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Abstract: In this paper, a simulation model for Selective Laser Melting (SLM) technology is established
to simulate the additive manufacturing process of a turbine impeller for an aerospace engine. By
utilizing the simulation model, variations in laser power and scanning speed are employed to obtain
simulated results of thermal deformation for the turbine impeller under different laser power and
scanning speed conditions. The results indicate that the thermal deformation of the component
increases with the augmentation of laser power, decreases with the escalation of scanning speed,
and eventually stabilizes. Based on the relationship between thermal deformation and energy, the
energy utilization efficiency of the SLM process under different conditions is calculated. The findings
demonstrate that, within a certain range of power, the synergistic effect of laser power and scanning
speed allows for an increase in energy utilization efficiency and a reduction in processing time while
ensuring the mechanical performance of the formed parts. Consequently, this approach proves
effective in lowering production costs for complex components based on SLM technology.

Keywords: additive manufacturing; Selective Laser Melting; simulation; thermal deformation;
energy utilization

1. Introduction

Selective Laser Melting (SLM), a form of metal additive manufacturing [1-6], offers
advantages such as design flexibility, minimized material waste, and rapid production of
intricate components [7,8]. It holds significant potential in industries demanding precision
and strength, including the aerospace [9-13] and medical [14] sectors. The SLM process
involves intricate stages like heating, cooling, and phase transition, contributing to chal-
lenges such as porosity, cracks, and warping in the final products [15]. In the SLM process,
laser power and scanning speed are important parameters that affect the molding qualities.
As the laser power increases, the amount of heat the part absorbs per unit of time also
changes. This leads to variable heat accumulation effects, which alter the part’s thermal
deformation. Similar to how the scanning speed affects the part’s thermal deformation, the
machining duration affects the thermal accumulation effect. A large thermal deformation
of the component will result in a loss of the part’s mechanical qualities, which will impair
normal use of the part or shorten its useful life. Employing finite element simulation on
complex, realistic structures during SLM manufacturing can effectively enhance production
quality and thereby play a pivotal role in reducing associated costs.

An examination of the production process using numerical simulations can success-
fully prevent flaws in the forming process, increase production efficiency during actual
printing, and provide feedback for the production process. Zhao et al. [16] conducted a
numerical simulation analysis of the temperature field of a formed 5356 aluminum alloy
using the life-death element method through ABAQUS 2020. The study revealed that recip-
rocating additive forming can effectively improve the surface irregularities caused by heat
accumulation at the arc termination in the unidirectional additive process. Additionally,
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appropriate preheating of the substrate led to a more uniform temperature distribution.
Yao et al. [17] employed the life-death element and moving heat source (DFLUX) meth-
ods in ABAQUS for thermo-mechanical coupling analysis of three typical thin-walled
structures. They computed the temperature field for a single cladding path, used these
results as initial conditions for stress analysis, and determined that the most significant
deformation occurred during the initial deposition and cooling periods. Yang et al. [18]
used a tetrahedral mesh to refine the laser additive remanufacturing area, established a
finite element model of a water turbine blade, and investigated the transient distribution of
temperature and stress fields during the additive manufacturing process. Results indicated
that the effects of stress, strain, and temperature were primarily concentrated in the additive
remanufacturing region. Baiges et al. [19] employed an octree-based adaptive meshing
method to compute stress fields, refining the mesh for regions requiring computation.
The study found that accuracy was affected by simplification strategies, which could be
compensated by introducing correction terms to mitigate accuracy loss caused by coars-
ening. Talagani et al. [20] employed a rule-based rectangular mesh division for the Strati
car model, controlling the finite element model size by specifying spatial increments of the
background grid to analyze stress fields. Simulation results showed that using GENOA
for micro-mechanical damage pattern calculation resulted in additional inter-bead crack
formation, and additional loads could be applied to the printed structure after generating
the finite element grid for the vehicle. Bian P et al. [21] developed an efficient and rapid sim-
ulation method based on the thermal-mechanical coupling algorithm using a moving heat
source model and elastic-plastic welding simulation theory. They developed the simulation
of SLM process to address coupling simulation problems. Through performance testing
simulation on thin and hollow parts, the study demonstrated that thermal stress increased
with layer height and decreased after substrate removal, and the maximum uniaxial plane
stress transitioned from tensile to compressive stress from the edge to the center, ultimately
reaching an equilibrium state. During the printing of thin plates, macroscopic thermal
deformation was concentrated at the same plane corner, with the greatest deformation
occurring in the z-axis direction.

