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Abstract. Laser-based additive manufacturing (LBAM) is a group of advanced manufactur-
ing processes used to produce metal components and functionally graded products. Production
in LBAM is either limited to the formation of thin or thick coatings on a substrate by laser
metal deposition or the production of a fully functional metallic product by selective laser
melting. In every case, LBAM fabricated components require optimization for the process
parameters to avoid defects, such as porosity, crack holes, thermal deformation, and mechani-
cal strength. As a key link in the laser additive manufacturing (LAM) process, laser scanning
path planning is an effective strategy for balancing the temperature field of the formed part,
avoiding stress concentration, and preventing deformation and cracking. Efficient, accurate,
and reasonable planning of the laser scanning path is of great significance for improving the
processing efficiency of the process data, prolonging the life of the laser scanning system, and
improving the forming quality of the specimen. Through many studies, it was found that the
scanning pattern of the lasers has a significant impact on the mechanical properties and defor-
mations caused by a thermal mismatch during the process. Therefore, it is essential to have in-
depth knowledge about path planning in LBAM. Our review mainly focuses on the influence
of scanning patterns on deformation, temperature, and mechanical properties in LBAM.
Finally, our paper discusses the current study limitations and some future studies in LAM
technology. © 2021 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOIL: 10.1117/1
.OE.60.7.070901]
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1 Introduction

Additive manufacturing (AM), also known as 3D printing, is a revolutionary method of manu-
facturing that allows for the development of lighter, more vital parts and systems. The best way to
imagine any AM method is to consider the inverse of subtractive manufacturing processes such
as milling." Subtractive manufacturing creates components by removing material, while AM
creates structures by adding material layer by layer. Subtractive technologies have evolved dra-
matically over the last 20 years. The implementation of three-dimensional (3D) complex surface
simulation software has replaced conventional code generation methods, such as G and M
codes.” Additive and subtractive manufacturing are not mutually exclusive, despite some main
differences. In reality, they are often used concurrently and at different stages of product creation
and manufacturing. However, AM can be a viable alternative to conventional manufacturing
processes.” As a significant recent discovery, laser-based additive manufacturing (LBAM)
has attracted widespread attention from scholars worldwide. After decades of development,
the scope of laser applications has become more and more extensive. Nowadays, laser additive
manufacturing (LAM) has been widely adopted for manufacturing various parts with complex
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Fig. 1 A typical SLM machine layout."

structures and outstanding performance” that are used in tool-making,’ aviation and aerospace,’
and biomedical.” Compared with the earlier traditional technologies, such as casting, forging,
and extrusion,' LAM technology has the following obvious advantages.

1. LAM can process functionally graded components by adjusting the chemical composition
of the input metal material.®

2. The LAM technology forms parts using layer-by-layer material accumulation. The part
structure is good optimization. They can be manufactured along the channel’s contour,
which improves the manufacturing precision.’

3. The laser has a high-power density, and the melting and cooling speeds are very fast during
the process of making the material. The part’s microstructure can be finely refined, which
improves the comprehensive mechanical properties of the material.'’

Laser-based powder bed fusion (PBF) and laser-based direct energy deposition (DED) are
two different kinds of LAM. PBF utilizes the laser as a heat source to selectively fuse the powder
layer by layer. Selective laser melting (SLM) is one of the PBF systems that is an AM process in
which the components are created by consecutive deposition and melting of powder layers.'!
SLM utilizes a comparatively high-power laser to fully fuse the powders compared with SLS and
produce an utterly dense product.'? A typical SLM machine layout is shown in Fig. 1. The DED
process utilizes a laser to fuse metal powders deposited by a feeder into the melt pool.'* The
DED-AM machine is shown in Fig. 2. DED is also referred to as laser metal deposition (LMD),'®
laser engineered net shaping (LENS),'? and laser cladding (LC).'” An argon jet is used in LMD
to provide argon to the chamber, secure the laser optics, and shield the melt pool. The power
supplied to the melt pool is aided by four argon jets placed around the main nozzle and directed
at the melt pool, as shown in Fig. 3. LC technology, also known as laser deposition technology, is
a kind of AM technology. This technology is based on the discrete + accumulation molding
method; it breaks the traditional subtractive manufacturing processing method by combining
surface repair technology and rapid prototyping manufacturing technology to achieve high-
precision layered processing components. '

