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Abstract: 3D Printing is getting popular in the daily life, and the materials used in this technology is
various. Metal Additive Manufacturing (AM) develops rapidly in different areas, both in research and
industry. And the materials are various, such as pure metal, alloy, and component materials. In this research,
the researches of these three kinds of materials on metal AM are reviewed. Metal AM has plenty of

applications in medicine because of the easiness on fabricating complex and unique tools. Based on several
works, machine learning will apply on metal AM to control the quality of the final parts in the future.

1. Introduction

Additive Manufacturing (AM), also known as 3D Printing (3DP)""), is a layer-
by-layer manufacturing process. AM has various methods, including Fused
Filament Fabrication (FFF), Selective Laser Sintering (SLS), Selective Laser
Melting (SLM), Stereolithography (STL), etc.”. This set of technologies has
been widely used in food industry”, manufacturing process'", aerospace area'™
and so on. Among all materials, metal, including alloy, is the most widely
used one in human society'®. This paper sorts out the application of metal
AM in various fields, and summarizes the current application status of it from
three main functions: medicine, industry (including alloy and pure metal), and
component materials. The structure of this work is briefly introduced in Figure
1.

2. Medicine

In the field of medicine, 3DP has become a leading healthcare and
pharmaceutical manufacturing technology, which is suitable for variety
of applications including tissue engineering models, anatomical models,
pharmacological design and validation model, medical apparatus and
instruments'”. Vasamsetty’s group summarizes the applications of 3D Printing
in the area of dentistry™. This research points out that 3D Printing is the ideal
solution of several health care individualization problems.

2.1 Medical Devices

Metal AM is widely used because of its individualization and ability on
complex structure fabrication, such as bones and joints. Bone defect and
osteoporosis are common in clinic which are seriously harmful for public
health. Bionic bone tissue engineering scaffolds are very important for bone
tissue repair and reconstruction. 3D Printing is widely used in the area of
medicine, especially in bone interface’”. In the study of Zhao’s team, different
bionic bone tissue engineering scaffolds were constructed by computer-aided
design and fabricated by selected laser melting!"”. In the research of Deng’s
group, four kinds of porous titanium alloy scaffolds with similar porosity and
pore size, but different structures were fabricated by SLM method'!. This
work provided a new theoretical basis for design of bone scaffolds and the
results are shown in Figure 2. Bandyopadhyay et al. reviewed 3DP applications
in the area of bone regeneration""”. Since 3D Printing has been widely used
in medicine, they summarized materials and devices for bore regeneration.
Dogan’s group reviews the applications of 3DP in the area of tissue
engineering!”. They come up with the idea that metal additive manufacturing
will be used in this field by using mechanical meta-materials. In the research

of Zhong’s team, metal AM of metal-organic framework incorporated porous
scaffolds to promote osteogenic differentiation and bone regeneration*’. Also,
In the work of Li et al., a novel 3D printed porous titanium cage (3D printed
cage) with interconnected pores inside was designed and manufactured”’. The
quality of the final bone is improved by this newly developed technology.

2.2 Bone and Tissue Engineering

Metallic biomaterials have been widely used in 3D Printing process, it has
been summarized by Chua’s group'®. Recently, 3D meta-materials have been
achieved with the inaccessible mechanical properties in natural materials such
as negative Poisson’s ratio, stiffness, and thermal expansion coefficient. Yuan
et al. generate a new method for creating 3D meta-materials via laser'”’. Sing
et al. used powder bed fusion and directed energy deposition technology to
do the manufacturing of metallic biomaterials"®. These techniques provide
the biomedical field the opportunities to mass customize at a lower cost due
to their ability to fabricate parts with complex and intrinsic designs that are
specific to individual patients.

