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Featured Application: Through FEM analysis of the metal 3D printing process, phenomena occurring
during the process were analyzed and can be used as data for optimizing process parameters.

Abstract: In this study, a metal 3D printing process was simulated using finite elements methods
(FEM), and the specimens were printed under the same conditions. Subsequently, residual stress
was measured to validate the results. The thermal-structure two-way coupled analysis confirmed
the phenomenon that occurred during the additive process, thereby allowing the residual stress
to be calculated more realistically. In addition, to simulate the printing process, a subroutine was
configured to account for the laser heat input path and layer. The process of stacking and hatching in
a snake pattern for an area measuring 5 mm× 5 mm was simulated. Four cases with different rotation
angles of the layer pattern were calculated using FEM. The specimens were printed compared with
the analysis results. To verify the printed condition of the specimen, computed tomography was
performed to confirm the appearance of pores and cracks in the specimen. Cracks appeared in the
180◦ specimen, and the cause was analyzed based on the analysis results. Subsequently, the residual
stress was measured by an X-ray diffractometer and compared; it was confirmed that the average
error of the specimen without cracks is 8.86%, which is similar to the analysis results. These results
confirm that the FEM model conducted in this study can be used to analyze residual stress and cracks
in a material, which are difficult to analyze in previous studies. The FEM model constructed in this
study is expected to facilitate investigations into 3D printing phenomena as well as enable a more
efficient process design.

Keywords: finite element method; metal 3D printing; residual stress; structure-thermal coupled analysis

1. Introduction

Three-dimensional (3D) printing technology can process various shapes beyond the
limitations of conventional cutting processes; as such, it has been recently extensively
investigated. In particular, the development of metal 3D printing technology has resulted
in continuous efforts to produce materials more efficiently and to be applicable to mass-
produced products [1].

Among the relevant processes, selective Laser melting (SLM) uses a laser as a heat
source to melt and solidify the metal powder. Consequently, rapid temperature differences
and complex thermal gradients occur in the powder and products while passing through
the adjacent laser path [2].

In other words, melting and solidification occur instantaneously along the laser path,
and residual stress occurs owing to the movement of the metal melting pool and thermal
expansion. The residual stress generated causes deformation and cracking in the entire
material, and cracks occur owing to the stress and distortion generated by the laser path
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when printed at a high aspect ratio shape [3]. Therefore, heat and residual stress changes
that occur during metal lamination can be verified in advance, such that the post-treatment
process after product production can be reduced significantly or the processing accuracy of
the product can be increased.

Various analytical approaches to metal 3D printing have been reported. In the study
of Mujian Xia et al., the phenomenon occurring as powder particles melt and solidify was
analyzed through flow analysis [4]. Considering the shape of the powder particles and the
buoyancy and convection that occur in the molten state, the actual melting phenomenon
and the process in which pores occur were simulated. However, the analysis area is
extremely small, thus, it is difficult to apply it to large parts. In the study of Subin Shrestha
et al., the phenomena occurring during melting and surface changes were analytically
implemented through thermo-fluid analysis [5]. Ambient air, solids and powder were
analyzed based on the density fraction, and the resulting surface curvature and roughness
were specifically analyzed. However, due to the characteristics of the analysis method, it
was difficult to analyze the stacking process of multiple layers.

Panagiots analyzed the process of forming a thin-walled structure by repeatedly stack-
ing a single laser path through FEM [6]. Unlike previous studies, thermal and structural
analyses were conducted, but heat transfer to the surrounding powder was not considered,
and temperature changes due to adjacent paths were not considered.

Takezawa analyzed the residual stress of metal 3D printing materials using the inherent
strain method and conducted optimization studies to minimize deformation by applying a
porous grid structure [7]. However, the deformation of the structure by heat was applied
only to the initial inherent strain. Since the strain application per layer and heat transfer to
adjacent structures are not considered, a detailed analysis is limited.