Laser power and scanning speed are important process parameters that affect the
molding quality and mechanical properties of parts. Jiang et al. [22] found that with
the increase in scanning speed, the number of pore defects and porosity increased in the
SLM-formed Ti-6Al-4V alloy. The alloy structure exhibited acicular o’ martensite, and the
scanning speed had little influence on the microstructure morphology, but the effect of
scanning power was not considered. Song et al. [23] conducted numerical simulations
on the formation process of aircraft hinge structures at different scanning speeds using
three laser powers and found that residual stress and deformation showed a trend of
improvement followed by deterioration with increasing laser power. Kruth et al. [24]
utilized SLM technology to print a bridge-shaped structure and evaluated residual stress
qualitatively using the bridge curvature method. They compared the effects of different
laser scanning patterns, parameter settings, and process parameters on residual stress and
found that the part exhibited overall upward warping after separating from the substrate.
Yan et al. [25] discovered that using zone island scanning during the printing of TC4
material effectively reduced the maximum warping. He et al. [26] created a simulation
model of the temperature field for a single-layer multi-pass method at various scanning
speeds while accounting for the microstructure morphology. They combined experiments
to analyze the generation of defects, microstructure, and mechanical properties, including
anisotropy. The results showed that with the increase of laser scanning speed, the wettability
of the liquid phase decreased, the internal porosity increased, and with the increase of
scanning speed, the depth and width of the melt pool gradually decreased, making it
difficult to form a good metallurgical bond. Guo et al. [27] found that when SLM printing,
a volumetric energy density that is too low will cause cracks and form irregular shape
defects, and when it is too large, a large amount of powder will be attached to the surface,
and even serious warpage deformation will occur, accompanied by large-sized round holes.
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The conventional method for inspecting the quality of SLM forming is experimental,
involving mechanical analysis of simple printed specimens to assess whether the designed
process parameters yield satisfactory model quality. In this study, by simulating the
manufacturing process of a turbine structure for aerospace engine turbines, the optimal
solution for process parameters is analyzed without the need for physical printing. This
approach addresses the issue of poor interpretability between simple structural samples
and complex components, which is often encountered in experimental methods.

Through analysis of process parameters, this study investigates the energy utilization
efficiency during the manufacturing process of turbine pump structures using SLM. This
research has the potential to effectively reduce production costs for complex components
based on the SLM method.

2. Research Methodology
2.1. Governing Equation

In addressing the heat transfer-flow-solidification process within the molten pool [28-31],
a “heat-flow” coupled model has been established for simulation and computation. This
model assumes the molten metal liquid to be an incompressible Newtonian fluid while
neglecting the impact of turbulence. The specific governing equations are as follows:
Continuity equation:
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Conservation of energy equation:
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In the equation, subscripts i and j denote Cartesian coordinate directions; p represents
density; v; stands for the velocity component in the i direction; ¢ is time; p signifies pressure;
p is the dynamic viscosity of the molten metal; kp is the mushy zone coefficient; b; represents
the body force, including buoyancy, gravity, and other fluid-driving forces; & denotes the
latent heat of fusion; k stands for the thermal conductivity coefficient; cp represents the
specific heat capacity; AH represents the latent heat absorbed during material melting; and
s signifies the volumetric heat source.

The boundary conditions for the flow field primarily consider the influence of surface
tension on molten pool flow while disregarding the effects of recoil pressure and the
Marangoni effect on molten pool flow. The thermal boundary conditions encompass heat
sources, thermal convection, and heat conduction, among which thermal convection is the
primary cause of energy loss.

2.2. Heat Source Modeling

In the simulation and computation of SLM additive manufacturing, a common ap-
proach is to employ a heat source model to simulate the material’s absorption of energy
instead of directly modeling the laser. One frequently used model for the laser heat source
is the Moving Heat Source (MHS) model [32]. This method is based on the heat conduction
equation for numerical computation. The MHS approach can capture the non-uniform and
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variable nature of the actual laser scanning path while considering factors such as laser
irradiation time, power, scanning speed, and their effects.