LAM also has some application problems. During the LAM process, the heating and cooling
rates are very fast. Due to the difference in temperature gradient and thermal expansion coef-
ficient in the LAM fabricated components, the temperature field distribution will be uneven and
thermal stress will be generated. If not controlled and eliminated, it will lead to rupture. If the
temperature field distribution of the part during the process can be known, the occurrence of
layer cracking and matrix plastic deformation can be effectively avoided. Therefore, correspond-
ing preventive measures to reduce cracks and deformation can be proposed. It is difficult to
monitor the quality in real time in the LAM process due to the high-energy density laser
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Fig. 2 DED-AM machine: (a) semi-conductor laser generator, (b) six-axis robot arm with a coaxial
cladding head, and (c) powder feeder with carrying gas.®
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Fig. 3 An illustration of the LENS deposition head and powder nozzles.'®

irradiation. People usually start analysis and research from the interaction between the laser and
metal and the thermophysical and chemical phenomena. The temperature of the laser molten
pool is very high. Measuring the temperature distribution of the molten pool experimentally
is fairly challenging. In this prospect, numerical simulation has emerged. By establishing a
numerical model on a computer that is very similar to the actual process, the computer numerical
simulation can be used to predict the temperature field distribution of the LAM process.?’>

Thermal behavior is a crucial factor responsible for transforming microstructure, evolutions
of residual stress, and part deformation significantly influencing th acquisition of high-quality
products. To overcome these issues, many scholars have studied the scanning path planning of
the laser in the LAM process.*>~>® From the results analyzed by previous scholars, it was found
that the scanning pattern has a significant effect on the temperature field, residual stress, thermal
deformation, and mechanical properties of the LAM fabricated components. Therefore, it is
essential to perform a scanning pattern evaluation in LAM to understand its influence. This paper
focuses on the scanning pattern evaluation of LAM and considers its process signature that links
the process parameters and product quality. This review highlights the following. Section 2
discusses the scanning patterns, Sec. 3.1 discusses the influence of scanning patterns on defor-
mation, Sec. 3.2 describes the temperature field and thermal analysis, Sec. 3.3 explains the
microstructure and mechanical properties, Sec. 4 discusses existing problems, and Sec. 5 con-
cludes the paper.
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2 Scanning Pattern

In the LAM process, another critical issue is the generation and realization of the scanning path
planning during the process. The scan path plays a vital role in the LAM process, so it has always
been the focus and difficulty of research. Many researchers have carried out path studies and
achieved a series of results, including various aspects of path planning. Effective deposition
paths could offer the best inter-road and inter-layer connectivity, as is known to all, leading
to enhanced shape and outstanding output of printed pieces, which is close to conventional proc-
esses due to a continuous polymer chain network. Therefore, selecting a suitable slicing method
and proper filling patterns is very important.”” Optimizing the laser scan strategy could further
minimize the effects of residual stress and reduce the specifications for the support structure
without requiring adjustments to the SLM machine or the manufactured component design.?
The selection of a scanning strategy determines the morphology of the layer, which influences
the layer’s subsequent thickness, regularity, and continuity.