However, studies that verify the heat input process or residual interlayer stress based
on the laser path inside one stacked surface are insufficient. Based on previous studies,
SLM was simulated via a thermal-structure coupled analysis in this study. As shown in
Figure 1, a thermal-structure coupled analysis module was constructed to analyze the
structure of the material properties, laser heat sources, and paths applied to the SLM
process numerically [8]. The 3D printing process was simulated on each layer based on the
laser path, and the deformation, temperature change and residual stress occurring in the
process were confirmed. Subsequently, the specimen was printed under the same process
conditions to compare and verify the analysis results with the residual stress measurements.
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2. Composition of FEM Model
2.1. Composition of Thermal-Structure-Linked Numerical Analysis Model

Using the FEM analysis model, the mechanisms that occur during 3D printing were
simulated by confirming the changes in thermal expansion and residual stress occurring
along the heat input path of the laser. Problems associated with residual stress and the
resulting distortion and destruction should be considered for heat input in adjacent areas
after melting and solidification. Hence, a tool was configured to confirm the complex heat
gradient occurring in the 3D printing process by continuously calculating multiple laser
paths and stacked layers. Subsequently, the suitability of the analysis model was verified
by comparing it with the actual process of the configured analysis model.

Unlike in previous studies, in this study, heat transfer and deformation between
powder and solid were considered, and analysis conditions were designed considering the
differences and changes in physical properties due to temperature and phase changes. In
this regard, a thermal-structure-coupled FEM model was constructed for the SLM process.
Subsequently, an analysis was performed while considering the thermal-structure physical
system, and the associated effects were considered when calculating the convergence. The
associated coupling equation is shown in Equation (1) [8]. [M] [0]
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In this equation, [Kut] is the thermoelastic stiffness matrix of the element, and [Ctu]
is the attenuation matrix owing to the thermoelastic effect. [Kt] is a heat conduction
matrix and can be calculated by summing the conductivity to material diffusion ([Ktb]) and
conduction based on the material convection surface ([Ktc]).

2.2. Subroutine Composition of Laser Path and Layer

As the simulation for the process progressed, the laser center position in each time
step was calculated, and the heat input condition was selected. Based on this center point,
the amount of heat input applied to each node based on the laser beam type was calculated
using the ANSYS MAPDL code. The laser heat source is applied based on Gaussian
shape, and the amount of heat input according to each location is calculated according to
Equation (2). The calculated time step is very small compared to the moving speed of the
heat source, so it is calculated based on the instantaneous heat input shape. The amount of
heat applied to the node is added to the amount of heat transferred from the surrounding
elements, and the [Q] of the coupling equation constructed above is calculated for each
time step.

Qnd
x,y,z = Plaser exp[

{
−(x− x0)

2 + (y− y0)
2 +

( z− z0)
2

R2

}
] (2)

The values for the heat input surface and laser path were considered and generated
in advance to apply heat by the laser, and the waiting time and powder application time
until the next stack were set after the completion of the thermal analysis corresponding to
each layer. During this time, concentrated heat diffusion occurred, and then the thermal-
structure analysis of the next layer was performed.

2.3. Material Properties for Numerical Analysis

For the thermal and structural analyses, information regarding the physical properties
of both physical systems is required. In addition, owing to the characteristics of the
process, the temperature deviation was significant, and the phase change was considered.
Therefore, the physical property information based on the temperature and phase changes
was required. In this study, Ti-6Al-4V material is used, and the physical properties for the
temperature range between the room temperature (22 ◦C) and 2000 ◦C were applied while
considering the powder state before melting, the molten liquid state, and the solid state
after solidification. When the preset melting temperature is achieved, a material change
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code is applied to change the properties from solid properties to liquid properties. For the
configuration of the analysis model, the physical property values of Ti–6Al–4V were set
based on the results of previous studies [9]. In particular, the elastic–plastic properties were
realized by applying a bilinear isotropic hardening model, and the modulus of elasticity
and yield stress were adjusted according to temperature. In the initial powder state and
molten state, very weak yield stress was applied so that the behavior of powder and fluid
could be expressed.

