety of sectors and fields of study.
Researchers are making significant progress in the field of materials development [12]. They are
furthering the development of metal 3D printing using powders of titanium, aluminum, and stainless
steel [13,14]. Additionally, they are investigating fiber-reinforced composites and developing
biomaterials for use in medical applications. Sustainability is another primary priority, with attempts
being made to produce materials that are both environmentally friendly and recyclable, with the goal
of reducing the environmental imprint [13]. Prosthetics, implants, bio printing tissues and organs,
and the personalization of medication delivery systems are all examples of areas in which 3D printing
is transforming the healthcare industry. 3D printing technology is being used by the aerospace and
automotive sectors for the purpose of producing lightweight components, facilitating quick
prototyping, and optimizing performance [14].

Another developing field is large-scale construction printing, which involves printing complete
structures, such as buildings, bridges, and infrastructure, utilizing cutting-edge materials like as
concrete [15]. Significant shifts are taking place in the industrial manufacturing sector as a result of
the introduction of 3D printing, which has the potential to streamline tooling, enable mass
customization, and decentralize supply chains [15,16]. Advancement in Technological improvements in
3D printing are also noteworthy, including multi-material printing, hybrid processes, and quicker,
more efficient printing techniques. The incorporation of 3D printing into STEM curriculum and skill
development programs is becoming more common in education and training. This is being done to
ensure that a qualified workforce is available to handle this rapidly developing technology [13-17].

Research in the fields of quality assurance and standardization are essential in order to guarantee
the precision, uniformity, and certification of items that are manufactured using 3D printing [18].

In industrial production, automotive and aerospace applications, and future industries,
underscoring its revolutionary influence on these domains [19]. Through fast prototyping, 3D
printing is allowing performance improvement, transforming the manufacturing of robust and
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lightweight components, and drastically cutting production timelines in the automotive and
aerospace sectors. The capacity to construct intricate geometries and very durable, heat-resistant
components that were previously difficult or impossible to make using conventional processes is
advantageous to these sectors [18,20].

3D printing is making it easier to produce tooling, molds, and jigs in industrial manufacturing
while allowing for mass customization of one-of-a-kind or low-volume products. By encouraging
decentralized production, cutting lead times, and cutting prices, it is revolutionizing supply chains.
In the industrial sector, hybrid manufacturing procedures that combine traditional methods with 3D
printing are further improving accuracy and efficiency [21,22].

With creative uses of 3D printing, emerging areas are also gaining traction. 3D printing makes it
possible to produce food products with unique textures, forms, and even nutritional values [23-25].
In order to further wearable technology and smart gadgets, experts in electronics are investigating
the incorporation of sensors and circuitry into 3D printed components. Cultural heritage is another
fascinating field where historical relics are being preserved and rebuilt via 3D printing [26,27]. These
developments show how adaptable 3D printing is and how it may change industries and open up

new paths in a variety of sectors.

Table 1. Using 3D printing in a variety of fields, its advantages, and its disadvantages:.

No. Area Application Advantage Disadvantage Ref.
Enhanced material High cost of
Development of . .
. . properties, advanced materials
Materials advanced materials such oo o [28-
customization, and and limited
Development as metals, polymers, . . . 30]
. . compatibility with recyclability of some
ceramics, and composites. . !
complex designs. materials.
Regulatory hurdles,
Prosthetics, implants, bio Patient-specific eg'u atory wr 'es
Healthcare o ] . . ethical concerns in
. printing tissues/organs, solutions, rapid . Lo [31-
2 and Bio . . . bio printing, and
o and personalized medical prototyping, and o . 34]
printing . . limited scalability
devices. reduced surgical costs. .
for mass production.
Fabrication of . R
Aerospace . . Reduced weight, High initial setup
lightweight, durable . .
and . . increased fuel costs and stringent [35-
3 . parts, rapid prototyping, o ]
Automotive efficiency, and cost quality control 38]
Applications and performance savings in prototypin requirements
pp optimization. gsmp ypme: q ’
Limited material
Construction Printing buildings, Faster construction options, high
4 and Large- bridges, and times, reduced material equipment costs, [39,4
Scale infrastructure waste, and design and challenges with 0]
Printing components. flexibility. large-scale
consistency.
Energy-intensive
. . Recycling of materials, Promotes eco-friendly 8y v
Sustainability . . . processes and
. use of sustainable inputs, practices, reduces . . [41,4
5 and Circular . difficulty in
and reducing the waste, and supports a L 2]
Economy . . . achieving full
environmental footprint. circular economy. .
material recovery.
Decentralized Limited scalability
Industrial manufacturing, faster for high-volume
u . Tooling, jigs, molds, and . & B .V [43-
6 Manufacturi . lead times, and cost production and
custom part production. . . 46]
ng efficiency in low- dependency on
volume production. skilled labor.
Advancemen Multi-material printing, Enhanced efficiency, .
. . . .. High R&D costs and
7 ts in 3D hybrid manufacturing, precision, and the technolosical [47-
echnologica
Printing and high-speed printing  ability to create complex ) f’; 49]
complexities.
Technologies systems. geometries. P
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. . High costs of
Incorporation of 3D Hands-on learning, ’
. o . . equipment for
Education printing in STEM fostering innovation, ducational [50-
educationa
and Training  education and workforce  and preparing a skilled s 52]
. institutions and a
skill development. workforce. .
steep learning curve.
Quality Ensuring reliability, Time-consuming
9 Assurance consistency, and Improved product testing processes [53-
and compliance with industry quality and safety. and lack of universal ~ 55]
Standards standards. standards.
Food printing, electronics Opens new Limited market
10 Emerging with embedded sensors,  opportunities, supports  adoption, high cost ~ [56-
Fields and cultural heritage niche markets, and of entry, and 58]
restoration. promotes innovation. technical challenges.

