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Abstract: In selective laser melting, the rapid change of the temperature field caused by the rapid
movement of the laser causes the instability of the melt pool flow, resulting in a generation of defects,
such as lack of fusion, keyholing and balling effect, which greatly affect the performance of parts.
In order to fully understand the temperature distribution and defect generation process of selective
laser melting (SLM), experimental research, numerical simulation and analytical methods are
mainly applied. The analytical method is suitable for the determination of the optimal process
parameters because it is simple and consumes fewer resources. In a simulation, the absorptivity of
the material is usually regarded as a constant, but experimental studies have shown that absorptivity
is related to temperature, laser power, scanning speed, layer thickness and other process parameters.
Considering the dynamics of thermal physical properties of Inconel 718, an improved analytical
method was proposed and successfully applied to thermal analysis and the prediction of melt
pool size. By comparing with the results of finite element simulation, experiment and other analytical
solutions, the ease of use and effectiveness of the method are verified. Based on the prediction of the
melt pool and the criterion of internal defects, the combination of process parameters that produce
internal defects is calculated, which will make it possible to quickly obtain ideal process parameters.

Keywords: selective laser melting; melt pool; internal defect; analytical solution

1. Introduction

Selective laser melting (SLM) is one of the important additive manufacturing technologies
for metals. It can realize the forming of parts with complex structures through layer-by-layer powder
spreading, laser beam melting and solidification [1]. In the performance evaluation of metal additive
manufacturing products, internal quality, surface quality, internal stress and forming dimensional
accuracy are very important indicators. However, the characteristics of organization and defects
are different from traditional metal parts, traditional methods for predicting and detecting internal
defects of metal parts cannot be applied to metal additive manufacturing parts. At present, additive
manufacturing still has great challenges in terms of stability and consistency. Therefore, how to obtain
defect-free high-quality parts is a major technical challenge. Experimental and numerical simulation
research methods have been used by many researchers to discuss defect forming mechanism, prediction
methods and control strategies.
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A very complicated thermal physical interaction process is contained in the SLM process.
Understanding the characteristics of a temperature field is very helpful for selecting reasonable process
parameters to control the forming quality of the material. However, due to the very small size of
the powders and the very short phase transition time, it is difficult to obtain a better analysis and
observation effect of the process by simple experimental methods. In order to ensure the printing
quality, it is a very effective method to use numerical simulation analysis methods to observe the
configuration and temperature field of the melt pool and optimize process parameters.

The size of the melt pool is very important for the forming of the alloy. During the processing
of SLM, the laser will quickly melt the metal powder into liquid metal to form a melt pool. If the
scanning heat input parameters are set improperly, defects such as pores will appear in the final
formed part, and the shape and flow of the melt pool are closely related to the setting of the process
parameters. The appropriate melt pool size can largely reduce the occurrence of defects in formed parts.
For modelling the melt pool, computational fluid dynamics (CFD) is the most widely used method,
in which finite element method (FEM) [2] or finite volume method (FVM) [3] approaches are applied [4].
Zhang Liang et al. [5] found that the increase in laser power or the decrease in scanning rate will cause
the temperature in the melt pool to increase, and the size of the melt pool will increase accordingly
by combining simulation and experiment. In the SLM process, the surface tension caused by the
temperature gradient has an important influence on the shape distribution and evolution of the
melt pool. Zhang et al. [6] established a three-dimensional finite element model of SLM IN718 and
found that the Marangoni effect driven by surface tension makes the fluid in the melt pool mainly
convection outward. Yuan et al. [7] found that when the laser scanning speed (the laser power is 200 W,
laser beam radius is 35 pm) is above 1.3 m/s, the melt pool is in an unstable state and a large number of
ball defects will be generated. In the interval of 0.8 m/s—1.3 m/s, the melt pool is in a transitional state,
and it is prone to necking defects. When the speed drops to the interval of 0.3 m/s-0.8 m/s, the melt
pool is in a stable state and has a concave feature. Yuan and Chen et al. [8] analyzed the influence
of recoil pressure under different laser parameters on the temperature field and velocity field of the
melt pool. Taking 316 L stainless steel powder as the study object, through numerical simulation and
experimental research, it is finally found that during the laser scanning process, the surface tension
and recoil pressure have reached a dynamic balance, and the depression produced by the melt pool
will be continuously filled. When the energy density of the laser is constant, as the scanning speed
increases, the depression of the melt pool will be deeper. When the scanning speed of the laser is
constant, the depression will be deeper as the power increases. The size of the melt pool along the
scanning direction is mainly determined by the scanning speed, and too much depression can cause
abnormal flow of nearby solution, thereby increasing the tendency of pore defects.