2.4. Numerical Model

In order to calculate the contents previously configured, a numerical analysis model
was constructed by applying it to the Mechanical program from Ansys. To consider the
thermal conduction phenomenon, a transient structure-thermal analysis was applied. To
verify the analysis result, the processing area was set to 5 mm × 5 mm to facilitate the
comparison with a specimen, and an area with a width of approximately 1 mm was set
around the laser path to simulate heat transfer into the surrounding powders. The height
of one layer was set to 0.1 mm, which is the same as that of the verification specimen. In
the previous study, the lamination process of one to ten layers was analyzed, and it was
confirmed that the effect of the top layer was transmitted to up to three lower layers. Based
on these results, it was inferred that the entire lamination process could be represented by
lamination analysis, which sets the three layers to be interpreted consecutively [10]. The
thickness of the base material was set to 1 mm, such that the heat transfer based on the heat
input was similar to the actual process.

For the thermal-structure coupled analysis, an element supporting the physical proper-
ties and coupling operations of each physical system was set. For the element type applied
to the analysis, Solid 226 and Solid 227, provided by the software, were applied so that
the above-formed expression could be calculated. The number of nodes in the grid used
in the analysis was 19,373, and the number of elements was 19,579; the shape is shown
in Figure 2. Boundary conditions were set for the entire analysis model, and the actual
process conditions were applied.
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Figure 2. FEM model of basic numerical study.

Restraining conditions were achieved by attaching the bottom surface to the base
material or substrate, and heat transfer conditions were applied to the bottom and side
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surfaces. Because the thermal conduction coefficients of the metal and the powder differed
significantly, the metal powder was set accordingly for each interface with a thermal
conduction coefficient of 3.8 W/mm2 ◦C and 7.63 W/mm2 ◦C for the metal. On the upper
surface, the thermal energy changed because of convection; however, the change was
negligible because the temperature of the atmosphere was sufficiently high throughout the
preheating process.

2.5. Input for Laser Process Conditions

The process variables required for analysis are associated with the laser heat source
and path, and they were set as shown in Table 1. The absorption rate of the material for
the laser output was set to approximately 10%, based on prior analysis. To melt the inner
area, a laser path was set to such that a pattern was reflected inside each layer, and then a
heat input was introduced. To emulate the actual process, a laser was irradiated along the
border and then set to fill the inner area, such that the laser heat input was performed two
to three times sequentially. The inner area filling the area was irradiated along the snake
pattern, as shown in Figure 3a.

Table 1. Process parameter of single path simulation.

Category Property Name Value Units

Laser condition
Input heat flux 816,000 mW/mm2

Laser speed 500 mm/s
Beam diameter 40 µm

Production parameter

Layer thickness 100 µm
Layer number 3 EA
Path number 2 EA/layer
Cooling time 0.4 s

Pre-heat temperature 150 ◦C
Hatch distance 100 µm
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Figure 3. Schematic illustration of SLM simulation [8]: (a) Stacking three patterns in the same
direction; (b) with 90◦ rotation; (c) with 67◦ rotation; (d) with 45◦ rotation.

In addition, 3D printing simulations were performed for three conditions: 90◦, 67◦,
and 45◦, to confirm the difference in simulation results based on the rotation angle of the
layer path. Joseph’s research group confirmed the difference in production quality and
physical properties based on the pattern angle, and four cases were analyzed by referring
to the composition [11]. Processing was performed based on the pattern generated in each
layer rotated by the rotation angle, and it was configured as shown in Figure 3b–d. All the
other values were simulated based on the same value.