2. Fundamentals of 3D Printing

In order to satisfy the unique requirements of many sectors, 3D printing materials development
aims to advance and enhance the materials used in the additive manufacturing process. Because the
materials have a direct impact on the caliber, functionality, and variety of uses of 3D printed goods,
this field is very important [27,59].

3D printing materials development is a fascinating and rapidly developing topic that opens up
new possibilities in manufacturing, healthcare, and other fields. Widespread adoption is still
hampered by the expensive price of modern materials and the limited selection of choices for
particular applications [2,60]. The potential of 3D printing will be increased by ongoing innovation
in this field, making it a more practical option for a larger range of sectors [61].

2.1. Metal 3D Printing Technologies

2.1.1. Powder Bed Fusion (PBF)

The PBF family includes methods like Selective Laser Melting (SLM), Direct Metal Laser
Sintering (DMLS), and Electron Beam Melting (EBM) [62]. These methods utilize high-energy lasers
or electron beams to selectively melt metal powders, creating solid parts layer-by-layer [28,29]. The
versatility of PBF allows the production of highly complex geometries with high precision. However,
it comes with challenges such as limited build size and the risk of residual stresses that affect part

quality [30].
LASER SCANNMNER
e
[ —————— — ———— SN EEPS S ——
1
I ROLLER / RAKE COMPONENT

POWDER BED

POWDER DELIVERY
SYSTEM

Figure 1. The PBF method's schematic diagram [29].
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2.1.2. Directed Energy Deposition (DED)

DED methods, including Laser Metal Deposition (LMD) and Electron Beam Additive
Manufacturing (EBAM), use a focused energy source (laser or electron beam) to melt metal powder
or wire, which is deposited onto a substrate [31]. These methods offer advantages in repairing and
adding material to existing parts. DED allows for large-scale builds and provides excellent control
over the material properties, but part resolution and surface finish may not match that of PBF
techniques [32,33].

Gun
Motions

Wire Feeder

Electron Beam

r/ Molten Alloy Puddle

Prior Deposit

Substrat
Re-solidified Alloy ubstrate =

Process
Coordinate
System

<«— Direction of Part Motion

Figure 2. The DED method's schematic diagram [32].

2.1.3. Binder Jetting

Binder jetting is a kind of Inkjet printing that has been tweaked. This method was first presented
at the Massachusetts Institute of Technology (MIT) [35]. This method employs an inkjet to link things
rather than lasers. It takes 2D inkjet printing technology and builds it up in layers to become a 3D
model. This method involves the precise deposition of a liquid binder with the aid of a print head
that moves along two axes [63]. A 3D model is first imported into the printer's program, as is the case
with all 3D printing processes [36]. A dispenser is used to provide a consistent flow of powder, which
is necessary for printing. The powder is placed in the dispenser before usage [37]. Binder jetting uses
a liquid binder to selectively bond metal powders, which are later sintered in a furnace to create a
solid part. The main advantage of Binder Jetting is its high-speed manufacturing capabilities and the
ability to use a wide range of metal powders, including stainless steel, bronze, and aluminum.
However, parts produced through this method often require post-processing to achieve optimal
mechanical properties [38].

Ligusd binder
Inkjet printhead
Powder raller
Powder bed
Mew powder
stock
Object
Build platform,

Figure 3. The binder jetting method's schematic diagram [37].
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2.1.4. Material Extrusion

Similar to plastic extrusion in Fused Deposition Modeling (FDM), Metal Extrusion involves
feeding a metal filament through a heated nozzle, where it is melted and deposited layer by layer
[64]. While this method is slower compared to others, it offers the advantage of lower equipment
costs and is suited for prototyping and small-scale production [65]. After the heating or melting
procedure, the material or substance that flows through the nozzle equipped with a temperature
control system will rapidly solidify upon its first contact with the air [66]. After the deposition of the
first layer, the stage is lowered to continue and complete the layer-by-layer formation of the 3D object
[64].

