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Abstract: With the development of industrialization, traditional manufacturing technologies are no longer able
to meet the production needs of modern society. Additive manufacturing has successfully solved the problems
existing in traditional manufacturing technology. Selective laser melting (SLM) is a powder bed melting
technology that produces metal parts by selectively melting metal powders on a platform using a laser beam.
Itis widely used in additive manufacturing. This article introduces the characteristics and current development
status of SLM technology, summarizes the main application fields and common defects of SLM, and finally
explores and prospects the future development trend of SLM.
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1. Introduction

Selective laser melting (SLM) is a powder bed melting process that produces metal parts by
selectively melting metal powders on a platform using a laser beam. This is a new rapid prototyping
technology that emerged in the 1990s. The SLM process can quickly and accurately form complex
configuration parts on equipment by controlling multiple process parameters and utilizing 3D data
of parts, avoiding traditional cutting, cutting, grinding and other processes, achieving "free
manufacturing”, shortening processing time, and saving processing costs[1-5].5SLM manufacturing
of complex structural components has advantages that traditional manufacturing techniques cannot
match, and has received widespread attention and research. Therefore, it is widely used in fields such
as aerospace, biomedical, and mold manufacturing [6-8].The commonly used material systems in
SLM mainly include nickel based alloys, titanium alloys, aluminum alloys, iron based alloys, copper
alloys, etc[9,10].Forming difficult to machine materials and related processes is one of the hot fields
in this field [11].

SLM technology is mainly used for the manufacturing of small and complex structural
components in the industry, and is considered a key development technology and cutting-edge
direction. Its main characteristics are as follows:

(1) The forming material of SLM is metal powder, primarily stainless steel, nickel base alloy,
titanium alloy, aluminum alloy, and so forth.

(2) The metal is melted and shaped by a high-precision focused laser beam to make high-
precision components. After forming, the surface can be polished and sandblasted to fulfill the
precision requirements.

(3) The mechanical characteristics of forming parts are good, and the qualities of tensile
components can exceed those of casting parts and approach the level of forging parts.

(4) Slow forming speed results in low forming efficiency; component size is restricted by the
powder bed platform; not suited for making big parts[12-14].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Development status of SLM technology

SLM technology is a laser additive manufacturing technique based on selective laser sintering
(SLS). Professor Deckard[15]of the University of Texas at Austin was the first to propose SLS
technology. However, the joint strength in the SLS forming process is poor. In order to solve this
problem, Meiners[16]of Germany's Fraunhofer Institute of Laser Technology suggested the concept
of selective laser melting technology based on metal powder melting in 1995, and in 1999, he co-
developed the first SLM forming equipment with Fockle and Schwarze. As a result, experts from a
variety of nations have undertaken substantial study on SLM technology.

The development of SLM equipment and the molding process are the key areas of SLM
technology research, which is primarily centered in the United States, Japan, Germany, and other
nations. SLM equipment is the focus of several businesses abroad, including PHENIX and 3D
SYSTEM in the US. German companies EOS, CONCEPT, and SLM solution, as well as Japanese
companies MATSUUR and SODICK, all make high-quality SLM equipment. The production and
development of SLM equipment is primarily the focus of academic research in China. Universities
like Huazhong University of Science and Technology, Northwestern Polytechnical University, South
China University of Technology, and others have conducted extensive research in this area and
successfully applied their findings. The corporate world still lacks SLM. The majority of the SLM
equipment utilized in China at the moment is a result of independent research and development of
local equipment; this will change as China's SLM technology advances.

3. Application fields of SLM

3.1. Application of SLM in aerospace field

Selective laser melting (SLM) technology develops rapidly in the field of advanced
manufacturing and is considered as a core technology with breakthrough progress in the field of
aerospace. Countries around the world compete to develop this technology and strive to build a
complete industry chain technology[17]. Among them, common nickel base alloy, titanium alloy,
aluminum alloy, iron base alloy, etc[7]. Figure 1 shows the impeller for small aircraft manufactured
by SLM by Anhui Tuobao Additive Manufacturing Technology Co., LTD.