Q . _(x—xo(f))2+(y—yo(f))jexp[_(f—ﬂz]
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In the equation provided, p represents the density of the metal; ¢ denotes the specific
heat capacity of the metal; k stands for the thermal conductivity of the metal; Q signifies
the laser power density absorbed by the metal per unit time; T represents the temperature
of the metal;  is the time; and S corresponds to the laser power density.

In the context of the MHS (Moving Heat Source) method, the parameter « in the
formula represents the time constant of the laser heat source. It holds crucial significance as
a control parameter governing the time response of the laser heat source. Specifically, the
value of « is often determined by the laser’s pulse width and Full Width at Half Maximum
(FWHM). A smaller « indicates a faster response of the laser heat source, leading to greater
variations in the heat source power density. Conversely, a larger « results in a slower
response of the heat source, causing smoother changes in the heat source power density.

2.3. Energy Utilization Equation

Based on the relationship between thermal deformation and temperature change, as
well as the relationship between energy and temperature change, the equation for thermal
deformation in terms of energy can be expressed as follows:

% =AT -« 5)
Q1 = cmAT 6)
Q= Pt @)

where AL represents the displacement deformation of the part caused by thermal effects; AT
signifies the change in material temperature during the manufacturing process; « denotes
the coefficient of thermal expansion of the material (which depends solely on the material’s
inherent properties); c is the material’s specific heat coefficient; m represents the mass of
the part; Q; denotes the heat absorbed by the part during the manufacturing process; and
Q, is the total energy released by the laser during the processing.

The temperature distribution inside a metal can be described by the heat conduction
equation [33]:

T
pgeg =y = Ve(kgVT) +Q (8)

where p is the density of the metal, c is the specific heat capacity of the metal, k is the
thermal conductivity, Q is the power density of laser absorbed by the metal per unit time, T
is the temperature, and t is the time.

The heat conduction equation inside the metal describes the manner and rate at which
thermal energy is transferred within the metal, taking into account the thermal conductivity
properties of the metal and temperature differences. This equation plays a fundamental role
in the simulation and computational modeling of metal additive manufacturing processes.

Through the displacement deformation of the part during processing, the temperature
change of the part from powder to processing can be calculated, so as to obtain the absorbed
power of the part. By calculating the total power, the energy utilization rate of the part
processing process can finally be obtained.
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3. Simulation
3.1. A Geometric Model of the Turbine Pump Impeller

Integrating the design of the turbine pump impeller offers the advantage of reducing
welding processes and component assembly. This approach helps to prevent significant
internal stresses and residual deformations caused by welding. Furthermore, integrated
design effectively mitigates stress concentration at the intersections of welds and welding
components, thereby enhancing the structural strength and durability. The manufacturing
of the turbine pump impeller using SLM is illustrated in Figures 1 and 2, while the model
parameters for both modeling and actual manufacturing are outlined in Table 1.

) 4

<&
€

Figure 1. Geometric model of the turbine pump impeller.

Figure 2. Physical prototype of the turbine pump impeller manufactured using SLM.
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Table 1. Geometric model parameters.

Length (mm) Width (mm) Height (mm) Blade Length (mm)
30.74 30.74 23.23 10.81

3.2. Material and Process Parameter Settings

Considering the real-world application context of the turbine pump, titanium alloy
was selected as the material for the simulation experiments. The physical characteristic
parameters of TC4 are provided in the Table 2 shown below:

Table 2. Material properties of TC4.

Property Value
Yield strength 1100 Mpa
Elastic Mmodulus 110 Gpa
Poisson ratio 0.34
Density 4510 kg/m3
Liquid thermal conductivity 7.9555 W/m-K
Specific heat 0.727/(g-°C)
Coefficient of linear expansion 8.6 x 10~
Solidus temperature 1550 °C
Liquidus temperature 1630 °C
Surface tension coefficient 1.882
Latent heat of fusion 285 k] /kg

Simulation calculations are performed based on the actual SLM manufacturing process
for the design of simulation process parameters. The fundamental process parameters
are presented in Table 3. By varying the laser power and scanning speed, the physical
characteristics of the turbine pump impeller structure are analyzed under different pa-

rameter settings. This analysis aims to achieve optimal formability quality and energy
utilization efficiency.