Optimal laser power, laser spot size, and scanning speed for various powder layer thicknesses
must be used to generate continuous and stable single tracks.”*~* Jin et al.>! presented a method of
creating direction-parallel tool-paths for FDM. The suggested direction-parallel tool paths were
found to bring substantial improvements in machining efficiency and surface quality. Boissier
et al.*? proposed a partial differential equation - ordinary differential equation optimal control
method to optimize the trajectory based on existing patterns. The standard optimization problem
was to meet the desired structure while avoiding overheating and preferably with the shortest path
length possible. Their numerical outcomes contribute to a greater understanding of the problem
and, as a result, short- and long-term solutions. Their findings also found that modifying a model
and optimizing power and velocity can lead to more realistic results. Carraturo et al.** used finite-
element (FE) analysis to examine residual stresses for the nine different laser scan control strategies
to identify the strategy that minimizes residual stress magnitude. The findings demonstrate that a
constant power density scan approach tends to be the most efficient at reducing residual stresses in
the domain under consideration. Zhang et al.** adopted a sub-sector scan mode for (SLM) tech-
nology to optimize the output of nearly completely dense metal parts. This scan pattern helps raise
the temperature more efficiently in small sub-sectors to melt the metal powder. Jhabvala et al.*
analyzed different potential scanning strategies, and those that lead to homogeneous component
heating up to its melting point were identified. Son et al.>* proposed a new technique for scanning a
complex surface model with several patches. The established method calculates the number of
scans, scan orientation, and scan line. Shishi et al.*® adopted two different scanning strategies
to prepare a scanning path. The findings suggest that selecting an effective scanning strategy will
minimize tensile stress and increase the mechanical properties of the components. Zhao et al.’’
proposed an algorithm for rapid prototyping, a layered manufacturing technology, to develop an
efficient scanning route. The results showed that the proposed algorithm enhances the machine’s
equality and advances the machine’s reliability. Given that error situations occurred in a single laser
scanning path, the optimal scanning path was created. The developed method allows the desired
laser spot size to scan a wider planar surface.*

3 Influence of Scanning Pattern on Deformation, Temperature Field,
and Mechanical Properties in LBAM

3.1 Deformation

The fundamental cause of LAM-induced distortion is the nonuniform heating and cooling of
material during the LAM process, which produces elastic and plastic strains due to the mismatch
of thermal expansions and constrictions between the melt pool zone and the surrounding zone in
the parts. The influence of different laser scanning patterns on the deformation of the substrate is
studied at this angle to reduce the deformation of the LAM fabricated parts and reduce the work-
load. A laser/powder deposition method was applied to the Shape Deposition Manufacturing
System at Stanford University. The results show that both selective deposition and the use
of a low CTE material such as INVART can significantly reduce the deformation of simple
beams due to internal stresses.’’ Gao et al.*’ examined the impact of the deposition pattern

Optical Engineering 070901-4 July 2021 « Vol. 60(7)



Liu et al.: Review on scanning pattern evaluation in laser-based additive manufacturing

on the substrate’s deformation during direct laser fabrication. Eight laser scanning patterns were
designed to create a cylinder on an asymmetrical IN718 arc substrate, respectively. The findings
indicate that the substrate deformation along the z direction for all scanning patterns is greater
than the two other directions. Residual stress-induced warping is one of the most pressing con-
cerns in the direct deposition of fully dense metals, leading to undesirable losses in dimensional
resistance.*! ™ Biegler et al.**** introduced a novel method for measuring distortions experi-
mentally and using the effects to validate numerical simulations. In conjunction with optical
filters, in-situ distortions and periodic expansion and shrinkage are calculated by digital image
correlation. When the experimental and numerical results are compared, the length direction of
the sample has a strong agreement, while the height direction has quantitative deviations. Nie
et al.*® performed a numerical simulation of the laser hot-wire AM to obtain the temperature,
stress, strain fields, and distortion. The findings demonstrate that temperature fluctuates consis-
tently with layer-by-layer deposition and that the overall distortion increases steadily during
deposition. An accurate thermal-mechanical model was developed to propose controlling dis-
tortion in a wire-fed electron-beam thin-walled Ti-6Al-4V freeform. The overall distortion along
the x axis was reduced to 0.12 mm using a current dynamic scheme. The distortions along the x
and z axes were reduced to almost zero using a constant temperature limit at the bottom of the
substrate.*” Chen et al.*® proposed a multiscale process simulation framework for effectively and
reliably simulating residual distortion and stress at the part scale. The effectiveness of this pro-
posed framework is shown by simulating a double cantilever beam and a canonical component of
different wall thicknesses and comparing the results with experimental measurements, which
shows excellent consensus. Ramos et al.”® presented a novel scanning strategy implemented
in the SLM manufacturing technology to reduce the residual stress produced during the buildup
process. The scanning strategy implemented appeared to be the most effective method for reduc-
ing the component’s deformation. Foteinopoulos et al.*’ established a 3D thermal simulation
method for the PBF process. The proposed method provides satisfactory and computationally
low-cost results in terms of the strength of predicted thermal stresses and deformations. A new
distortion control approach was developed and validated experimentally, based on optical 3D
scan measurements.’’ The findings of the study revealed that distortion reduction in SLM is now
applicable on industrial macro-scale parts. The produced distortion in SLM was compensated for
by changing the original geometry with FE expected distortion.