Besides, metal AM is also widely used in medical devices fabrication. Wang
and Yang reviews the manufacturing process, materials, and some typical
products of 3D printing implantable medical devices"”. This work also
analyzed and summarized the development trend of 3D printed implantable
medical devices. The shaping of metal—organic frameworks has become
increasingly studied over the past few years, because it represents a major
bottleneck toward their further applications at a larger scale. Dhainaut’s team
used 3D Printing method to deal with this problem™. Murr et al. reviewed the
powder bed fusion technology from different areas of design, development,
and applications”"). This work pointed out that the predicting the mechanical
properties of additively manufactured metallic specimens is a challenge in 3D
Printing research.

In the area of medicine, biocompatibility is an important problem. The study
of Mitra et al. shows how 3DP can be used to design metallic alloys for
orthopedic and dental applications with improved biocompatibility using in
vitro and in vivo studies””. Alam et al. added different metal particles into
PLA to build anti-bacterial scaffolds™’.

3. Industry

Metal AM is widely used in several industry areas.

3.1 Alloy Fabrication with Metal AM

In real-world applications, alloy has better mechanical properties compared
with pure metal, most industrial metal AM applications focus on alloy
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Figure 1. The structure of this work

fabrication. Kenel et al. studies the AM of several alloys™. In this research,
the ink for 3D printing consists of different alloy powders, and the fabrication
quality has been proved wel. AM promises a major transformation of the
production of high economic value metallic materials®. Murray et al.
developed a kind of new superalloy for 3D Printing. This newly developed
alloy could be used in electron beam melting and selective laser melting. The
introduction of dislocations and precipitates has proven to be the effective
methods to improve the mechanical properties of metallic materials and
break strength-ductility trade-off. However, it is difficult to obtain a suitable
combination of both strategies in the metal materials. In the research of
Mu’s group, 3DP was used to obtain this combination successfully. The
limited choice of metallic alloys suitable for AM restricts the possibilities
for new design strategies and improved materials performance in demanding
applications. Rogov et al. applied plasma electrolytic oxidation to improve
the performance of 3D printed and cast AlSil2 alloy substrates””. Utilization
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of metal/ceramic powders opens new possibilities for 3D printing of metal
matrix composites of complex shape with high strength, but it is still a great
challenge. In the work of Konopatsky’s group, an AISil0Mg matrix composite
embedded with 1 wt.% of hexagonal BN phase microflakes (h-BN) was
obtained by means of 3D printing™. Figure 3 is an example of component
material of bronze and PLA.

Peng et al. developed an approach to additive manufacturing of three-
dimensional (3D)-architected CoCrFeNiMn high-entropy alloys by direct ink
writing combined with thermal sintering™. This work provides a new avenue
for 3D-printing advanced architected materials with extreme mechanical
energy absorption for a myriad of structural applications. It is believed that
high-entropy alloys are considered as novel structural materials that can
substitute conventional alloys because of the superior properties. Gao and
Lu evaluate the microstructure and mechanical properties of laser 3D printed
high-entropy alloys"™. They found that the printed high-entropy alloys parts
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Figure 2. Histological sections of dehydrated embedded samples of the bone scaffolds obtained at 6 weeks and 12 weeks were stained.

Red represents the bone tissue, and black represents the scaffold""’.
exhibits an outstanding combination of high strength and excellent ductility.
Cobalt-chromium (Co-Cr) metal is one of the widely used biomaterials in the
fabrication of dental prosthesis. The study of Hong et al. was to investigate
whether there are differences in the properties of metals and bond strength
with ceramics depending on the manufacturing methods of Co-Cr alloy"".
This research believe that SLM manufacturing method may have the potential
to replace traditional techniques for fabricating dental prosthesis. The purpose
of the study done by Schweiger’s group was to evaluate internal porosity,
retentive force values and survival of Co-Cr alloy clasps fabricated by direct
metal laser sintering (DMLS)™*\. They also compare these properties to
conventionally cast parts. They conclude that the parts made by laser-sintering
could be an alternative to conventional cast clasps for the fabrication of
removable partial denture frameworks.