Other than the CFD method, lattice Boltzmann method (LBM) and smooth particle hydrodynamics
(SPH) have been applied to simulate the melt pool. Liu et al. [9] used the SPH method to establish a
model considering the surface tension to observe the configuration of the melt pool. It is found that
under the influence of surface tension, the longitudinal state of the melt pool changes longitudinally
along the solidification track of the melt pool, and the curve is wavy. In LBM, fictive fluid particles are
created at a lattice of locations which can track collisions and movement. However, there have been
few applications of LBM [10] and SPH [11] to simulate the melt pool of additive manufacturing (AM)
process because of lacking mature commercial software.

Recently, many analytical solutions [12-14] were presented to simulate the temperature distribution
and melt pool in order to optimize processing parameters and predict the part quality. Since many
process parameters will affect the quality of SLM formed parts, the researchers proposed that the density
of parts can be characterized by a parameter of energy density. The advantage of using energy density is
that it includes parameters, such as laser power, scanning speed, layer thickness, and hatching distance,
making performance evaluation and prediction easier. However, recent studies have shown that the
energy density method has drawbacks [15]. For the same energy density, it may come from different
parameter combinations of laser power and scanning speed, so the quality of the parts obtained is
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obviously different. In numerical and analytical models used to simulate a melt pool, absorptivity
was usually assumed to be constant. Considering variation of the absorptivity in the process of SLM,
Du [16] calculated the absorptivity of AlSi1OMg according to the Hagen—Ruben relationship and
applied temperature-based absorptivity to FE simulation. However, it has not been applied in any
analytical method. Although both of these two methods can predict the melt pool, the FE method
takes a long time to obtain the calculation results. It is suitable for academic research on scientific
issues and is not suitable for industrial field applications that require quick prediction. Therefore,
the study of analytical methods with higher prediction accuracy has more important practical value.
In this paper, we studied the absorptivity calculation of In718 material. Moreover, we recommend to
determine absorptivity according to the experimental method proposed by Ye [17]. As the composition
of the IN718 material is more complex and the powders provided by different manufacturers have
certain differences when predicting the optimal process parameters, process engineers should use the
analytical method proposed in this article according to the experimental results of the powder used
based on the method proposed by Ye [17].

In this paper, a numerical analysis method for predicting the melt pool and defects of metal
additive manufacturing is proposed. Compared with other numerical simulation methods, it is easier to
operate and can quickly propose optimized process parameters. In this method, considering the actual
situation of IN718’s absorptivity related to temperature, laser power, scanning speed, layer thickness
and other process parameters, a modified analytical solution is presented to overcome the disadvantage
of existing method which viewed absorptivity as a constant, and compare it with other numerical
simulation methods and experimental results for validation. By analyzing of temperature field
distribution, melt pool characteristics, and then the generation of defects can be predicted.

2. Analytical Solution

2.1. Analytical Model

An analytical solution is easier and faster in completing an analysis than a numerical simulation
analysis method. Due to the substantial similarity between the welding process and the SLM forming
process, many researchers have adopted Rosenthal’s equation [18] in analytical analysis. This equation
assumes that the laser beam is a point light source, only considers heat conduction, ignores heat loss
and does not consider the powder layer.
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where Ty is the temperature at locations far from melt pool, A is the absorptivity of material, P is the
laser power, k is thermal conductivity, u is the laser speed, « is thermal diffusivity. The size and shape
of the melt pool is defined by & and r.

Tang [19] presented the estimation equation of the melt pool width for materials with low thermal
diffusivity (such as In718) by deriving from Rosenthal’s equation.
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where p is density, C, is specific heat, W is the width of melt pool, T}, is the melting temperature.

However, Gaussian surface heat source is often used as a high-energy laser beam for calculation
and analysis in SLM calculation and simulation. Gladush [20] derive a new calculation equation by
introducing the Gaussian distribution, and Rubenchik [21] simplified it by normalizing.

q(r) = AP eXp(—ZZ—z) 3)

mta?