Figure 1. The impeller for small aircraft manufactured by SLM by Anhui Tuobao Additive
Manufacturing Technology Co., LTD.

3.1.1. Nickel-based alloy

Nickel-based alloys are widely used in aerospace fields because of their excellent high-
temperature properties, mainly for the preparation of aerospace engines, gas turbines and other key
components. At present, nickel-based superalloys with relatively mature SLM forming process are
represented by IN718, IN625, GH3536, etc, while Nickel-based superalloys with higher temperature
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resistance have higher thermal crack sensitivity due to higher content of Al and Ti. For example,
IN939, CM247, K418, K424, K438, etc[18].

3.1.2. Titanium alloy

In aircraft, titanium alloys are often employed. These components are often big in size, difficult
to manufacture, and scarce.Therefore, producing such parts using typical manufacturing techniques
is not appropriate. The advantages of SLM technology, however, can satisfy the needs of such parts.
The TC4 titanium alloy is primarily utilized in the aircraft sector to create frames, beams, couplings,
blades, and other components. The alloy is well-suited for laser additive manufacturing because of
its excellent thermoplasticity and weldability[19].

3.1.3. Aluminum alloy

Aluminum alloy has the advantages of light weight and high heat conductivity, and is widely
used in aerospace field. For SLM process, aluminum alloy has high reflectance and high thermal
conductivity to laser, and its formability varies greatly with different components. At present, Al-Si,
Al-Cu, Al-Mg-Si, Al-Zn and other aluminum alloy materials are mainly prepared by SLM[20-22].
Among them, Al-Si system has better formability. With the increasing demand for material properties
of aerospace components, it is a developing trend to develop new high performance aluminum
composites.

3.1.4. Magnesium alloy

Since magnesium alloy has a density of only 1.73g/cm3, it may be used in place of aluminum
alloy for making lightweight components. Lightweight alloys are used in aviation to lighten aircraft,
which results in decreased fuel consumption and atmospheric combustion product emissions. The
Polish Aeronautical Institute's AZ31B lever forgings for the ILX-27 helicopter's fatigue test results
were published by Wojtas et al. They were able to swap out aluminum alloy-based design
components for lighter magnesium alloy ones that kept their strength after 100 hours of simulated
flight tests.[23-25].

3.2. The application of SLM in the medical field

In recent years, SLM has great potential in the medical field and is expected to drive a revolution
in healthcare. The most widely used SLM in biomedicine includes the manufacture of tissues and
organs; Anatomical models, development of custom prosthetics and implants, pharmaceutical fields,
etc[26]. Figure 1 shows the glasses printed by SLM of Anhui Tuobao Additive Manufacturing Co.,
LTD.
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Figure 2. The glasses printed by SLM of Anhui Tuobao Additive Manufacturing Co., LTD.

SLM has not been widely used in mass production due to its slow speed. However, this
limitation is considered an advantage in the medical industry, where high precision and customized
products are less required. This is due to changes in patients' needs for medicines and personalized
treatment.Therefore, SLM is well suited and most widely used in clinical hand biomedical fields .
Many researchers and scientists have tried to draw models of human organs, turn them into three-
dimensional designs, and create human organs using SLM technology[27-29].