EXTRUSION PROCESS

Die Container Billet Ram

DIRECT EXTRUSION
Cooling and

i—

Cross-cutting

@ @ @ S

Rell out bench

Figure 4. The material extrusion method's schematic diagram [65].

2.1.5. Electron Beam Melting (EBM)

In the 1990s, researchers at the University of Sweden developed the electron beam melting
process. It is similarly similar to an SLS method based on powder technology but the laser scanner is
replaced with an electron beam of 4 KW to generate fully dense part [39]. Due to nature of laser
sintering process the porosity cannot easily be avoided. When an electron travelling at half the speed
of light hits a powder surface, it induces kinetic energy, which causes the powder to melt. For
conductive material, in general, the electron beam is more energy-efficient than a laser. Powder-based
machine and a part is manufactured on an EBM. The part is designed in a 3D CAD program or
produced from a patient’'s CT-scan. As described in introduction the part is saved in STL file format
and uploads in machine. The part is constructed layer-by layer up by melting metal powder with the
EBM method [67]. The outcome is a 3D metal part with a functioning section, which can be directly
employed in operation. The pieces are produced in a vacuum and to increase material qualities and
restrict internal stresses the temperature in a vacuum chamber is kept at roughly 1000 °C. A layer of
powder metal is put over the powder bed or platform which is placed in chamber of a vacuum. A
metal powder is preheated to decrease the residual stress concentration in finished part which
prevents the distortion. The electron beam [40] cannon used to selectively sinter the warmed metal
powder by reducing the speed or raising the beam power. The electrons released from electron beam
are heated over 2500 °C and with half the speed of light these electrons are driven through the anode.
A magnetic lens brings the beam into focus, while another magnetic field controls the deflection of
the beam [68]. After this the focused electron beams impacts the powder bed, kinetic energy is
developed and transferred into the heat energy which is utilized to melts the metal powder. By
adjusting the quantity of electrons in beam the power is controlled. To acquire properly defined
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hardening of fabricated item the cooling should be managed [69]. As with other processes, the pieces
require some final machining following production. The processing of part in a vacuum offers a clean
environment that improves metal properties. After completing the one layer the powder bed
platform is lowered and new layer of metal powder is spread by roller mechanism, the same roller is
used to level the powder bed [70]. This process will continue till the complete three dimensional
pieces is being created. The upshot of this process is manufacturing of entirely dene component. The
finished part is utilized to generate prototypes, models, molds, tools, patterns and even the part can
be directly employed in a fully functional operation [39,40].

Electron Gun

Astigmatism Lens

Laser beam
Focus lens

Powder hopper Deflection coils

Powder hopper

= F =3

Build Part

Vacuum
Chamber

Fabrication platform
Figure 5. The EBM method's schematic diagram [71].

2.1.6. Selective Laser Melting (SLM)

This technology involves the fusion of both metallic and non-metallic particles. This fusion is
achieved by melting a binding agent or a metal having a lower melting point [41]. On the other hand,
SLM utilizes a high-powered laser with a limited focus to melt metal particles completely at a rapid
rate. SLM demands a larger power density compared to SLS [42]. Although SLM-produced parts
offer robust mechanical qualities, they can typically generate considerable internal stresses caused by
the heat gradients that arise during manufacture [72]. Consequently, additional heat treatment is
frequently necessary to reduce these strains.