Moreover, many scholars have studied the influence of laser scanning patterns on residual
thermal stresses and distortion using FE analysis. It was shown that choosing a proper scanning
pattern can significantly reduce the material deformation and residual stress and can enhance the
model accuracy.'!?*>1-58 Figure 4 shows the LSFed parts’ distortions using the raster, offset-in,
offset-out, and fractal deposition patterns. Concerning as-built component warping and porosity,
a newly established scan strategy is compared experimentally with its commercial equivalent. A
significant decrease in warping and porosity resulted from the new approach.” Li et al.*° created
an FE model for quick prediction of SLM fabricated components distortion using four laser
scanning strategies. Results showed that the horizontal scanning pattern produced the slightest
longitudinal deflection. In contrast, the crosswise direction produced the biggest deflection. The
DED-induced distortions and residual stresses were analyzed using a 3D thermo-mechanical FE
model.®" It was found that different scanning techniques used during the preheating process
significantly impacted distortion. Some modifications of the actual scanning sequence have been
proposed to reduce the computational expense of the simulation framework without compro-
mising quality. Klingbeil et al.®> experimented on plate-shaped specimens provided by two
methods of direct metal deposition. The experimental findings indicated that both the material
deposition process and the deposition direction may significantly influence subsequent warping.
Nickel® explored how the pattern used to deposit a layer affects the substrate’s warpage and
analyzed the inter-layer surface defect known as the Christmas Tree Step. Their findings revealed
that bolting the substrate down during deposition has a major impact on a component deflection
for the elastic-perfectly plastic model. It is necessary to understand how distortion accumulates
during AM in a machined surface to design techniques to reduce stress and distortion. Denlinger
et al.** performed a distortion measurement on titanium and nickel alloy with different interlayer
dwell times. This study’s findings showed that the addition of dwelling time during the dep-
osition process allows for additional cooling, which results in lower distortion and residual
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Fig. 4 Exhibitions of LSFed part deformation induced by different deposition patterns (a) raster
parallel to the z direction, (b) raster parallel to the x direction, (c) offset-in, (d) offset-out, and
(e) fractal.®!

stress. Kruth et al.% illustrated the benefit of the processing parameters by SLM to obtain maxi-
mum density metal parts. Proper scanning patterns have greatly minimized thermal deformations
and the beneficial effect of vaporization to limit the balling effect. Qian et al.°® developed a helix
scan strategy and progressive scan strategy for SLM technology to reduce the deformation of
manufactured layers. From his research, it was found that the helix scan strategy minimizes the
deformation of the manufactured layers.

3.2 Temperature Field and Thermal Analysis

The LAM process involves complex physical and chemical reactions, such as microstructure,
changes in segregation, thermophysical properties, rapid melting and cooling, and many other
processes. The uneven distribution of the substrate’s temperature field during the laser irradiation
causes the cladding part’s deformation. The temperature field should be distributed evenly to
solve this issue during the process. Under the current engineering application technology con-
ditions, it is challenging to use experimental methods to measure heat transfer and temperature
field distribution in the molten pool. In comparison, the numerical simulation of the temperature
field, establishing a model, and determining boundary conditions using a computer can obtain
more accurate thermophysical parameters, mass and heat flow fields, as well as other important
information. The numerical analysis of the temperature field is based on the actual situation of
the process. Figure 5 exhibits the temperature field contours for different laser scanning patterns.