Metal AM offers a tool to bring formerly unmanufacturable, geometrically

complex, engineered structures into existence. However, considerable
challenges remain in controlling the unique microstructures, defects and
properties that are created through this process. The group of Tan generated
a new method to deal with these problems. The LaB6-inoculated AlSilOMg
exhibited near-isotropic mechanical properties with an improved plasticity
compared with un-modified AlSi10Mg™. And Several metallurgical issues
arise during melting and solidification-based AM methods which limit their
use to only a few alloys. Salehi et al. shows how capillarity-driven bridging
can serve as a new and rapid tool of assembling powder particles into 3D
structures providing the least metallurgical complexity™*. The group of Yang
used 3D printing method to fabricate micrometer copper-zinc alloy particle-
reinforced wood plastic composites. Also, this kind of newly generated
material is applied in the area art, toy, classic furniture, etc™.

Magnesium alloys are a promising new class of degradable biomaterials
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Figure 3. Comparison of Two Different Materials (Bronze and PLA)

that have a similar stiffness to bone, which minimizes the harmful effects of
stress shielding. Karunakaran et al. survey the current techniques to 3D print
magnesium constructs and provide guidance on best additive practices for
these alloys™®. In the study of Maltseva’s group, the parts were fabricated by
SLS and the magnetic properties were studied””.

CoCrMo alloys have been used for several decades in implantable devices
due to their favourable mechanical properties, low wear rate in addition to
good biocompatibility and high corrosion resistance. In the work of de Castro
Girdo et al., CoCrMo samples were produced by DMLS AM process™. The
microstructure and surface composition were examined employing scanning
electron microscopy, X-ray diffraction and X-ray photoelectron spectroscopy.
Also, in the research of Kazantseva et al., a comparative study was performed
of microstructure and strength characteristics of the CoCrMo alloy obtained
by SLM™. It was found that the SLM alloy has a two-phase structure after
standard annealing, in contrast to the cast alloy. And in the work of Raj et
al., Direct metal laser sintered process is used to fabricate turbine engine
components by using Inconel 718 alloy™”.

Titanium alloy has been widely used in the area of aerospace. In order to
reduce the manufacturing cost, 3D Printing of titanium alloy has been a
popular research point. The aim of Karolewska and Ligaj is to compare the
properties of titanium alloy Ti6Al4V under static loading conditions for
samples made by 3D printing and metallurgical method"". The work of
Misra’s group deals with the fabrication of silicon carbide (SiC) reinforced
Ti6Al4V metal matrix composites (MMC’s) by a DMLS process, followed by
characterization of microstructures and evaluation of mechanical properties*”.
The improved mechanical properties and surface characteristics result in the
formation of effective MMC’s for various engineering applications.

In metal AM process, quality evaluation is a challenge. Hafeez et al.
investigated the mechanical properties and microstructure evolution of a b-type
Ti-35Nb-2Ta-3Zr alloy prepared by SLS process'*’. Mostafaei et al. discuss the
effect of powder size on densification and microstructural evolution of binder-
jet 3D-printed alloy 625", The fatigue behavior of DMLS fabricated Ti-6Al-
4V as-built specimens has been evaluated by Morettini’s group'’. Snopinski
et al. discuss the effect of built direction and deformation temperature on
3D Printed AlSil10Mg alloy parts*®’. Semisolid metal processing is a well-
known technology that can be used to enhance manufacturing product quality
in broad industries. The article of Fei et al. reviewed literature and findings
from thixotropy rheology and semisolid metal processing methods, finally
to thixotropic metal 3D printing'”. Additively manufactured porous metallic
structures have recently received great attention for bone implant applications.
The morphological characteristics and mechanical behavior of 3D printed
titanium alloy trabecular structure will affect the effects of artificial prosthesis
replacement. The study of Zhang’s group will be benefit of the application of
prostheses with proper structures and functions™®. Kuo’s group studied the
microstructure evolution and mechanical property response via 3D printing
parameter development of Al-Sc alloy™'. They found that this kind of
fabricated part could be used in lightweight applications. This research also
found the effect parameters of this material.

Shape memory alloy has plenty of applications, but the manufacture of it is
a challenge. Akbari et al. generated a new method that using shape memory
alloy wires to do 3DP"". This research also found that 3D Printed parts
have better quality. In the work of Fathi et al., the in-depth microstructure
and electrochemical properties of AlISi10Mg parts fabricated be DMLS are
studied”™".