Appl. Sci. 2020, 10, 7300 40f19

/ exp[ iDs y41+>£i;2)) ]d
f (4Ds + a?) s )

where r is the distance from any point in the laser spot coverage area to the spot center (m) and a is the
laser spot radius (m).

g—ZT — AP .p_ﬁ.x’_z.y’_y.zf z -t S
e T I P A O
0 P s G 24 (2 —t)?
fexi’ T Tapn) ]dt W
& (4pt +1) Vi

According to the above equation [15], the thermal history can be calculated. Moreover, the melt
pool configuration and size can be calculated by replace T with T,.

2.2. Absorptivity of IN718

Inconel 718 (hereinafter referred to as IN718) alloy is a precipitation hardening nickel-based zinc
oxide alloy rich in Cr and Fe elements, which is known for its high tensile strength, fatigue strength
and fracture strength at high temperature [22]. Due to its excellent performance, it can be widely
used in various high-demand occasions, such as engine turbine blades, aerospace structural parts and
chemical equipment [23].

Because SLM is a thermally driven process, an accurate laser-material absorptivity is required
for predictive modeling. From the existing literature, we can find that the reported absorptivity of
In718 has a large difference, with a value between 0.3 and 0.87. In order to simplify the calculation,
many mathematical models approximated absorptivity as a constant [24]. However, the latest
research found that absorptivity is related to the morphology and temperature of the melt pool.
The approximation of the temperature-dependent absorptivity can be derived [25,26], which is the
function of the laser wavelength and the electrical resistivity.

Pet
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where p,; is electrical resistivity of In718. The electrical resistivity is temperature dependent, the relation
between electrical resistivity and temperature is as following, which is shown in Figure 1. A is the
wavelength. Here, A = 1080 nm is assumed.

1.105-107 4 2.617-1071-T, T < 1123K
] 134111076 +5.1821071.T, 1123K < T < T
Pet =1 4511107 + 634110710, T, < T < T
1.260-1076 +1.317-10710.-T, T; < T

(6)

J.C. Ye [17] found that the absorptivity was affected by laser power, scanning speed, powder layer
thickness and laser beam radius. They demonstrated that absorptivity can be presented as universal
functions of the normalized enthalpy and thermal diffusion length. In the transition and keyhole
regimes, it can be expressed as the following exponential function:

Ae - 070(1 - e_o'ééﬁAmL:h) (7)
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where A, is effective absorptivity, 84, is normalized enthalpy that is defined as the ratio of the absorbed
laser energy density to the volumetric melting enthalpy, L}, is normalized thermal diffusion length.
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where Ay, is the minimum absorptivity, Hy, equals to pC, Ty,
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Figure 1. The relationship between electrical resistivity and temperature.

2.3. Material Properties

The thermal physical properties of In718 is shown in Figure 2 [27]. The thermal conductivity
of the powder bed has a great influence on the distribution of the temperature field, but due to the
existence of voids between the powder particles, the thermal conductivity of the powder material is
very complicated and it is very difficult to accurately measure. When analyzing the temperature field
of SLM through numerical simulation, it is difficult to define the function of thermal conductivity
of powder with temperature, so it is generally regarded as a constant to simplify the calculation.
When SLM uses numerical simulation analysis, if the model does not require high material accuracy,
the thermal conductivity of the powder bed can be converted to 1% of the bulk metal [27], or it can
be estimated based on calculation models. At present, the calculation models for powder thermal
conductivity include Sih model and Gusarov model [28].
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Figure 2. Thermophysical properties for In718 [27]. (a) Specific heat, (b) thermal conductivity,

(c) density.
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3. Numerical Simulation (FE)

In order to validate the result of above analytical solution, finite element (FE) simulation results
and experimental data are used to compare. In this section, the three-dimensional FE model was used
to simulate the temperature evolution during the SLM process of In718. Heat conduction, Gaussian
surface heat source and latent heat of phase change were considered. A commercial software, ANSYS,
is used to implement the numerical simulation.

3.1. Heat Conduction Equation

The SLM process is very complicated because the instantaneous local heating of the laser beam
source causes a sudden temperature variation. The material undergoes a process of melting and
solidification in a short time, and the physical properties of the material are constantly changing with
the temperature. Therefore, the SLM is a typical inhomogeneous transient heat conduction process.
Its heat conduction equation is [29]:

JoT d|(,dT d (., dT d(,dT

where t is the heat transfer time (s), p is the material density (kg/m®), ¢, is the material density (kg/m?),
k is the thermal conductivity (W/(m-K)) and Q is the internal heat source strength (J/m?3), T is the
temperature field distribution function (K).