The non-uniform distribution of temperature and the rapid thermal cycle can lead to thermal
distortion and dimensional errors in the LC process.®**’ So, understanding and monitoring ther-
mal behavior during the LAM process is essential.”’ Gong et al.”' analyzed the planar LC tem-
perature field with a length direction, a width direction, and a simulated helical scanning path.
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Fig. 5 Temperature field distribution plot for three scanning strategies: (a) line scan, (b) 15-deg
rotate scan, and (c) 90-deg rotate scan.?’

Results showed that the laser scanning path could significantly affect temperature distribution.
Foroozmehr and Kovacevic’? and Asikainen et al.”® established a model for evaluating the in-
fluence of the scanning pattern on the final distribution of stress, and their findings revealed that
the scanning pattern could alter the process temperature history, and as a result, the final proper-
ties of the deposited material may change. Ghosh and Choi’* analyzed the influence of depo-
sition patterns on induced thermal stresses. It was found that choosing a proper deposition
pattern can reduce thermal mismatch, resulting in less warping. From the consistency of the
layer viewpoint, the analysis of temperature distribution within the metallic layer during metal
laser sintering is essential.” ! Denlinger and Michaleris®* proposed an approach for modeling
stress relief effects at high temperatures during laser DED processes with various inter-layer
dwell periods. In their findings, the thermal behavior of workpieces is found to be highly reliant
on dwell time. In the powder layer, the high temperature produced results in significant distortion
of the component and caused thermal and residual stresses. Song et al.®” proposed a combination
of FE simulation and experimental verification to analyze the influence of scanning strategies on
thermal behavior and residual stress distribution. The temperature distribution simulation results
show that scanning strategies significantly influence the temperature field. Patil et al.%* con-
ducted a numerical experiment to investigate the scan pattern’s impact and the time needed
to cool down the powder around the melt pool. His research explores the significance of hatch
patterns for the thermal history of successive subdomains. The FE formulation for heat transfer
in a material with isotropic thermal properties has the following governing equation:

dq,  9q, 0q. iz
_(%4x %9y %4: A 1
<6x+0y+0z tO=rey M

where ¢, q,, q, are components of heat flow through a unit area. According to Fourier’s law,