In nuclear industry, it is difficult to fabricate some specimens, but 3DP is a
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useful technology to deal with it. Kim’s group developed a new application
of metal AM in nuclear industry™”. Han et al. reviewed the processes and
applications of high-entropy alloys for 3D Printing™. And this work will
also provide guidance for future research. Ishfaq’s group summarized the
mechanical properties of DMLS fabricated parts by several alloy materials”™.
They found that this technology will improve the hardness and fatigue
strength.

Eutectic high-entropy alloys (EHEAs) that consist of at least two phases with
different properties are promising candidates for engineering applications.
However, the reported EHEAS still have difficulty competing with traditional
alloys because the as-cast alloys are either not strong enough or brittle, while
high-strength and ductile EHEAs produced by severe plastic deformation are
not suitable for preparing industrial-grade products. Zhu et al. demonstrates a
strategy for simultaneously improving the strength and ductility of EHEAs by
introducing directional eutectic cells with ultrafine two-phase lamellae, whose
formation is different from single-phase solidified alloys like superalloys and
depends strongly on 3DP process control*.

3.2 Pure Metal Fabrication with Metal AM

Also, metal AM can also be used to fabricate pure metallic parts. Copper
has been widely used in many applications due to its outstanding properties
such as malleability, high corrosion resistance, and excellent electrical and
thermal conductivity. Also, this kind material has been used for more than
5000 years in the history of human. In the present study, the extrusion-based
3D printing process was explored using metal injection moulding copper
feedstock to fabricate dense copper parts. In the research of Singh et al., the
influence of manufacturing parameters, such as layer thickness, nozzle speed,
extrusion multiplier and extrusion temperature on green density and surface
roughness were studied. The final fabricated parts have high density and low
surface roughness”™. Mohammadizadeh et al. generated a new metal AM
method based on FFF to fabricate pure copper specimens”’. The mechanical
properties of this work is 70% of casting parts. Figure 4 is the cross-sectional
view of the final copper part. Cao et al. generated a method to fabricate high-
performance lithium metal microbattery by using cellulose nanofibers®*. This
kind of battery will have a lot of applications in the future. Also, Li et al. did
research on this kind of battery”™ . Tran’s paper presents a comprehensive
review of recent work on 3D printing technology of highly pure copper over
the past few years'".

Stretchable electronic circuits and systems will be critical for future wearable
devices and smart textiles, where existing flexible printed circuit board
techniques severely limit conformal deformation. And iquid-metal is now
extensively used for stretchable electronic applications due to their superior
electrical conductivity, non-toxicity, and mechanical stability in micro-
channels. In the work of Votzke et al., they present a scalable fabrication
approach for making robust interconnects for stretchable electronics by
using 3D-printed liquid metal paste'™. LKhondoker’s group developed a
new method to do liquid-metal 3DP'*. Kim et al. introduce a 3D-printed
rigid microbump-integrated liquid metal-based soft pressure sensor for
wearable and health-monitoring applications'®’. In several industrial fields,
the customized production of complex components by 3D printing has been
hailed as a potentially trans-formative tool in manufacturing with important
applications. Mukherjee and DebRoy explain how a digital twin of the printing
machine will reduce the difficulty'®”. It is shown that a comprehensive digital
twin of 3D printing machine consisting of mechanistic, control and statistical
models of 3D printing, machine learning and big data can reduce the volume
of trial and error testing, reduce defects and shorten time between the design
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Figure 4. Cross-sectional View of Final Copper Part (Pure Copper Parts with Voids)

and production.

The study of Tasaka et al. aimed to compare the accuracy of removable
partial denture frameworks fabricated by 3D-printed pattern casting and those
fabricated by SLS'’. They used partially edentulous mandibular model to
do the simulation. The accuracies of removable partial denture frameworks
fabricated by AM-Cast and SLS differ depending on the specific structural
component of the removable partial denture. Residual distortion is a major
technical challenge for laser powder bed fusion additive manufacturing. Chen
et al. proposes a multiscale process modeling framework for efficiently and
accurately simulating residual distortion and stress at the part-scale for the
DMLS process'®”.