XM=Y scanning system
Laser begam

AM part

Inert gas Powder bed

Eluting gas

Powder transfer

i Powder storage
device &

box

Manufacturing
piston

Figure 6. Schematic of the selective laser melting (SLM) system [42].
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Table 1. Materials, Application, Benefits and Drawbacks in metal 3D printing technology.
No.  Method Materials Application Benefits Drawbacks Ref.
Metal
e High High cost,
powders .
Aerospace, precision, slow
Powder (e.g., . .
. o medical excellent production,
1  BedFusion titanium, . . o [28-30]
. implants, surface finish, requires fine
(PBF aluminum, .
. tooling complex metal
stainless eometries owders
steel) & p
Rough
surface
High build finish
Directed Repairing 161 D sty
Ener Metal arts. laree- speed, ability limited
2 24 powders or parts, ‘atg to repair and detail, [31-33]
Deposition wires scale add to existin requires
(DED) manufacturing & q )
parts extensive
post-
processing
Low cost, fast Requires
production, sintering,
Metal Prototvbes scalable to weaker
3 Binfler pow'ders lightw};fgh’,c large parts mechani‘cal [35-38]
Jetting with Low cost, fast ~ properties
. parts .
binders production,  compared to
scalable to other
large parts methods
Metal High strength Limited
Electron powders parts, no .
Beam e Aerospace, residual material
4 , (&8 medical options,  [9,39,40,73]
Melting titanium, implants stresses due to expensive
(EBM) cobalt- P vacuum P'
equipment
chrome) process
Metal High
. et High density 181 enerey
Selective powders . use,
Laser 2 Aerospace, parts, fine expensive
5 _ >8 automotive, detail, PENSIVE 141,42,56,74]
Melting stainless . . sensitive to
medical customizable
(SLM) steel, . process
properties
Inconel) parameters
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Figure 7. Graphical overview and trend in the literature used in the current study from Elsevier data-base.
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The data on publications pertaining to metal 3D printing reveals that there has been a substantial
rise in the number of references over the course of the years, notably in the most recent decade.
Despite the fact that the year is still in its early stages, there have already been 51 publications in the
year 2025. There was a significant increase to 657 publications in the year 2024, which marked the
highest point of interest and involvement. When compared to 2023, which had 572 mentions, and
2022, which had 564 mentions, this was a huge increase. A total of 455 papers were published in the
area of metal 3D printing in 2021, 406 publications were published in 2020, and 337 publications were
published in 2019. According to these data, there has been a consistent rise in the amount of attention
paid to the technology by both academic institutions and businesses [75]. Going back even farther,
the years 2018 and 2017 each had 219 and 172 mentions, respectively, demonstrating a distinct rising
trend in comparison to the years that came before. The number of publications in the years 2016 and
2015 was 127 and 81, respectively, which represented a little rise in comparison to the years that came
before. The 2014-2013 era witnessed fewer publications, with just 46 and 18 references, respectively,
demonstrating that metal 3D printing was still in its early phases. Publications were much fewer in
the years previous, with numbers ranging from 1 to 11 between 2001 and 2012, showing that the
technology was in its infancy with limited applications and interest. This data demonstrates quite
clearly how metal 3D printing has developed from a specialized technique into an area that is
receiving a large amount of attention from both research and industry, especially in the most recent
few years [39,40,67].

In Africa Metal 3D printing Literature Trend

2024 2023 2022 2021 2020 2019
m Contribution

D W R W

O =

Figure 8. African Metal 3D Printing Graphical overview from Elsevier data base.

According to the publishing data on metal 3D printing in Africa, the level of activity is quite
modest when compared to trends happening throughout the world. In the year 2024, there was just
one publication that was associated with metal 3D printing, which indicates that there was very little
attention paid to this topic during that year. In a similar vein, there was just one publication
documented in the year 2020, which indicates that there was a minimal amount of study and
application during that time period [76]. On the other hand, the years 2021, 2022, and 2023 each had
four publications, indicating that there was a minor rise in interest over the course of these three
years. In the year 2019, there were three publications, which indicates that there was a moderate
amount of activity at that time. Despite the fact that there is a certain amount of interest in metal 3D
printing throughout Africa, the area is still in its early phases of growth in comparison to other
regions. Over the last several years, there have been intermittent publications around the continent.
According to the statistics, there is opportunity for substantial growth in the field of metal 3D printing
in Africa, particularly in terms of research and development as well as opportunities for industrial
applications [77].
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3. Materials Used in Metal 3D Printing