aT oT oT
o DT —k— q,=-k— 2)
x

= —k
qx ay z az

where K is the thermal conductivity coefficient of media, Q is the Q (x,y, x) inner heat gen-
eration rate per unit volume, p is the material density, and c is the heat capacity.
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A coupled thermo-mechanical simulation was developed for two different scan strategies to
predict residual stress. The findings showed that the scan vector length directly impacts temper-
ature oscillations. Due to the shorter time between neighboring scans, the unidirectional
approach has a more consistent minimum temperature.”> An experimentally determined surface
convection was integrated into a DED AM thermo-mechanical model.'® The residual stress
measurements and in-sifu deflections suggest that the measurement-based convection model
generates more precise stress measurements in all situations. Dai and Shaw® performed a
3D simulation of finite elements to investigate the temperature field using a moving laser beam
to process several material components. The distribution of temperature, transient stress, residual
stress, and distortion of a multi-material part have significant effects on laser processing con-
ditions and material properties, especially thermal conductivity and thermal expansion. The
numerical simulation was carried out using the ANSYS code.®>* Bian et al.*’ investigate the
effect of laser power and two scanning techniques (stripe scanning and chessboard scanning) by
SLM on the residual stress distribution in 316L steel. The implementation of stripe scanning
(rather than chessboard scanning) and an increase in laser power from 160 to 200 W typically
increased tensile residual stress in the region of interest. Furthermore, compared with switching
between two scanning methods, the increase in laser power from 160 to 200 W tended to have a
more significant effect. Many attempts have been made to develop the LC process from the 1D
model to the 2D model, including thermal and structural analysis.®®%’ The multilayer problem
modeling is equally important because the thermal correlations of subsequent layers affect the
temperature gradients that regulate heat transfer and thermal stress growth. An advanced sim-
ulation technique known as element birth and death is used in modeling the 3D temperature field
in several layers in a powder bed.”’ The results demonstrated that heated regions are subjected to
rapid thermal cycles correlated with corresponding thermal stress cycles. The variation in heat
dissipation at different substrate locations was investigated to prevent defects such as over-
burning and collapsing at the LC layer’s boundary.”’ Over-burning and collapsing regions are
predicted and experimentally validated for different direction cladding and the same side clad-
ding. The findings show that the scanning path has a significant impact on boundary over-burn-
ing and collapsing. The cladding consistency of the boundary can be improved with the same
direction cladding and different side cladding without affecting machining performance, material
utilization, or process parameter rationality.
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A 3D transient heat transfer model was used to reliably measure the transient temperature
field for residual stress and distortion simulation.”” The results demonstrated that decreasing the
layer thickness can significantly reduce the residual stress. Alimardani et al.”* proposed a model
to analyze the influence of the workpiece being preheated and clamped to the positioning table.
Results showed that preheating enhanced efficiency by eliminating both the thermal stresses and
the settling time in the first layer to create a stable melt pool. Ma and Bin®* Ren et al.”>*° inves-
tigated the impact of laser scanning patterns on temperature, residual thermal stresses, and dis-
tortion in LAM. An effective 3D thermal history evaluation FE framework was designed to
predict temperature field evolution for arbitrary scanning patterns. The scanning patterns evalu-
ation framework used to predict the thermal history is shown in Fig. 6.

In laser heating, the heat transfer process is a very complex issue. During the laser heating
process, the energy source comes primarily from laser beam radiation, latent phase change heat,
and deformation heat. Latent heat is released when the metal content is melted or solidified, which
will affect the heat transfer process. Furthermore, the material’s plastic deformation can produce
deformation heat, which is typically very low compared with the other two heat sources.”’

3.3 Microstructure and Mechanical Properties

Many studies about LAM in manufacturing structures or components using different materials,
such as stainless steel, titanium alloys, aluminum alloys, and nickel-base superalloys, have been
published. The mentioned studies have concerned the investigations of the metal workpieces’
microstructures and mechanical properties or samples fabricated by LAM. For AM, microstruc-
tures and mechanical properties are key factors studied to monitor and enhance the consistency
of the final product.”®'%> Rare data about the influence of laser beam scanning paths on the
material’s microstructures and mechanical properties exists in literature until now. Many schol-
ars have studied the impact of scanning patterns on microstructure and mechanical properties in
LBAM; their findings clearly state that the scanning pattern has a significant effect on micro-
structure and mechanical properties of LBAM fabricated components.'>!%-17 So_ to control its
microstructures and mechanical properties, it is essential to study the differences in structures
and properties of LSF structures or components deposited with different laser beam scanning
paths. Figure 7 shows the microstructures of LSF Inconel 718 samples after heat treatment with
varying directions of scanning. The distribution of recrystallized grain sizes reflects the alloca-
tion of residual thermal stress. A previous study'®® proved that columnar dendrites expand
epitaxially along the deposition direction, turning to distribute equiaxed grains after high-
temperature recrystallization unevenly. A more uniform allocated grain size in the samples indi-
cates that its residual thermal stress distribution is more consistent.'”” Specific treatments are
required to obtain optimal mechanical properties due to the particular microstructure resulting
from the SLM method. Different microstructural characteristics in ferritic and austenitic steel
DED FGM sections were examined.''” The epitaxial grain growth along the building direction
creates an equiaxed grain structure in both parts. In the bidirectional scan, the ferritic steel