3.2. Heat Source Model

For the analysis of transient temperature field in numerical simulation, the widely used heat
source models are mainly divided into surface heat source and bulk heat source models. The surface
heat source model is that the laser beam loads energy on the surface of the powder layer in the form of
heat flux, and the heat is transferred to the inside of the powder layer and the substrate in the form of
heat conduction. Common surface heat source models include Gaussian surface heat source models
and ray tracing models. At present, in the numerical simulation of the temperature field of parts
formed by SLM, Gaussian surface heat source is often used as a high-energy laser beam for calculation
and analysis [30].

The model formula of Gaussian heat source is as follows:

2AP r2
q(r) = — eXP(—Zu—z) (11)

where P is the laser power (W), A is the absorption rate of the laser beam by the material, r is the distance
from any point in the laser spot coverage area to the spot center (m) and 4 is the laser spot radius (m).

3.3. Latent Heat Treatment

In the SLM process, due to large temperature gradient, the material will undergo a change in
organization and state (phase change). In this process, energy will be absorbed or released, which is
the latent heat of phase change. The latent heat of phase change has a very important influence on
the size and configuration of the melt pool and the distribution of the temperature field. Therefore,
when performing finite element simulation, the issue of latent heat of phase change must be considered
to avoid too much deviation between the simulation results of the temperature field and the actual.

In this simulation, enthalpy method is applied to deal with latent heat, which reflects the change of
latent heat during the phase change process by defining the material’s value. The formula is as follows:

H—fp c(T)dT (12)
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The formula expresses the integral of the product of the density and specific heat of the material
with respect to the temperature, where H is the enthalpy value of enthalpy in J/m® and p and c are the
density (kg/m®) and specific heat (J/(kg-K)). According to the enthalpy method, when the temperature
does not exceed the melting point of the powder, the enthalpy formula is the product of density,
specific heat and temperature and the part that exceeds the melting point needs to add the product of
density and latent heat of fusion.

4. Results Discussion

4.1. The Sensitivity of Thermal Prediction to Absorptivity

The temperature field distribution of the melt pool is a very important parameter, and the SLM
process mechanism can be further explored and understood by studying the evolution law of the
temperature field to provide help for optimizing the process and improving the forming quality.
Compared with traditional numerical simulation and experimental research, the analytical method
consumes less resources, and can obtain the temperature field distribution of the SLM process at a
faster speed, and then obtain the optimized process parameters. The absorptivity for IN718 has been
reported as constant by some researchers, which varies from 0.3 to 0.87. It can be found from the
description in Section 2.2 that the absorptivity is temperature-dependent. In order to illustrate the
influence of absorptivity value on the analysis results, analytical calculations were carried out and the
results are shown in Figure 3. Here, A = 0.3 (the minimum value can be found in literature), A = 0.87
(the maximum value can be found in literature), A = 0.5 (the medium value can be found in literature),
A (calculation by Equations (5) and (6) at room temperature).

From Figures 3 and A1, Figures A2-A4 in Appendix A, we can find that the geometry of melt pool
is significantly affected by absorptivity. When A is 0.3, the width, length and depth of the molten pool
are 145 um, 375 um, and 130 pm, respectively. However, when A is 0.87, the width, length and depth
of the molten pool are 200 um, 1150 um and 265 pm, respectively. Therefore, we can see that the higher
the absorptivity, the larger the size of the molten pool can be obtained. It can be seen from Equation (2)
that the width of the molten pool is proportional to the square root of the absorbed energy and it is also
proportional to the square root of absorptivity. So the absorptivity cannot be considered as constant.
As the composition of IN718 material is more complicated, the IN718 powder produced by different
manufacturers has certain differences, so the absorptivity should also be different. It is recommended
that when using analytical methods to predict the temperature field distribution of the melt pool,
the measurement method proposed by Ye [17] be used to measure the electrical resistivity of the raw
materials used in AM processing. Then, absorptivity can be computed by Equation (5), thus the
prediction of temperature field distribution of melt pool can be obtained by Equation (4).

4.2. The Dimension of Melt Pool from Experiment, FE and Analytical Solution

In order to validate the analytical result, the width and depth of the melt pool is predicted by FE,
analytical solution proposed in this paper, and analytical solution by Rosenthal equation, which are
compared with the experimental data published from Sadowski [12]. Usually, heat input or energy
density is used to analyze the influence of process parameters on the size of the melt pool, but it can be
found that the same heat input or energy density can be obtained from different process parameter
combinations. Therefore, in order to provide process designers with the optimal process parameters
required for printing, we separately discuss the influence of laser power and scanning speed on the
size of the molten pool.