3.3. SLM Application in Automobile Industry

SLM technology is also used in the automotive sector, often to produce complex shapes and
fragile engine parts[30].Fe-35Mn is an iron-based alloy with high manganese concentration and high
strength that can be used in the manufacture of automotive parts. Fe-35Mn alloy workpiece has a
long manufacturing cycle and is easy to be oxidized during smelting and hot working. SLM
technology is suitable for small batch production of complex components, which solves this problem
well. Liu Lingge[31]et al. used this technology to produce Fe-35Mn alloy with high manganese
content. Research shows that SLM technology can accelerate the manufacturing speed, improve
productivity, and solve the problem of easy oxidation of Fe-35Mn alloy by traditional processing
methods. Chinese 3D printing company Polymaker has teamed up with X electric Vehicle(XEV), a
new Italian electric vehicle manufacturer, to print the world's first 3D-printed electric vehicle, LSEV,
in three days. In 2018, BMW produced 3D-printed window guides, and BMW has already used 3D
printing technology to make 1 million car parts. The use of SLM in the automobile industry will
increasingly advance with ongoing technological advancement[32-34].Figure 2 shows the small
engine parts produced by Anhui Tuobao Additive Manufacturing Technology Co., Ltd. using SLM.

Figure 3. The small engine parts produced by Anhui Tuobao Additive Manufacturing Technology
Co., Ltd. using SLM.

3.4. Application of SLM in the field of mold production

In the field of plastic packaging, most of the hard plastic products can often be processed in
batches through the mold forming process. The shape of the mold forming process is often relatively
fixed and regular, presenting the form of barrel, box and so on. Therefore, in the injection mold
production engineering, SLM selective laser melting technology is applied. The structure and
characteristics of the mold itself can be presented completely, and the stability of the quality of the
fired products can be improved better by the application of the water cooling process. SLM can
manufacture punching die, forging die, casting die, extrusion die, wire drawing die, powder
metallurgy die, etc[35,36]. Figure 4 shows the pouring mold produced by Anhui Tuobao Additive
Manufacturing Technology Co., Ltd. using SLM.
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Figure 4. a),b),c)The pouring mold produced by Anhui Tuobao Additive Manufacturing Technology
Co., Ltd. using SLM.

4. Common defects of SLM

4.1. Balling behavior

During the printing process, many isolated spheres of metal will appear if the metal powder is
unevenly applied to the previous layer. This phenomenon is called spherification[37].
Spheroidization is a common forming defect in uniaxial machining, which seriously affects the
forming quality of parts. In the process of powder laying, spheroidization will occur, resulting in
increased friction between the powder roller and the powder laying layer [38].This not only reduces
the quality of the metal surface, but also prevents the movement of the powder roller, eventually
leading to defects in the molded part. The metal molten pool solidifies into a sphere under the action
of surface tension, which reduces the surface energy of molten pool. The forming process and
mechanism of spheroidization and how to avoid it are the current technical problems. Dong et
al.[39]studied spheroidization and found three common types of spheroidization: saucer-shaped,
cup-shaped and spherical, and studied the corresponding formation process. However, SLM
involves a complex forming process, and there is no mention of the spheroidizing characteristics and
mechanism of SLM in multilayer forming and how to avoid spheroidizing phenomenon of iron
matrix composite powders during SLM forming. In order to study the spheroidizing phenomenon of
iron matrix composite powders during SLM forming, Professor J.P. Kruth from the University of
Leuven in Belgium prepared powders[40] The laser-scanned trace can be thought of as a half cylinder,
which was first noted. The specific surface area of the weld increases with the increase of the aspect
ratio, which prevents the weld from contacting the metal matrix and producing spheroidization.
Secondly, by studying the spheroidization characteristics under different power and rotation speed,
the processing window is gradually constructed. Surface oxidation is also associated with the
development of spheroidization. To clean the solid/liquid interface, a higher laser intensity can be
employed to disrupt the continuous oxide coating, or deoxidants (such phosphorus trivalent) can be
applied to lower surface tension. In their investigation of the spheroidization and cracks of alumina
during selective laser melting, Qiu et al.[41]found that by properly lowering the laser scanning speed,
one could increase the input laser energy density and lengthen the laser residence time, both of which
would lessen the spheroidization phenomenon.

4.2. Pore defect

Another important drawback of SLM is the formation of pores during the molding process. It
adversely affects the forming quality of components and severely decreases the mechanical qualities
of metal parts. Therefore, it is very important to study pore formation and its influencing factors.