Titanium Alloys: Titanium is highly favored for aerospace, medical, and automotive
applications due to its strength-to-weight ratio, corrosion resistance, and biocompatibility. Alloys
such as Ti-6Al-4V are commonly used in metal 3D printing [78]. However, titanium’s high cost and
sensitivity to oxygen contamination during processing present challenges in its widespread adoption.
Much attention. Trabecular bone structure is one of the examples that can be designed by 3DP, and
the obtained Ti porous structures can improve the bioactivity of implant, enhance cell adhesion,
proliferation, and differentiation of osteoblasts [7]. performed a systematic investigation about
different aspects of 3D printed porous Ti-based materials that were produced by the EBM technique
[79]. The highly porous and well-interconnected pore architecture shows good mechanical properties
with enhancements in biological activity, osteoblast adhesion, cell morphology, proliferation, and
alkaline phosphatase (ALP) activity. Moreover, to produce a Ti-based porous structure by the EBM
technique. designed a repeating array of titanium alloy unit-cells to mimic trabecular or cancellous
bone structure [80]. Toward this end, various kinds of unit cells mimicking the trabecular bone
structure with different pore sizes and porosity were produced. The result shows that the capacity of
load-bearing is dependent on the porosity; a higher porosity value leads to a reduction of the 3D
printed porous structure manifested a 96% decrease in elastic modulus and strength values. AM
manufactured porous titanium interbody cages are very useful in spine treatment, and they have
desirable levels of biocompatibility that is beneficial for better bone ingrowth and fixation [81]. A
comparative in vivo study that utilized 3D printed titanium porous implants produced by Stryker on
several mature sheep found that bone ingrowth on porous titanium alloy was superior to both PEEK
and plasma spray-coated implants and the histo morphometric results showed better osteoblastic
deposition on these implants [11]. Furthermore, peri-implant osteogenesis and increased stability
were observed in 3D printed titanium samples. The titanium porous materials can be further
improved in different strategies. For instance, Song et al. capitalized upon the varying macro
architectures and surface topological morphology on SLM produced porous titanium for modulation
[82]. This dual modulation was initially carried out together with the utilization of a wide range of
compressive strengths and subsequently by alkali treatment, heat treatment, and hydroxyapatite
coating formation through electrochemical deposition. The in vitro results indicated good cyto
compatibility, improved osteon cell adhesion, and proliferation, while in vivo experiments indicated
superior tissue-materials interfaces in dual modulated samples [83].

Aluminum Alloys: Aluminum is widely used in industries like aerospace and automotive due
to its lightness and ease of machinability. 3D printing with aluminum allows for parts with complex
internal structures that are both lightweight and strong. The development of aluminum alloys
optimized for additive manufacturing, such as AlSil0Mg, has led to improved performance and
material properties [84].

Aluminum alloys (AAs) are in great demand in many sectors, including the automotive,
aerospace, and aircraft industries. With advances in additive manufacturing (AM) techniques,
process time and cost of building Al-based components can be greatly reduced. 1, 2 Options for
fabricating complex geometries as one piece have opened up. The main conceptual fields of
applications where AM of AAs would be disruptive include: Light weighting, Components with
conformal cooling channels & High-cost AAs [84].

Stainless Steel and Inconel: Stainless steel (e.g., 316L) and Inconel (e.g., Inconel 718) are durable
materials known for their high temperature and corrosion resistance. These metals are frequently
used in industries that require parts with high mechanical strength and resistance to extreme
environments, such as aerospace and energy sectors [85].

Emerging Materials: New alloy formulations tailored specifically for 3D printing are constantly
being developed, such as high-strength nickel alloys and copper alloys. There are also ongoing efforts
to combine metal with other materials (e.g., ceramics or composites) to produce parts with unique
properties like enhanced thermal conductivity or wear resistance [86].
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Cobalt chromium (CoCr) alloys: significant importance and utilized extensively in high loaded
areas. Nonetheless, the stress shielding effect and bone resorption are the major concerns when it
comes to applications due to the high stiffness level of CoCr alloys [87]. Smart design and structural
modifications can help overcome these issues; one of the best options to reduce the stiffness mismatch
in metal-alloy implants’ interface and the periphery natural bone tissue is designing the porous
structures. In this regard, additively manufactured CoCr alloys have attracted much attention [88].
produced a 3D printed CoCr alloy specimen with interconnected open-pore architecture and macro-
geometry with EBM technology [87]. The produced samples were implanted in adult sheep femora
and the outcomes after 26 weeks revealed that the density of osteocyte was higher in the CoCr sample
compared to that in Ti6 Al4V, but the total bone-implant contact of Ti6Al4V was higher. Furthermore,
the CoCr alloy does not significantly change the mineralized interfacial tissue composition compared
to Ti6Al4V alloy. Overall, the results indicated the possibility of bone in growth in the interconnected
porous structure of CoCr samples. In a different study [87]. studied the micro-pore structure,
biological response, and mechanical properties of CoCr alloy scaffolds that were produced by SLM
and reported that the SLM techniques are capable of fabricating the CoCr cellular structures with
graded beam thickness and the unit cells with pillar-octahedral shape and human bones share the
similar mechanical properties and morphology [87].

Tantalum: Tantalum is an inert material both in in vivo and in vitro condition and has low
solubility and very low toxicity in its pure and oxide forms. This material has been clinically utilized
since 1940 and its applications in implantation and diagnosis are growing [87]. The characteristics of
tantalum, which are similar to that of cancellous bone, enable its applications in orthopedic surgeries
in the spine and hip, knee arthroplasty, and as bone graft substitutes [87] studied this open-cell design
with continuous dodecahedrons unit cells indicated enhanced volumetric porosity (70 — 80%), low
Young’s modulus (~3 MPa), and improved frictional properties. Furthermore, it has good
biocompatibility and can produce a self-passivating surface oxide layer which is beneficial for
biological applications. Therefore, tantalum is an appropriate option for biomedical applications, and
3DP of tantalum would be a good way to further improve its features [89]. In 2017, a Chinese research
group performed.