Table 3. Manufacturing parameters in the simulation [34].

Parameters Value
Laser Thickness 30 um
Hatch Spacing 140 pm
Baseplate Temperature 80 °C
Laser Beam Diameter 100 um
Slicing Stripe Width 10 mm
Starting Layer Angle 57°
Layer Rotation Angle 67°
Minimum Overhang Angle 45°
Support Factor of Safety Coefficient 1
Support Yield Strength Ratio 0.4375
Support Strain Threshold 10%
Part Strain Threshold 20%
Strain Warning Factor 0.8

3.3. Simulation Results

The simulation results depicting displacement deformation of the turbine pump

impeller model under different laser power and scanning speed parameters are illustrated
in Figure 3.
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Figure 3. Simulation results of displacement deformation at different scanning speeds for laser power
of 150 W.

At a power of 150 W, the maximum displacement deformation is concentrated at the
edge of the turbine pump impeller’s base, as shown in Figure 3. This phenomenon is
mainly attributed to the larger cross-sectional area of the base, which requires the longest
time for each layer to be processed. Consequently, during the base processing, the powder
needs to absorb a higher amount of laser energy. Simultaneously, since the base edge is
the first to be scanned in that layer, strong heat accumulation occurs due to the time effect.
Under the influence of this heat accumulation effect, significant thermal deformation is
observed in the base.

As the scanning speed increases, the displacement deformation of the part gradually
diminishes, and the deformation size exhibits an approximate linear relationship with
scanning speed, as shown in Figure 4. This is primarily because, with constant power, an
increase in scanning speed leads to reduced interaction time between the laser and the
material. As a result, the material cannot absorb sufficient laser energy, causing the thermal
effect in the melt pool to gradually decrease. Consequently, the thermal deformation of the
part induced by this thermal effect also reduces accordingly.

0.28

0.22

0.20

T T T T T
600 800 1000 1200 1400

Scan speed (mm/s)

Figure 4. Effect of scanning speed on deformation.
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However, when the scanning speed is 1000 mm/s, with an increase in laser power, as
depicted in Figures 5 and 6, the thermal deformation of the part gradually increases, but
the rate of deformation growth diminishes. Under constant scanning speed, raising the
laser power enables the material to absorb more laser energy per unit time. Consequently,
the thermal effect in the melt pool strengthens progressively, leading to a gradual increase
in thermal deformation of the part caused by the thermal effect in the melt pool.

—"-

[mm] [mm] L
20.00 (mm) 20.00 (mm) X

20.00 (mm) 20.00 (mm) L

Figure 5. The simulated results of displacement deformation for different powers at a scanning speed
of 1000 mm/s.
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Figure 6. The influence of laser power on deformation.

As both laser power and scanning speed can influence thermal deformation, we obtain
the relationship diagram between laser power, scanning speed, and thermal deformation,
as shown in Figure 7. Due to the combined effect of laser power and scanning speed,
the part’s deformation exhibits nonlinear variation. This nonlinearity arises because,
while an increase in power allows the material to absorb more laser energy per unit time,
simultaneously increasing the laser scanning speed reduces the interaction time between
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the material and the laser. It is precisely this interaction between laser power and scanning
speed that necessitates the selection of appropriate laser power and scanning speed during
part printing to mitigate thermal deformation, ensure mechanical performance, reduce
manufacturing time, and enhance energy utilization efficiency. Therefore, it is essential to
conduct simulation calculations before printing.

D R e o 0.301
7
0.30 ‘\ 0.292

| 0.282
0.28 | 0.273
| 0.264
| 0.255
| 0.245
| 0.236
| 0.227
0.217

0.22
0.208

0.20 1400

Scan speed (mm/s
Power (w)*00 800 peed ( )

600

Figure 7. The combined effects of laser power and scanning speed on deformation.

4. Energy Utilization

Throughout the entire manufacturing process, while maintaining a constant laser
power and considering the scanning time of the laser, it is possible to calculate the total
energy released through the laser. In the SLM method, the energy consumption during part
fabrication is primarily attributed to the melting and solidification of powder. By utilizing
the temperature field variations in the simulated impeller structure, this study calculates
the energy consumption required for the fabrication of the impeller. Consequently, by
comparing the actual energy absorbed by the turbine pump impeller with the total energy
released by the laser, the energy utilization efficiency of the turbine pump impeller’s SLM
manufacturing process can be determined.