Zhao et al.'s research[42]on the development law of surface pores in SLM 18Ni300 maraging
steel during heat treatment revealed that pore size is susceptible to high temperature by in-situ
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observation. The overall average pore diameter increases during the solution process at 820°C as a
result of the altered tension surrounding the pores during the phase transformation. When the
unfused pore's initial average equivalent diameter is greater than the critical size (15 m), the pore size
grows after solution treatment. The creation and coarsening of Ni3Mo throughout the aging process
led to grain deformation, pore shrinkage or cracking, and a drop in the average prepared pore size
from 11.82 m to 7.82 m after 5 hours of solution. Liu et al.[43]used X-ray computed tomography (XCT)
to detect and analyze the spatial and morphological characteristics of pore defects affecting tensile
properties in SLM-prepared Ti6Al4V samples. Two main types of pore defects were observed:
underfusion caused by low volumetric energy density (VED) and pore patterns caused by excessively
high energy density. Through XCT and SEM fracture morphology analysis, it is concluded that the
non-fusion and porosity are the main reasons leading to the early fracture. By using selective laser
melting (SLM), Robinson et al.[44]created 99.9% tensile sterling silver samples and looked at the link
between process parameters, pore defects, and tensile characteristics. It has been discovered that the
sample yield and ultimate tensile strength of sterling silver are closely connected to the energy
density of the powder layer as it relates to the SLM process parameters. Selective laser melting (SLM)
AlSil0Mg material's pore properties and production method were thoroughly investigated by Wang
et al.[45]. Different levels of laser power, scanning speed, and scanning distance were used to prepare
the sample. Both an optical microscope and a scanning electron microscope were used to investigate
the pore morphology. AlSil0Mg samples included both rounded and asymmetrical pores. The
molten pool contains spherical holes with smooth inner walls. The evaporation of components in the
molten pool, high laser energy input, and hollow powder are all factors in the production mechanism
of round holes. The inner wall of the irregular pores is rough. The major causes of irregular pores
outside of the molten pool include a vast scanning space, an uneven top surface, a thick layer, spatter,
and oxidation.

4.3. crack

With high levels of superheat and supercooling, the rapid melting and cooling of metal powder
during the SLM forming process creates a variety of stresses. As a result of the rapid cooling, the
resulting layer is brittle, porous, and prone to cracking. It may also contain slag or have an uneven
composition or tissue segregation. A part's fatal flaw is a crack. When a specific stress is applied, a
crack will quickly expand and force the scrapping of the entire component. According to how they
manifest, the production of cracks can be classified as stress concentration fractures, segregation
cracks, and slag inclusion cracks.

Excessive thermal stress is the major culprit for the stress concentration fracture. The fracture
will form when the workpiece's local tensile stress exceeds the material's maximum bearing capacity.
The interface joint is where stress concentration cracks are most easily produced because of the
inconsistent thermal expansion coefficient between the matrix and the developing layer. Using the
thermal stress calculation formula for the forming layer[46]:

EXAaxAT
1-p

@™

Where, oy, is thermal stress; E is the elastic modulus of the forming layer; Aa is the difference
of thermal expansion coefficient between the cladding layer and the previous forming layer or
substrate. AT is the difference between ambient temperature and the temperature at which liquids
change to solids. p is the Poisson's ratio of the forming layer.

The formula states that the likelihood of stress concentration increases with the thermal stress of
a material having a higher elastic modulus and melting point. This also explains why copper alloy
and aluminum alloy are less likely to break than superalloy and high alloy steels.