Table 2. Materials, Application, Benefits and Drawbacks in Materials Used in Metal 3D Printing.

No  Materials Applications Benefits Drawbacks Ref.
Titanium AerosPace, Lightweight, hlgh Expens.lve,
1 Allovs medical strength, corrosion ~ challenging to  [7,79,82]
y implants resistance process
' Automotive, Lightweight, good Lower strength
Aluminum aerospace, thermal and
2 . . . compared to [31-33]
Alloys lightweight electrical
.. other alloys
parts conductivity
High i
. Tooling, High strength, '8 er‘ density,
Stainless . ) s ) less suitable for
3 medical devices, corrosion resistance, . . [35-38]
Steel . . . o lightweight
industrial parts biocompatibility
parts
Cobalt- .Medlcal Excell‘ent we‘ar and Brittle,
4 implants, corrosion resistance, . [39,40]
Chrome . . . expensive
turbine blades biocompatible
A
Inconel en:rrosp}?feyll_ Heat resistance, High cost,
5 (Nickel Y, 1§ corrosion resistance,  challenging to  [90,91]
temperature .
Alloys) strength machine
parts
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Copber Electronics, Excellent thermal chI:lelfelECtel:i[v};th
6 pp thermal and electrical & [92,93]
Alloys . . lasers, soft
applications conductivity .
material
Limited
7 Tool Steels Molds‘, dies, and High haljdness, wear  ductility, Post- [94,95]
cutting tools resistance processing

often required

4. Applications of Metal 3D Printing

4.1. Aerospace Industry

The aerospace sector was one of the first to adopt metal 3D printing, where weight reduction
and the ability to manufacture complex geometries are essential [96]. Components like turbine blades,
fuel nozzles, and structural brackets are prime examples of parts fabricated using metal 3D printing.
A notable example is GE Aviation’s LEAP engine fuel nozzle, which is produced using SLM and
consists of complex internal cooling channels, improving fuel efficiency and performance [97].

Figure 7. The aerospace applicable area picture [97].

4.1.1. Process Optimization

Challenges in attaining constant repeatability and traceability owing to several distinct process
factors that need fine-tuning. The trial-and-error approach for optimizing metal printing processes is
inefficient, which results in high material costs and delays in the printing process [98,99].

4.1.2. Integration of Al

In order to improve accuracy, cut down on waste, and guarantee consistency in output, there is
a pressing need for a more comprehensive integration of artificial intelligence for real-time
monitoring and optimization [100].

4.1.3. Material-Specific Issues

Because of the different thermal characteristics and solidification behaviors of metals, there are
challenges involved in the management of printing processes that include several materials [99].
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4.1.4. Real-World Application Barriers

Only a limited capacity for scalability and quality control is available for aircraft components
that must meet strict performance criteria and high reliability requirements [100].

4.2. Medical and Healthcare

Metal 3D printing has transformed the medical field, particularly in the production of
personalized implants and prosthetics. The ability to design patient-specific implants (e.g., for joint
replacements) based on CT scans has reduced recovery time and improved patient outcomes [101].
In addition, metal 3D printing is used in custom surgical instruments, dental implants, and
anatomical models for pre-surgical planning. For example, 3D-printed titanium skull implants have
been successfully used to replace portions of damaged skulls [102].

4.2.1. Material Development:

There has been a limited amount of research conducted on biodegradable metal implants and
its capacity to be optimized for controlled deterioration inside the human body. The need for
materials that are both biocompatible and versatile, and that can easily interact with the biological
systems that are already in place [103].

4.2.2. Technological Challenges:

Improvement necessary in common 3D metal printing processes such as Powder Bed Fusion
(PBF) and Directed Energy Deposition (DED) for improved mechanical and structural results.
Optimization of implants employing sophisticated technologies like Al to fit load-bearing needs
[103].

4.2.3. Multi-material Integration:

Lack of advanced systems to create monolithic and multi material structures tailored for
complex biomedical applications [103].

High 3D printed pelvic 3D printed titanium 3D printed skull 3D printed polymer Hip joint prosthesis

risk defect matching alloy cervical fusion implant composite cervical acetabular component
prosthesis fusion cage
—
®e -

3D printing bone / 3D printed knee 3D printed implant 3D printed physical 3D printed osteotomy
orthopedic model orthosis positioning guide organ / tissue model! guide

Figure 8. The picture of the healthcare and medically relevant area [103].