When the laser power remains constant and the scanning speed increases, the energy
utilization efficiency also changes accordingly, as shown in Figure 8. While the relationship
between laser scanning speed and energy utilization efficiency still exhibits an approxi-
mate linear trend, unlike thermal deformation, the energy utilization efficiency gradually
increases with an increase in laser scanning speed. Consequently, within a certain range of
power, energy utilization efficiency can be enhanced by raising the scanning speed. This
enhancement in energy utilization efficiency also facilitates a reduction in manufacturing
time. However, it is worth noting that an increase in scanning speed results in reduced
interaction time between the laser and the material, which may lead to partial melting of
the material and a portion remaining in an unmelted state. This can eventually lead to an
increase in porosity, affecting the mechanical properties of the final part.

With an unchanged scanning speed, increasing the laser power leads to a decrease in
energy utilization efficiency. As shown in Figure 9, when the laser power reaches a certain
level, the energy utilization efficiency stabilizes. Therefore, within a specific range, to ensure
that the material can absorb enough energy for melting and guarantee the mechanical
performance of the formed part, it is possible to appropriately increase the laser power
without causing a significant decrease in energy utilization efficiency.

Due to the combined effect of laser power and scanning speed, different power and
scanning speed combinations can achieve similar energy utilization efficiencies, as shown
in Figure 10. Under the combined influence of laser power and scanning speed, the energy
utilization efficiency changes within a certain range. In the actual processing process, the
material absorbs a portion of the laser energy for melting, and heat conduction occurs
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between adjacent materials, enabling the material to utilize this part of the laser energy.
Simultaneously, another portion of the laser energy is lost due to thermal convection and
thermal radiation. Therefore, while ensuring that laser energy is maximally absorbed
and utilized, the selection of appropriate laser power and scanning speed contributes to
enhancing the SLM processing efficiency and the quality of part formation.

20% - -

15% /_/

Energy utilization

10% T T T T T
600 800 1000 1200 1400

Scan speed (mm/s)

Figure 8. Energy utilization efficiency at different scanning speeds.
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Figure 9. Energy utilization efficiency at different powers.
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Figure 10. Energy utilization.
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5. Conclusions

This study aims to enhance the forming quality of complex structural components
prepared using the SLM method, improve the energy utilization efficiency of SLM-based
turbine pump processing, and reduce part manufacturing costs. Through simulation-based
calculations, this paper analyzes the thermal deformation generated during the fabrication
process of turbine pump impellers. It investigates the energy utilization efficiency of
turbine pump impellers manufactured using the SLM method. The mapping relationships
between parameters such as laser power and scanning speed and the generation of thermal
deformation and energy utilization efficiency are derived. The following conclusions have
been drawn:

(1) With a constant laser power, increasing the laser scanning speed leads to a reduction in
the thermal deformation of the part, exhibiting an approximately linear relationship.

(2) When the scanning speed remains unchanged and the laser power is increased, the
thermal deformation of the part also increases and eventually stabilizes.

(3) Within a certain range of laser power, increasing the scanning speed can enhance
energy utilization efficiency and shorten the printing time simultaneously.

(4) Keeping the scanning speed constant while increasing the laser power might lead
to a decrease in energy utilization efficiency. This can result in stronger thermal
accumulation and an increase in thermal deformation of the formed part.

(5) The maximum thermal deformation of the turbine pump impeller occurs at the edge
of the base. Thus, in the actual manufacturing process, increasing the thickness of the
base appropriately can ensure sufficient mechanical performance.

The limitations of this study include the following aspects. Firstly, the influence of
recoil pressure and the Marangoni effect on the flow of the molten pool has not been
considered. Secondly, the study primarily focuses on thermal conduction and thermal
convection, while neglecting the impact of thermal radiation on energy utilization efficiency.
In future research, we will address these shortcomings and conduct focused investigations
to enhance the accuracy of simulation results. This effort aims to provide solid theoretical
support for the preparation of complex components using the SLM method.
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