AM of high-quality materials by SLM depends not only on establishing
appropriate process parameters, but also on the characteristics of the metal
powders used and their stability over time or after recycling. The aim of
Condruz et al.’s research was to characterize the IN 625 powder used over
multiple manufacturing cycles'™’. It was experimentally determined that the
powders present a good flowability based on the flow rate value obtained for
both virgin and recirculated powders, confirmed also by the Hausner ratio and
angle of repose. The control complex laser-powder-melt pool interdependency
dynamics is a challenge in metal 3D Printing. The Khairallah et al. used high-
fidelity simulations, coupled with synchrotron experiments, to capture fast
multitransient dynamics at the meso-nanosecond scale and discovered new
spatter-induced defect formation mechanisms that depend on the scan strategy
and a competition between laser shadowing and expulsion'®’.

The corrosion behaviour of AM parts must be considered if additive
techniques are to find widespread application. In the work of Kong et al.,
researchers review relationships between the unique microstructures and the
corresponding corrosion behaviour of several metallic materials fabricated
by selective laser melting, one of the most popular powder-bed additive
technologies for metals””’. In the research of Liu et al., Fused Deposition
Modeling and Sintering (FDMS) was proposed for fast making metal parts at
low energy consumption and low cost”"). Metal/polymer composite filament is
printed by the printer based on Fused Deposition Modeling (FDM), and then
debinding and sintering are conducted on the printed parts to form compact
metal parts. This is a new research point in metal AM and Figure 9 shows the
sketch of this process.

DMLS is an advanced AM technique for the 3DP of metals. This technology
is also beneficial in the jewelry industry, where precious metals are used, and
the design and price are determinative factors. In the paper of Korium et al.,
the metal 3D printing process for jewelry production is discussed””. Pure Al
with high laser reflectivity is essentially incompatible with laser powder bed
fusion. In the study of Geng’s team, the researchers propose decorating Al
with a small amount of high laser absorbing Co nanoparticles on the surface of
Al powders to reduce laser reflectivity and improve print-ability””. Also, they
did test on the mechanical properties of the final parts. In the article of Koga’s
group, they generated a control design for the laser power to drive the depth of
the melt pool to the desired set point™*.

Demand for the construction of new structures is increasing all over the world.
Kanyilmaz’s group used 3D Printing method to increase quality and resource-
efficiency in the construction sector””’. Buchanan and Gardner review the
applications of metal 3D Printing in construction. Also, this work come up
with the challenges and opportunities in this area”. Mechanical properties
and geometries of printed products have been extensively studied in metal 3D
printing. However, chemical properties and catalytic functions, introduced
by metal 3D printing itself, are rarely mentioned. Wei’s group provides a
simple and low-cost manufacturing method to realize functional integration of

catalyst and reactor, and will facilitate the developments of chemical synthesis
and 3DP technology””. In the work of Gardner’s group, the world’s first 3D
Printed bridge was introduced”'. And this paper introduced the testing and
initial verification of this bridge.