4.3. Automotive Industry

The automotive sector is increasingly adopting metal 3D printing for both prototyping and
production of end-use parts. Light weighting is a key driver in this industry, as metal 3D printing
can produce intricate structures that traditional methods cannot [104]. Companies like Ford and
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BMW are using metal 3D printing to manufacture functional parts like engine components,
suspension elements, and prototypes for new designs [105].

3D Printing in Automobile Industry

Figure 9. The 3D printing automobile industry applicable area picture [105].

4.4. Tooling and Industrial Manufacturing

Metal 3D printing is revolutionizing tooling, enabling the production of custom tools and molds
for injection molding and die-casting. For instance, 3D-printed conformal cooling channels in
injection molds allow for more uniform cooling, which reduces cycle time and improves part quality.
This is especially useful in industries where high precision and rapid turnaround times are required
[106,107].

Figure 10. The relevant area image for tooling and industrial manufacturing [106].

4.5. Defense and Military

In the defense sector, metal 3D printing is used to produce lightweight, high-strength
components for weapons systems, vehicles, and drones [108]. The ability to produce custom parts on
demand significantly enhances military flexibility and reduces supply chain dependency. For
example, the U.S. Navy has been using 3D printing to produce spare parts for ships, reducing the
need for expensive and slow logistics [109].

y Lightweight,
=~ High-strengl
b=y

Figure 11. The relevant area picture for defense and military [109].
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Figure 12. Shows industries that use 3D printing [110].

3D printing has found widespread use in a variety of sectors, including automotive, aerospace,
biomedicine, and construction. The fast growth of 3D printing technology is projected to continue,
with an emphasis on increasing efficiency and lowering prices [111]. Industries want to reduce
manufacturing costs, enabling the development of complex structures from a variety of materials,
and extend 3D printing capabilities to obtain quicker and more exact results. These developments
cover a broad spectrum of cost-cutting potential, including distribution and production lines,
inventory management, and the finished product [110].

Recent research and projections indicate that additive manufacturing (AM) is gaining traction
and might reach a tipping point of general usage within the next decade. Increased investment in 3D
printing technology is expected to significantly impact future supply chains. Manufacturing
processes may transition from make-to-stock models in offshore or low-cost countries to on-demand
manufacturing closer to the end user. This trend may simplify or even abolish existing global supply
chains, affecting transportation, freight volumes, and inventory prices. As a result, it is critical to
understand the possible impact of 3D printing technology on the transportation business [110].

AM used material Sand &

Ceramic Composite
4% 7%

Figure 13. A brief review of common AM techniques [112].
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4.6. Contribution of Material Type in AM Techniques

Polymers (47%): Polymers make up the majority of the materials employed in published AM
research, accounting for 47% of the total. This supremacy may be due to a broad range of polymer-
based 3D printing processes, including fused deposition modelling (FDM), stereo lithography (SLA),
and selective laser sintering. Polymers are popular because they are versatile, inexpensive, and
suitable for prototyping, biological applications, and consumer items. Metals: 40% Metal-based AM
accounts for 40% of all contributions, making it the second most important category. Metals are
frequently utilized in high-performance applications, especially in aerospace, automotive, and
medical sectors that need strength, endurance, and accuracy [113]. Powder Bed Fusion (PBF),
Directed Energy Deposition (DED), and Binder Jetting are some of the most common metal AM
processes. The popularity of metal AM demonstrates its transformational influence on businesses
that need sophisticated production capabilities. Composites (7%): Composite materials account for
7% of published research contributions. Composites are made up of multiple materials, such as fibers
and polymers, to attain better mechanical qualities like strength-to-weight ratios [114]. Their poor
representation in research might be attributed to the intricacy of mixing materials during the 3D
printing process, as well as the need for specialized equipment. Ceramics (4%): Ceramics are a less
prevalent topic in AM, accounting for 4% of contributions. Ceramic-based additive manufacturing is
utilized in applications that need high heat resistance, biocompatibility, or chemical stability, such as
electronics, medical implants, and industrial equipment [114,115]. The limited use of ceramics may
be due to processing problems such as brittleness and high sintering temperatures. Sand and Wax
(2%). Sand and wax account for the lowest amount, at 2%. These materials are typically utilized for
specialized applications like investment casting and mold fabrication. Sand-based AM is utilized for
large-scale building and mold casting, while wax is mostly used to create patterns in lost-wax casting
[112].

5. Challenges in Metal 3D Printing

5.1. Material Properties and Strength

While metal 3D printing has made significant strides in material development, the mechanical
properties of printed parts can still be inconsistent [73,113]. Issues like porosity, poor bonding
between layers, and uneven microstructure can affect the strength and fatigue resistance of parts.
Post-processing techniques like heat treatment and surface finishing are often required to improve
the properties, adding complexity to the process [116].