3. FEM Analysis Result

The CPU used for the analysis was Intel’s i9 product, and it was performed in an
environment equipped with six cores of 3.4 GHz and 64 GB of RAM. The analysis model
took an average of 80 h per case.
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3.1. Numerical Simulation Results of Additive Process

Based on numerical analysis, the heat input process achieved by stacking the pattern
and stacking layers sequentially was confirmed. Based on the analysis results shown in
Figure 4, it can be confirmed that the heat source was applied to the powder layer, and the
temperature increased depending on the heat input. In addition, it was confirmed that the
heat source propagated based on the irradiation position of the laser, and traces remained
in the longitudinal direction. Furthermore, two and three layers were stacked, and the heat
input process was continued.
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Figure 4. Laser heat input simulation result: (a) 68 ms—early stage of first layer heat input;
(b) 1121 ms—second layer heat input; (c) 1904 ms—third layer heat input.

To examine the effect of the lower layer due to the heat input of the upper layer, the
temperature and residual stress changes were confirmed. As the heat source propagated,
the temperature changed in the six points at the center of the first layer shown in Figure 2.
The results are illustrated in Figure 5, and the resulting residual stress changes are shown
in Figure 6. The direction of the laser heat source in each layer is in the opposite direction,
and accordingly, the order of temperature change and residual stress change at six points is
also reversed.

When the laser was irradiated at the first layer and the melting process was simu-
lated, the temperature of the element increased and residual stress formed rapidly; the
temperature and residual stress changed owing to the second and third laminations. It was
inferred that re-melting can be confirmed based on the temperature change in the first layer,
which was affected by the second and third layers, and that fusion between the layers can
be performed, as in the actual process. It was confirmed that the residual stress changed,
owing to the heat applied to the upper layer. When the laser was irradiated at the second
and third layers, residual stress was relaxed by the heat of the upper layer instantaneously
and restored to a different value. Based on these results, it was confirmed that the cooling
rate was changed depending on the location and the temperature of the element, thereby
affecting the residual stress.

As shown in Figure 7, the final residual stress and temperature distribution above
the last layer were simulated. It was confirmed that heat generated by laser irradiation
was conducted and dissipated through the base material and powder, whereas residual
stress was generated in a specific pattern. This imbalance in the residual stress resulted in
distortion and cracking.
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In particular, in the case of the 180◦ pattern, a force was applied to the base material in
the same direction as the path, as previously confirmed in the basic analysis, owing to the
repetition of the same pattern [10]. The residual stress in the lower region was amplified
based on the laser path, which was confirmed through changes in the residual stress on the
lower surface.
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3.2. Analysis Results Based on Rotation Angle

To confirm the effect of the laser path, the analysis results were confirmed for the 45◦,
67◦, and 90◦ conditions of the laser pattern. In the analysis, all the setting values, except
for the path rotation angle, were set to be the same, and the results were confirmed after
stacking three layers. Figure 8 shows the analysis results for each angle, which are the
results associated with the residual stress after the lamination of the three layers.
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Based on the analysis results, it was discovered that the pattern of the residual stress
changed significantly; in particular, for the 180◦ specimen, residual stress was formed in the
lower solid region in a specific direction as the repeated pattern overlapped. As suggested
in previous papers, these results show that twisting occurred in the same direction as the
laser direction because of repeated thermal expansion and contraction, which was formed
under conditions in which cracks are likely to occur [12].

When comparing the applied stress to the underlying substrate and the average
residual stress, the 90◦ rotation path results show that the stress concentration is more
relaxed than the 180◦ rotation path condition. Additionally, similar to the results of 45◦

and 67◦ rotations, the concentrated residual stress dispersed as the overlap in the angle
disappeared. In the 67◦ condition, the pattern angles of each layer were different and
overlapped irregularly. The 45◦ condition looked like the 90◦ condition, but based on the
maximum stress and average stress, it had a dispersion value similar to 67◦. Based on this
residual stress distribution, the differences based on the laser path of 3D printing can be
identified, and problems that may occur during specimen printing can be verified via the
FEM model.