Fig. 7 Recrystallized microstructures of LSF Inconel 718 alloy. (a) Deposited with single direction

raster scanning and (b) deposited with cross direction raster scanning.'%®
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component has a preferentially inclined grain structure. At the same time, it becomes less favored
in orthogonal and island scans due to the combination of scanning strategies between interlayers.
Ali et al."'" investigated the impact of scanning and rescanning strategies on residual stress
formation and mechanical properties of SLM fabricated parts. It was found that the 90-deg alter-
nating scanning strategy produced the least amount of residual stress. Still, there was no apparent
connection between mechanical properties. Since the temperature distribution and cooling rate
determine the sintered material’s properties, numerical simulations allow SLM to estimate the
optimal conditions for producing objects with the preferred microstructure and mechanical
properties.''> Sheng et al.''® established a 3D multitrack and multilayer thin-wall to enhance
the quality of thin-wall metal parts provided by the direct laser deposition shaping process using
the element birth and death method.

Based on the study of mechanical components’ characteristics, appropriate scanning route
planning impacts the cracking failure behavior of thin-wall metal components. Kruth et al.''*
assessed various aspects of SLM manufactured parts with different scanning strategies. Their
findings revealed that the scanning strategy could hinder the surface quality, mechanical proper-
ties, and grain direction in the SLM parts. Many scholars developed improvements in the grain
structure and texture formation by SLM with various scanning techniques. It has been identified
that texture control and an apparent grain growth mechanism can be achieved by changing the
scanning strategy with a suitable selection of laser power and scanning speed.'?>!''>"'"® yang
et al.”> proposed a fractal scanning path for selective laser sintering (SLS). His research showed
that SLS samples generated along a fractal scanning path have enhanced physical efficiency.
Compared with linear scanning, the grain sizes were more uniform and completely sintered using
fractal scanning. Morgan et al.''"” adopted a scanning strategy that creates laser re-melted
components of stainless steel (316L) with <1% porosities while retaining the principle of rapid
prototyping. Yasa et al.'?’ investigated the reasons for elevated edges in SLM. Different scan
strategies and different hatching and contour parameters were evaluated to minimize the edge
effect. In addition, for specific additive layer manufacturing components, fatigue loading is
crucial and needs to be extensively investigated. Leuders et al.'*!' carried out a detailed micro-
structure and defected analysis to create deep mechanical property-microstructure relationships.
According to the analysis, micron-sized pores have the greatest impact on fatigue strength, while
residual stresses significantly impact fatigue crack growth. Mangour et al.'** studied the SLM
process with different laser-scanning techniques to generate cylindrically shaped components
from 316L stainless steel. It was found that the desired morphological and crystallographic tex-
tures of SLM-processed components characterized by either anisotropic or isotropic properties
can be achieved by choosing the correct scanning strategy. Dimitrov et al.'>* and Thijs et al.'**
establish the effect of various scanning techniques and process parameters on the material
efficiency of the SLM-manufactured Ti6Al4V parts. Their preliminary study reveals that the
significant difference in the temperature distributions, temperature gradients, and cooling rates
attributed to the building strategy used will result in substantial differences in the residual
stresses and the microstructure of the components generated. Zhang and Shang'? analyzed two
filling path generation algorithms, namely, the parallel reciprocating scan subarea and the
parallel scan contour. This algorithm improved the efficiency of implementation, increased the
effectiveness of scanning, and further improved the inner forming consistency of metal pieces.
Microstructure determines mechanical properties, and some scholars have studied the influence
of process parameters on the microstructure of SLM 316L.'%*!?" Investigation of the microstruc-
ture and shape of the tracks for process-parameter adjustments may provide valuable information
for the creation of a comprehensive strategy for the production of SLM components with stand-
ardized microstructure and properties.”” Current research indicates that microstructural flaws
inherent in AM processes must be managed and minimized to allow for full use of AM fabricated
parts as structural components.

4 Discussion

Certainly, LAM has several advantages, including design versatility, print complex structures,
ease of use, and product customization. However, some disadvantages and obstacles need to be
investigated to advance technology development. The limitations on part size, mechanical
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properties, low manufacturing performance, lacking precision, warping, layer misalignment,
mass production, and material limitations are all obstacles that require further research and
development.'?®1?? Some of the constraints and challenges are described as follows.