The size of the melt pool is affected by laser power and scanning speed. The effect of laser power
on the size of the melt pool is analyzed. In an FE simulation, process parameters are set (the laser
scanning speed is set to 1000 mm/s, the substrate preheating temperature is set to 80 degrees Celsius,
the layer thickness is set to 40 pm and the hatch spacing is 0.1 mm), the laser power is 50 W, 100 W,
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150 W, 200 W, 300 W, respectively. The effect of laser power on the dimension of the melt pool is shown
in the Figure 4.
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2000
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Figure 3. Melt pool temperature contour at top view and longitudinal view for In718 with a laser power
of 100 w, scanning speed of 1 mm/s, laser spot radius of 50 pm and different absorptivity ((a,b) A = 0.3,
(c,d) A =0.87).
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Figure 4. The dimension of melt pool of In718 by selective laser melting (SLM) processing at different

laser power from the experiment by Sadowski [12], the finite element (FE) modeling and the analytical

solution (equation from this paper and the Rosenthal equation). (a) Depth of melt pool, (b) width of

melt pool.

It can be found from Figure 4 that the analytical method proposed in this paper is more consistent
with the experimental results and FE simulation results. At the same time, it can be found that with
the increase of laser power, the width of the melt pool obtained through Rosenthal equation and FE
simulation is smaller than the analytical method proposed in this paper. Because the point source

is used as a heat source and the temperature dependence of the material, surface convection and

radiation are ignored in the Rosenthal equation, so radiation loss is completely ignored, the width
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of the melt pool predicted by the Rosenthal equation is overestimated. However, for the FE model
established in this paper, the influence of the top surface radiation is considered.

Mg = €0(T? + T2 )(T + Teo) (13)

where h,,; is the heart transfer coefficient for radiation, ¢ is the Stefan-Boltzmann constant, ¢ is the
emissivity. In the FE modeling, the radiative losses are overestimated because the convection of the
melt pool is neglected, so the melt pool predicted by FE modeling is narrower.

In addition, it can be found from the figure that under the condition of a certain scanning speed,
as the laser power increases, the deviation between the Rosenthal equation simulation results,
the numerical simulation results and the experimental values gradually increases. However, the error
between the analytical method proposed in this paper and the experimental results is significantly
smaller than other methods, so it can be used to predict the size of the molten pool in the keyholing area.
When the energy deposited in the powder layer is high enough, the evaporation of the liquid metal
creates cavity in the molten area, resulting in a narrow and elongated molten pool. We know that input
energy can be defined as the ratio of input power to scanning speed.

E= p (14)

It can be seen from Figure 5 that the Rosenthal equation calculation results and the FE simulation

results have large errors with the experimental results at higher heat input. Therefore, these methods

are obviously not suitable for predicting the situation when the laser power is too large or the

scanning speed is lower. However, by the analytical method with temperature-dependent absorptivity,
the prediction accuracy in this area is obviously higher.
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Figure 5. The dimension of melt pool of In718 by SLM processing at high heat input from experiment by
Sadowski [12], FE modeling and analytical solution (equation from this paper and Rosenthal equation).
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It can be seen from Figure 6 that, as the laser scanning speed increases, the length of the melt pool
increases from 0.336 mm at 600 mm/s to 0.476 mm at 2500 mm/s. However, the depth and width of
the melt pool are reduced. The width of the melt pool is reduced from 0.14 mm to 0.084 mm and the
depth of the melt pool is reduced from 0.06 mm to 0.028 mm. It can be seen that when the laser power
is constant, due to the increase of the laser scanning speed, the action time of the laser at one point
becomes smaller, which causes the dimension of the melt pool to decrease.
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Figure 6. Melt pool depth and length of In718 by SLM processing at different scanning speed from
experiment, FE modeling and analytical solution (laser power is 200 W). (a) Depth of melt pool,
(b) length of melt pool.

Khairallah [24] proposed that presintering can be used to minimize the effect of spatter.
The preheating of the substrate will increase Tj in Equation (1). Based on the calculation results,
it can be found that pre-sintering can increase the size of the molten pool and more easily cause the
existence of keyhole defects. Therefore, in order to improve the quality of additive manufacturing parts,
the temperature of the substrate can be calculated based on this model.
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4.3. The Defect Prediction by Analytical Solution

During selective laser melting, various process parameters have a great influence on the
microstructure and mechanical properties of the parts, which in turn leads to internal defects such as lack
of fusion, keyholing and balling effect. The defects produced in the process will cause porosity which
will have a greater impact on mechanical properties and fatigue performance of parts [31,32]. Therefore,
how to predict and evaluate the possibility of the above-mentioned defects under a certain combination
of process parameters is an important issue in production decision-making. Here, according to the
evaluation criteria of defects, the calculation results of the analytical method proposed in this paper
are used to predict the relationship between process parameters and defects.