3.3. Experimental Verification

To verify the experimental results, a specimen was printed using a metal 3D printer.
The equipment used for printing was the ‘Orlas creator’ equipment of the ‘OR laser’
company. The processing variables were set to be the same as that used in the simulation,
and the other values used are summarized in Table 2 [13]. Specimen printing was performed
such that the same pattern as that in the analysis was applied, and computed tomography
scans were performed to verify the shape and printing quality of the specimen. Except
for the 180◦ specimen, some pores appeared inside the specimen; however, they were not
sufficiently many to affect the overall quality.

Table 2. Process parameters for specimen printing [13].

Category Property Name Value Units

Laser
condition

Laser type Yb fiber
Wavelength 1070 nm
Max power 250 W

Apply power 82 W

Powder
property

[13]

Material name Ti-6Al-4V Grade 23
Manufacturer Advanced Powders & Coatings

Size distribution
D10 D50 D90

µm
18.0 31.6 43.5

Production
property

Initial angle 45
Specimen size 5 × 5 × 5 (W × D × H) mm

Figure 9 shows the result of photographing at approximately 1 mm high for the
specimen. The reason for this, however, is to ignore the cracks that occur when the lower
support is separated from the base plate. Unlike other specimens, the 180◦ specimen
observed had cracks that occurred in the corners. The initial laser path angle was set at 45◦

and was printed by applying the same heat input path to each layer. Consequently, cracks
occurred in the corners. Furthermore, as confirmed by numerical analysis, cracks occurred
owing to the concentration of deformation stress and thermal deformation at the end of
the laser path. Based on the numerical analysis results, it was confirmed that stress was
generated in the direction where the specimen was lifted from the corner and that stacking
was repeated in the height direction of the specimen, resulting in cracks in the lower region.
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3.4. Measurement and Comparison of Residual Stress

To confirm the accuracy of the analysis results, the residual stress was measured using
X-ray diffraction (XRD). The Debye ring was measured using XRD to measure the area and
accuracy, and the residual stress was calculated by calculating the cos α value [14,15]. The
device used for the measurement was µ-X360 FULL 2D from Pulstec. The measurement
conditions were 30 kV and 1.2 mA. The measurement area was 2 mm in diameter, and the
average value of this area was used.

The XRD measurement was performed based on a 2 mm area in the center of the
upper surface of the specimen. The residual stress was measured by calculating the Debye
ring using an X-ray diffraction value of 557 points at the measurement position. The
residual stress was calculated based on the measured Debye ring values and compared for
each specimen.

The average value of the 2-mm diameter area was calculated to compare the measured
and analyzed values. Figure 10 shows the element corresponding to the 2-mm region of
the specimen surface and its residual stress value.

The residual stress values derived from the analysis are summarized in Table 3, in
addition to the XRD measurement results. It was confirmed that the overall analysis
results were consistent, except for the specimen with a 180◦ rotation angle. For the 180◦

specimen, based on previous CT scan results, cracks occurred in the lower region and
affected the residual stress. As illustrated in Figure 11, it was confirmed that the remaining
three specimens demonstrated relatively accurate results, with an error of approximately
8.86%, except for the 180◦ specimen, which exhibited a crack. Based on these results, it was
concluded that the simulation simulated the actual process accurately.

Table 3. Residual stress results.

Rotation Angle
XRD Measurement FEM Simulation

Residual
Stress

Standard
Deviation

Residual
Stress

Error from Residual
Stress Measurement

180◦ 252 MPa 22 MPa 513.63 MPa 50.94%
90◦ 340 MPa 22 MPa 436.79 MPa 22.16%
67◦ 464 MPa 29 MPa 471.99 MPa 1.69%
45◦ 237 MPa 39 MPa 236.38 MPa −0.26%
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3.5. Analysis of Causes of Cracks via Comparison of Residual Stress