Oth =

Two factors are the major causes of the segregation crack. The significant disparity in
metallographic structure causes the microstructure stress on one side to be greater. In contrast, the
forming layer's composition is uneven, which causes the segregation of alloying elements in some
regions and the variation of microstructure. In addition, the enriched alloying elements are harder,
more brittle, and more crack-prone. The metal powder has variable particle sizes and shapes,
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especially when premixed powder is utilized. Inconsistent mixing powder or inconsistent alloy
powder composition will cause micro-composition segregation, which will produce a significant
variation in microstructure. The temperature of the metal liquid in the molten pool varies because
the temperature in various areas of the laser spot varies, there is a significant temperature gradient,
the center temperature is high, and the edge temperature is low. The irregular phase transition during
the solidification and cooling process also contributes to the significant variation in microstructure.
Additionally, because to the reheat treatment during weld lap and remelting, some regions of the
original forming layer's microstructure will clearly alter.

Slag inclusions that are present in the forming layer will not combine metallurgically with that
layer's metal, destroying the metal's continuity and acting as prefabricated fractures. Stress will
concentrate there, especially if there are sharp slag inclusion edges and corners. Large internal
stresses cause cracks to form where the stresses are concentrated.

At present, there is little difference between methods for reducing deformation and reducing
cracks. To limit the creation of thermal stress, process parameters are primarily controlled. For
example, forming process temperature gradients may be reduced by adjusting laser energy and
scanning velocity[47]. Cracks can also be reduced effectively by using the right bonding rate,
preheating the substrate, a subsequent heat treatment, and adding toughening alloy components.

4.4. deformation

A necessary and inescapable flaw of the selective laser melting forming method is the inevitable
production of overall deformation, corner warping, and other appearances in powder metal during
the quick high temperature melting, solidification, and cooling stages of the forming process. At the
moment, the distortion can only be partially avoided by optimizing the process settings. The
management of the forming route, forming speed, laser power, and other factors affects how the SLM
technology deforms.

The molten pool and the substrate or upper forming layer are very different in temperature
during the SLM forming process because of the transiently high temperature of the laser, the large
temperature gradient of the laser used area, and the extremely uneven distribution of temperature
fields. Thermal stress will be produced as a result of the uneven thermal expansion coefficient
between the substrate and the forming layer. Temperature gradient is one of the elements impacting
the deformation of components, according to a research by Yu Jun et al.[48] The severity of part
deformation will increase with the size of the temperature differential. When heated and expanded,
the metal in the molten pool and the matrix or upper forming layer will be constrained by the
surrounding materials, causing confinement stress to be produced. The metal in the molten pool
briefly solidifies during the solidification process, causing volume shrinkage and condensation stress.
Tissue stress results from the metal's microstructure changing concurrently. The workpiece warps
and deforms as a result of the continuous interaction and increase of thermal stress, constraint stress,
condensation stress, and organizational stress during the forming process that exceeds the bonding
strength between the forming layer and the substrate or the support structure and the substrate. The
discharged tension is converted into the residual stress in the pieces after they are produced, creating
a balanced stress system. The initial stress balance of the workpiece is disrupted when it is detached
from the substrate or support, and some residual stress is partially released. This causes the
workpiece to flex generally and may cause the corners to distort.

In SLM technology, condensation stress and structural stress are unavoidable. To minimize
thermal stress in order to lessen workpiece deformation, simulation and experiment are now the
major methods used to determine how the temperature field and stress field change when subjected
to various scanning modes and process parameters. The matrix can also be preheated, remelted, the
support mode can be changed, and the exterior structure may be changed. By switching the laser
scanning path and selecting the island scanning mode, Yan Hui et al.[49] greatly decreased the
basement deformation, and the maximum warpage deformation was decreased by 71%. By
preheating the matrix, Zhang et al.[50] successfully regulated the deformation of the workpiece.
Through numerical simulation of the thermal stress field, Mukherjee et al.'s research[51] highlighted
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the impact of laser power and scanning speed on thermal strain. Deformation can be efficiently
managed by lowering power and raising scanning speed. Through numerical modeling, Yang Lining
et al. [52] discovered that the forming path along the short edge and an increase in stacking speed
increased the workpiece's warping deformation. They then conducted consistent experiments to
confirm their findings. By heating the substrate and re-melting the forming layer, respectively, Yu et
al.'s team of researchers were able to reduce the tensile stress by 40% and 55%, as well as the residual
stress by approximately 70%[53]. Through experiments and finite element simulation, Zhu Binbin [54]
investigated the warpage deformation of parts. He discovered that local and total remelting, as well
as modifying the support type and exterior structure, could lessen warpage deformation of parts.