4. Component Materials

In real-world applications, metal AM could also use component materials to
fabricate parts. 3D Printing technology is also applied in polymer industry™.
Lanzl et al. used SLS technology to fabricate copper specimen by using
copper filled polyamide 12 material®”. Continuous fiber reinforced polymer
composites have been widely used in many industrial area, such as automobile,
aircraft, space and so on. Innovation on 3D Printing of this material opened
a new era for the design and fabrication of complicated composite structure
with high performance and low cost. Tian et al. summarize the development
and applications of this high-quality material®". Ling et al. studied the
influence of different manufacturing parameters on the mechanical properties
of SLS fabricated parts. The results showed that the densification process
and energy accumulation effect were beneficial to reduce the porosity ratio of
specimens, thereby improving its tensile strength in the early period of laser
sintering™”. Stoia et al. present a study on the tensile properties of Alumide
and polyamide PA2200 standard samples produced by Additive manufacturing
based on SLS™!. This research finds that the manufacturing orientation will
have influence on some mechanical properties, but tensile strength is less
influenced. Zone-melted (ZM) Bi2Te3 is a standard commercially available
thermoelectric material. In the study of Qiu et al., SLM technology is used
to fabricate workpiece. After testing, SLM fabricated parts have better
mechanical property than traditional manufacturing method™. In the aircraft
industry, 3DP can confer several benefits, such as shortened cycle times,
reduced production costs, and lighter part weights. Wang et al. investigated
these concerns by reviewing the current 3D printing practices in the aircraft
industry™. In the research of Hadadzadeh et al., Mg2Si colonies was added
into A1Si10Mg. And the mechanical properties of final parts were improved™".
Jucan et al. used SLS method to fabricate parts with WC-Co/PA12 powders.
This is an useful method on complex parts manufacturing™”.

The formation of defects within additive-manufactured components is a major
concern for critical structural and cyclic load applications. Brennan et al.’s
article discusses the formation of defects within metal AM, namely fusion-
based processes and solid-state/sintering processes'™ . In the research of
Lahtinen et al., SLS printing was utilized to produce porous, solid objects, in
which the catalytically active component, Pd/SiO2, is attached to an easily
printable supporting polypropylene framework™!. Physical properties of the
printed objects, such as porosity, were controlled by varying the printing
parameters. The results show that the selective laser sintering process provides
an alternative and effective way to produce highly active and easily reusable
heterogeneous catalysts without significantly reducing the catalytic efficiency
of the active Pd/SiO2 component. Significant progress has been made in
understanding SLM process as well as fabrication of various materials
using this technology. Yu et al. focused on particle reinforced metal matrix
nanocomposites (MMNCs) with SLM and provides a comprehensive overview
of the underlying scientific topics behind them™”.

3DP has been widely used in fabricating complex shaped electrical discharge
machining (EDM) electrode . In the study of Sahu and Mahapatra, an EDM
electrode is prepared directly by selective laser sintering (SLS) process using
metal matrix composite of aluminium (Al), silicon (Si) and magnesium (Mg)
¥ In ceramics industry, 3D Printing has been widely used. In the research
of Liu’s group, 3D Printing is used to fabricate metal-organic frameworks
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decorated hierarchical porous ceramics for high-efficiency catalytic
degradation®. The mechanical property of the final parts is suitable for
application.

5. Results & Conclusions

The materials used in metal AM is various. And this technology develops
rapidly both in research and industry. SLS and SLM are the most widely used
metal AM techniques, especially in the area of medicine. In this research,
different materials used in metal AM processes are reviewed, including pure
metal, alloy, and component materials. Based on the summary of this paper,
metal AM is widely applied in medicine, since it is easily to fabricate some
complex and unique tools, especially Ti or steel tools. However, in industry
area, metal AM is usually used in some high-tech areas, such as aerospace,
aircraft, nuclear industry, and so on. Because the cost of AM is still high, it is
difficult to apply this technique in mass production. And in overall, alloy has
more widely applications in metal AM.

6. Future Work

The use of AM techniques for low volume production of complex geometries
from a wide range of materials has shown to decrease product cost and lead
times. Mapley’s group describes the production of net-shaoed bonded NdFeB
magnets using SLS technology”. In the future, as the development of machine
learning, it will be applied in metal AM. There have been several machine
learning applications in metal AM area. For example, In the work of Liang’s
group, the modifed inherent strain theory is proposed to enable efficient yet
accurate prediction of the residual deformation of large components produced
by 3DPY. Ly et al. developed a decision tree algorithm to predict the
fabrication quality”®”. Kim and Zohdi used deep learning algorithm to optimize
the tool path of SL processes””. And Zhang’s group used different machine
learning algorithms to predict the quality of metal AM fabricated copper and
bronze parts”” **. Also, in the area of biomedicine, this technology will have
bright future® '*”, Thus, based on machine learning application is a popular
research point of metal AM research.
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