To analyze the cause of the crack in the lower region of the specimen, the maximum
residual stress results were compared based on the elastic–plastic properties applied to the
analysis. Figure 12 shows the stress–strain curve based on the specimen heated to 150 ◦C,
which was the preheating temperature applied to the analysis. As indicated in the graph,
based on references [16,17], approximately 0.06 mm/mm was based on the maximum
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tensile strain. The analysis results for each stacking angle are shown in the graph based
on the maximum residual stress value, and it was confirmed that a significant difference
occurred at each angle. In the 180◦ and 90◦ specimens, maximum residual stress occurred
beyond the breaking stress, whereas in the 67◦ and 45◦ specimens, maximum residual
stress occurred in the plastic deformation region.
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In each analysis result, the area where the maximum residual stress occurred was
the lower edge region in contact with the base material. Based on the change in residual
stress in the analysis, the temperature change caused by the direct heat input of the laser
did not reach the fracture stress, as confirmed in a previous study. Additionally, it was
calculated that additional residual stress was generated because of the upper lamination,
and it exceeded the fracture standard [10].

Based on the comparison between the measured residual stress and the analysis values
shown in Figure 11, it was discovered that cracks occurred at the bottom of the 180◦ and 90◦

specimens in excess of the fracture stress owing to the stacking of the upper layer. Although
not confirmed by CT results, it was inferred that local destruction occurred even in the 90◦

specimen, which resulted in an error between the analysis and measurement.
In the 67◦ and 45◦ specimens, the maximum residual stress applied to the specimen

did not exceed the fracture stress of the material; hence, it was concluded that the results
between the analysis and measurement were accurate. In addition, for the 45◦ specimen, a
relatively low amount of firing occurred, and the residual stress was measured for a low
value of residual stress.

4. Conclusions

In this study, a metal 3D printing process was simulated using FEM, and a specimen
was printed under the same conditions to validate the analysis results. Owing to the charac-
teristics of the 3D printing process using laser, various thermal and structural phenomena
occurred, and they were difficult to observe directly. Therefore, the 3D printing process was
analyzed via FEM, which is a numerical analysis technique. In particular, the phenomenon
that occurred during lamination was confirmed via a thermal-structure two-way coupled
analysis. The elastic behavior due to thermal deformation and thermal expansion was
considered, enabling the residual stress to be calculated more realistically. In addition, to
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simulate the 3D printing process conditions, a subroutine was configured to propagate
based on the path and layer in which the heat input position by the laser was set.

Based on previous studies, the lamination process of three layers was simulated for
an area measuring 5 mm × 5 mm. Hatching with a snake pattern was simulated on the
inner area after border processing to emulate the actual process. Four cases with different
rotation angles of the layer pattern were calculated using FEM to confirm the difference
based on the pattern. Subsequently, the specimens were printed under the same conditions,
and the results obtained were compared with the analysis results. To confirm the printing
state of the specimen, CT was performed to examine the pores and cracks in the specimen.
Subsequently, the residual stress was measured and compared to verify the analysis results,
and consistency between results was confirmed.

In the 180◦ specimen, a significant error in residual stress was indicated; consequently,
residual stress relief occurred owing to cracks in the lower region of the specimen, as
confirmed by the CT results. Based on the stacked analysis results, it appeared that internal
cracks occurred owing to excessive stress in a specific area. In the specimens with patterns of
different angles, the overlap of stress was offset or insufficient stress was applied, resulting
in cracks.

These results confirmed that the 3D printing FEM model conducted in this study can
be used to analyze residual stress and cracks in materials that were difficult to analyze in
previous studies. The model used in this study applies various variables in combination,
from the material to the process conditions of the printing equipment, and it can be used to
understand the complex phenomenon of the variables as well as verify changes that cannot
be easily measured in processes. The FEM model configured in this study is expected
to facilitate investigations into the 3D printing process and the design of more efficient
methods. In the future, an analysis will be conducted such that the hatch pattern is placed
repeatedly in the adjacent area, and the phenomenon that occurs during coarse shape
processing will be investigated. For various applications, additional studies regarding
the differences in laser pattern and process variables are required, and these studies are
expected to advance the FEM model of this study.
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