4.5. Other defects

By heating the substrate and re-melting the forming layer, respectively,An essential metric for
assessing metal items produced via 3D printing is surface roughness and dimensional correctness.
Currently, 3D printing technology suffers from significant flaws in surface quality control and
dimensional precision machining. There is also a significant discrepancy between the surface quality
and dimensional accuracy of conventional final components, which severely limits the technology's
widespread use in many crucial industries.

By heating the substrate and re-melting the forming layer, respectively,SLM technology uses
printing that scans each layer individually. Through a series of multi-layer processes, the structural
design's curved and incline surfaces are integrated into the macro profile morphology. Better surface
roughness can be attained by altering the printing Angle or choosing a smaller single-layer printing
thickness, both of which have significant effects on the surface quality. A suitable lap rate can produce
parts with high-quality surfaces. For instance, poor surface quality may come from wrong selection
of scanning spacing parameters that cause too many or too few lap joints and uneven ripple
morphology of flame passage. Reasonable increase of laser power can improve solid-liquid surface
tension, reduce spheroidized particles, lower scanning speed and reasonable scanning formula, and
obtain parts with good surface quality. Additionally, by controlling the thermal expansion airflow,
remelting may considerably enhance the surface quality of processed parts, reduce the powder
adhesion phenomena, and increase the accuracy of side wall forming.[55-59].

5. Future development trend

With the deepening of research and application, SLM technology is still in the growth stage
compared with traditional processing methods, and there are certain deficiencies and development
space in the aspects of equipment research and development, materials, structural design and
manufacturing process, real-time monitoring and feedback. Equipment research and development is
currently faced with high cost, limited product molding size and low molding efficiency. Currently,
materials are faced with such problems as high production cost, poor applicability and insufficient
diversity of materials[60]. There are several future trends for SLM.

5.1. Lightweight structure design

SLM have numerous applications in the aerospace and medical industries. Lightweight
components are in high demand in such areas. Traditional manufacturing techniques will result in a
lengthy production cycle and higher production expenses. As a result, designing lightweight
structures will be a key trend in future growth.

5.2. Optimization of support structure

An important part of SLM is support design. Some simple components can print the material
directly onto the substrate and then separate the print by wire cutting. However, in order to ensure
the correct size and surface roughness of the contact surface between the metal part and the substrate,
support structures must be created for specific metal parts with complex shapes and high structural
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freedom. Therefore, the optimization of support structure is an important development trend in the
future.

5.3. Design of free assembly structure

Typically, traditional processing techniques create a single part before putting all the pieces
together. Not only is this approach inefficient but it also degrades the product's quality. SLM
technology can quickly shape enormous, complicated items, increasing productivity and lowering
costs. Consequently, a future development direction for SLM is to create non-assembly structures.

5.4. Control and optimization of process parameters

The process problem is how to guarantee the reasonable control of process parameters, as well
as the value of metal additive manufacturing equipment and materials. The improvement of process
parameters can affect the residual stress, porosity, precision and structure of the molding parts. Real-
time monitoring and feedback control are very necessary and important in the SLM forming process,
because the defects of the metal parts exist in the parts, which seriously restricts the mechanical
properties of the parts. The monitoring and feedback system technology is used to adjust the process
parameters in time to improve the quality of the forming, and the control and optimization of process
parameters is an important development trend in the future.

6. Results

SLM has wide application market and high research value. Since SLM is a new technology, its
future development will be more market-focused and more advanced in the civil and commercial
fields. Major SLM process issues will be gradually resolved in the future, which will reduce
manufacturing costs. In my opinion, SLMS can produce higher quality products in the future, when
the technology will be more advanced.
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