5.2. High Costs and Equipment Availability

Metal 3D printing systems are typically expensive, with costs ranging from tens of thousands to
several million dollars. This upfront investment, coupled with the high cost of materials like metal
powders, limits accessibility to smaller manufacturers or research labs. Additionally, many
companies are still grappling with the cost-effectiveness of adopting this technology for mass
production [116,117].

5.3. Post-Processing and Surface Finish

Parts produced through metal 3D printing often require extensive post-processing to meet
industry standards for surface finish and mechanical properties. Techniques such as heat treatment,
machining, and polishing are commonly used, which can increase both time and cost. Ensuring
consistency in these processes remains a significant challenge in the adoption of metal 3D printing
for production [118,119].
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5.4. Certification and Standards

In industries like aerospace and medical devices, parts must adhere to rigorous certification
standards. The lack of universally accepted standards for 3D printed metal parts complicates
certification processes. Without clear guidelines, manufacturers and regulators face challenges in
ensuring the safety, reliability, and quality of printed parts [119,120].

6. Future Directions and Emerging Trends

6.1. Mass Production Potential

While currently focused on niche applications, there is a growing interest in using metal 3D
printing for large-scale production. Researchers and manufacturers are working to improve the
speed, scalability, and consistency of additive manufacturing to compete with traditional mass-
production methods. This includes innovations such as multi-laser systems and continuous printing
processes [48].

6.2. Hybrid Manufacturing

Hybrid manufacturing, which combines 3D printing with traditional manufacturing techniques
(e.g., CNC milling), is an exciting trend. This approach leverages the strengths of both methods,
offering high precision and speed while allowing for the production of complex geometries [121,122].

6.3. Al and Machine Learning Integration

Al and machine learning are being integrated into metal 3D printing processes to optimize part
designs, predict material behaviors, and improve quality control. These advancements are expected
to reduce production costs, improve reliability, and enhance the overall efficiency of the
manufacturing process [101,123].

7. Conclusion

Key Discoveries Summary: Metal 3D printing has gone from being an experimental technology
to a widely used production process, and it has been used in a variety of industries. Some of its most
important characteristics are the ability to create complex components, minimize material waste, and
modify designs. However, there are still challenges such as certification, material properties, and cost.
Metal additive manufacturing (AM) has evolved from a prototype tool into a game-changer in
industrial production because to its revolutionary design flexibility, material efficiency, and
customization capabilities. Metal 3D printing has revolutionized the aerospace, healthcare, and
automotive sectors by making it possible to create complicated shapes that could not be made using
old processes. Techniques like Powder Bed Fusion (PBF), Directed Energy Deposition (DED), Binder
Jetting, and Electron Beam Melting (EBM) make this feasible.

Despite recent improvements, there are still several obstacles that remain, such as the
requirement for standardized certification standards, material constraints, surface finish quality, and
high production prices. However, due to continuous research and new trends like as Al-driven
process optimization, hybrid manufacturing processes, and the development of revolutionary alloys,
more scalable, cost-effective, and sustainable solutions are on the way. Improving precision,
consistency, and overall efficiency by the use of Al, real-time monitoring, and advanced post-
processing procedures may speed the mainstream usage of metal 3D printing for industrial
production.

By integrating digital design with real production, metal AM has the potential to change
manufacturing in the future. With constant breakthroughs in materials, process control, and
automation, the potential for additive manufacturing extends beyond existing applications,
suggesting a significant change toward smarter, more flexible, and environmentally friendly
production systems. This evaluation underscores the need for interdisciplinary collaboration to
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overcome present limits and unveil the full potential of metal 3D printing, cementing its role as a
cornerstone of next-generation manufacturing.

7.1. Future Recommendations

Looking ahead, advancements in materials, process optimization, and hybrid manufacturing
techniques will drive the continued growth of metal 3D printing. As technology matures, it is
expected to play a transformative role in industries such as aerospace, automotive, and healthcare,
reshaping traditional manufacturing processes and enabling new, innovative designs.

This expanded literature review provides a detailed exploration of metal 3D printing's current
landscape, its applications, challenges, and future opportunities. By focusing on emerging
technologies, material developments, and industry-specific needs, this review offers a
comprehensive and unique perspective on the subject matter.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Additive Manufacturing

RP Rapid Prototyping

RM Rapid Manufacturing

CAM Computer-Aided Manufacturing
CAE Computer-Aided Engineering
PBF Powder Bed Fusion

SLM Selective Laser Melting
DMLS Direct Metal Laser Sintering
EBM Electron Beam Melting

FDM Fused Deposition Modeling
SLS Selective Laser Sintering

DED Directed Energy Deposition
BJ Binder Jetting
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