4.1 Mechanical Properties and Microstructure

LAM fabricated part’s microstructure and mechanical properties vary greatly depending on the
build direction and other directions.'®'** Compared with numerical simulation and analysis,
several essential data types, such as the microstructure and internal defects in LAM, are
challenging to obtain by online monitoring. In the meantime, traditional equipment is easily
disrupted by the surrounding environment. Therefore, more sophisticated equipment and tech-
nology, such as high-speed x-ray imaging and spatial resolution acoustic spectrum, must be used
to obtain the required data.

4.2 Deformation

One of the biggest challenges in the LAM process is the deformation of the LAM fabricated part.
Scanning patterns can have a greater effect on the structure and deformation of large compo-
nents. A summary of different scanning patterns used in LBAM to analyze the impact of scan-
ning patterns on deformation, stress, temperature, and mechanical properties is shown in Table 1.
It has been seen in several studies that proper scanning patterns can significantly reduce defor-
mation, but the parameters still need to be optimized. Parameters such as laser power, scanning

Table 1 Summary of scanning patterns.

Scanning pattern Category Content Publications
Raster scanning LMD Thermal stress 56 and 63
Raster scanning LMD Distortion 51
Raster scanning SLM Microstructure and mechanical property 103 and 122
Raster scanning LMD Deformation 40
Axial and circumferential scan LMD Distortion and stress distribution 52
Helix scan strategy SLM Deformation 66
Fractal scanning LMD Distortion 51
Fractal scanning SLS Temperature and stress analysis 23 and 94
Spiral scanning LMD Distortion 51 and 53
Spiral scanning SLM Stress and deformation 11
Spiral scanning LMD Thermal analysis 71-74 and 95
Island scanning SLM Stress and deformation 11, 57, and 58
Island scanning SLM Grain structure and cracking behavior 116 and 123
Unidirectional scanning SLM Residual stress and deformation 25 and 26
Bidirectional scanning SLM Microstructure and mechanical property 104, 106, 117,
120, 124, and 131
Parallel scanning LMD Distortion and residual stress 64
Parallel scanning SLM Microstructure and mechanical property 31 and 132
Parallel scanning LMD Cracking behavior 113
Parallel scanning LMD Thermal and structural evaluation 71-73, 84, and 91
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speed, and powder feed rate significantly impact deformation and part quality.***” In future stud-
ies, along with different scanning patterns, optimized process parameters should be implemented
to minimize deformation and part quality issues. Some scholars used a laser displacement sensor
(LDS) to predict the distortion in AM.%*!33 However, there was some irregularity in the data
caused by a temporary power buildup on the LDS. Optimizing these issues in the sensor is also
a great challenge for obtaining accurate data.

4.3 Surface Quality

Another issue encountered in LAM is the staircase effect or layering error in the fabricated
pieces. Surface imperfections and defects such as staircase effects caused by layer-by-layer dep-
osition methods, balling effects, and insufficient fusion result in a notably irregular microstruc-
ture. The surface roughness can significantly degrade the performance of laser additive-produced
components, limiting their potential applications.'** Fatigue performance, wear and scratch
resistance, and dimensional precision can be adversely affected by surface defects. Further
research is needed to see how LAM’s scanning strategy affects the produced parts’ consistency,
surface roughness, and material strength with new material powders.

5 Conclusion

LAM is a simple, low-cost,'*>!%® and long-lasting manufacturing technique, but concerns about

component quality and reliability have hampered its widespread adoption. In LAM, many schol-
ars have examined different scanning strategies to enhance the stability of the resultant product.
In this paper, an overview of the research regarding the influence of scanning patterns on temper-
ature field, deformation, and mechanical properties in LBAM is provided. Many scholars have
done experiments and numerical simulations of different scanning patterns in the LAM process.
Their results show that LAM’s part quality issue can be minimized by choosing a proper scan-
ning pattern and suitable process parameters such as laser power and scanning speed. This paper
also addresses current issues and implementation directions of the scanning pattern in LBAM
and should allow researchers to gain a clear view of the research status.
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