When melt pool does not sufficiently cover powder layer, it will result in lack of fusion. So the
criteria for lack of fusion presented by Tang [19] can be used.

(0F (1 =

where H is hatch spacing, w is the width of melt pool, L is the powder layer thickness and 4 is the
depth of melt pool. With high energy deposited on powder, the metals vaporized will cause cavity in
melted region, so the melt pool is narrow and elongate. For keyholing, the criterion is as following [33].

MM nTy

>

T, (16)

where AH is energy distributed in unit volume, 4 is enthalpy of melting, T}, is boiling temperature and
T, is melting temperature. Balling can cause high surface roughness and porosity, it can be determined
by the following equation [34].

Based on the melt pool size predicted from analytical solution and the criterion Equation (8) for
lack of fusion, Figure 7 showed the calculation result. From this figure, we can get the optimal process
parameters to avoid lack of fusion.
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Figure 7. The calculation of Equation (15) for In718 (H is 100 um and L is 40 um).
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Based on the criterion of defects, the keyholing, lack of fusion and balling effect can be predicted
by the estimation of melt pool and thermal distribution. From Figure 8, it can be found that the forming
quality is different under the different combination of laser power and scanning speed. Moreover,
the process parameters which will avoid the defects generation can be suggested by Figure 8.
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Figure 8. The effect of laser power and scanning speed on defects of In718 by SLM.
5. Conclusions

For selective laser melting technology of metals, the process parameters, including laser power,
scanning speed, powder layer thickness and hatch spacing have an important influence on the
performance of metal parts. For the additive manufacturing of metal parts, how to quickly and accurately
select the reasonable process parameters, avoid the generation of internal defects and obtain the best
performance is an urgent problem to be solved at present. In view of the shortcomings of traditional
performance prediction methods, considering the dynamics of the parameter value of absorptivity,
which has an important impact on the prediction results, verification with numerical simulation and
experimental results proves the feasibility and effectiveness of the proposed analytical method.

(1) Through the analysis of the four cases (A =0.3, A = 0.5, A =0.87 and of A calculated by the formula
proposed in this paper), the temperature field distribution is calculated by the analytical solution
presented in this paper. From the geometry of the melt pool, it can be seen that absorptivity has a
significant effect on the melt pool configuration. Therefore, when performing thermal analysis,
absorptivity cannot be regarded as a fixed value, but an experiment should be performed on
absorptivity of the material to be printed. Based on the calculation of the obtained absorptivity,
ideal process parameters will be quickly computed by the analytical solution, which can provide
suggestions for production process engineers.

(2) By comparing the analytical method, the experiment and the FE simulation, the results show
that the analytical method for the prediction of the melt pool size is more consistent with the
experimental results. Further, this method can quickly and accurately predict the thermal
distribution of AM parts.

(3) The analytical method is successfully applied to the prediction of the internal defects of the In718
by SLM, combined with the criteria of lack of fusion, keyholing and balling, the regime of the
internal defects under different combinations of laser power and scanning speed is calculated,
so as to obtain an ideal process parameter combination to avoid defects.
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(4) For the prediction of the keyholing regime, further in-depth discussions are still needed.
In addition, the influence of the powder layer and hatching distance on the temperature field and
the characteristics of the molten pool needs to be considered in the future.
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Appendix A
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Figure A1l. Melt pool temperature contour at top view for In718 with a laser power of 100 W, scanning
speed of 1 mm/s, laser spot radius of 50 pm and A = 0.5.
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Figure A2. Melt pool temperature contour at longitudinal view for In718 with a laser power of 100 W,
scanning speed of 1 mm/s, laser spot radius of 50 pm and A = 0.5.
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Figure A3. Melt pool temperature contour at top view for In718 with a laser power of 100 W, scanning
speed of 1 mm/s, laser spot radius of 50 um and absorptivity at room temperature.
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Figure A4. Melt pool temperature contour at longitudinal view for In718 with a laser power of 100 W,
scanning speed of 1 mm/s, laser spot radius of 50 pum and absorptivity at room temperature.
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