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Abstract: An integrated simulation of powder effects on particle temperature and microstructural evolution in laser 
directed energy deposition additive manufacturing process was carried out. The spatial distribution of the flying powder 
particles was simulated by the discrete element method to calculate the energy for the flying powder particles under the 
laser−particle interaction with electromagnetic wave analysis. Combined with the phase field method, the influence of 
particle size on the microstructural evolution was studied. The microstructural evolution is validated through 
comparison with experimental observation. Results indicate that the narrow particle size distribution is beneficial to 
obtaining a more uniform temperature distribution on the deposited layers and forming smaller equiaxed grains near the 
side surfaces of the sample. Appropriate powder particle size is beneficial to the conversion of the electromagnetic 
energy into heat. Particles with small size are recommended to form equiaxed grains and to improve product quality. 
Appropriate powder flow rate improves the laser energy efficiency, and higher powder flow rate leads to more uniform 
equiaxed grains on both sides of the cross-section. 
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1 Introduction 
 

Additive manufacturing (AM) is now quickly 
developed and applied to industries for its 
advantages on design freedom and manufacturing 
flexibility [1−3]. Directed energy deposition 
additive manufacturing (DEDAM) is a relatively 
mature additive manufacturing technology and has 
been applied in many fields such as biomedical 
industries, aerospace application and fine parts 
processing [4]. Nonetheless, DEDAM faces many 
challenges including inadequate understanding of 
various observed defects, which include thermal 
distortion [5,6], cracking [7,8], surface quality [9], 
thermal residual stress [10,11], and high cost of the 
DEDAM equipment and raw materials [12]. A  
deep understanding of thermal variations is critical 

to predict the microstructural evolution and 
mechanical performance further in parts made by 
DEDAM [13]. 

During the DEMAM process, many factors, 
including the powder material, the powder particle 
size and the particle size distribution, the absorption 
of laser radiation and the powder flow-rate [14−17], 
need to be considered and designed. To optimize  
the DEDAM processing, numerical simulation is 
essential to understand DEDAM process which is 
different to the conventional experimental trial-and- 
error method [18]. GUSAROV et al [19] considered 
the effects of the radiation transfer and the thermal 
diffusion and built a theoretical model to calculate 
the temperature field. There is a relationship 
between the heat source and the absorptivity profile 
along the depth direction. MUKHERJEE et al [20] 
developed a volumetric heat source model with the  
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interactions between the laser and the flying metal 
powder particles. The preheating temperatures of 
the activated elements are then calculated by 
considering the energy density per unit area of laser 
power and surface area of powder particles. YIN  
et al [21] considered the effective thermal 
conductivity, the volumetric enthalpy and the 
absorptance change to build a volumetric heat 
source. In this model, the laser energy presented an 
exponential decay profile along the vertical 
direction and a Gaussian profile on the cross-section 
during the selective laser melting process. YAN   
et al [22] built a process−structure−properties 
prediction framework to predict the resultant 
mechanical properties from the given 
manufacturing process parameters and intrinsic 
material properties. LIU et al [23] employed a 
polycrystal phase field model to study the 
microstructural evolution during AM and the 
controlling of the grain structures and the textures. 
GE et al [24] used the Monte−Carlo model to 
simulate the microstructural evolution in the laser 
metal deposition AM of titanium alloy. 

The existing models based on the heat resource 
and microstructural evolution provide detailed 
insight into DEDAM. However, the link between 
the powder quality (powder particle distribution, 
particle size and powder flow rate) and the 
microstructural evolution of DED AM product has 
not been studied. Therefore, it is necessary to 
establish a multiscale computational framework to 
investigate how the powder feature affects the 
thermal distribution and the microstructural 
evolution in DED. This is our motivation of current 

work. Discrete element method was used to 
simulate the flying of the powder particles from the 
nozzles to the substrate in the laser beam. Then, a 
coupled electromagnetic wave-heating method was 
used to calculate the consumed energy under the 
laser−particle interaction. The phase field method 
was finally adopted to investigate microstructural 
evolution in DEDAM. 
 
2 Numerical models 
 
2.1 Particle-generation model 

Figure 1 shows the schematic of the interaction 
between the laser and the metal powder stream. 
When the particles fly from the nozzles along the 
direction of tubes and fall on the substrate after 
being irradiated by the laser, the laser energy can be 
reduced in its intensity distribution [25]. In order  
to consider the laser−particle interaction, some 
assumptions are made: (1) the shape of metal 
particles is set to be spherical; (2) the distribution of 
particle size is uniform; (3) the initial velocity is the 
same for all the particles. Based on the above 
assumptions, a series of spatially distributed powder 
particles are generated based on the discrete 
element method (DEM). The movement of the 
individual particle is described by its translational 
and rotational motions [26]: 
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Fig. 1 Schematic showing interaction between laser beam and powder stream 
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where mi, g, Ii, vi, and ωi are the mass, gravitational 
acceleration, moment of inertia, translational 
velocity, and angular velocity, respectively; Fn,ij is 
the normal contact force and Fs,ij is the tangential 
contact force; Ri is a vector from the center of the 
particle to the contact point with a magnitude equal 
to the particle radius Ri; μr is the rolling friction 
coefficient. The velocity of the flying particles is 
2 m/s. Detailed parameters about the particle− 
generation model can be found in our previous 
work [27]. 
 
2.2 Electromagnetic heating model 

The laser beam is treated as an electromagnetic 
wave with a high frequency essentially. The laser 
power (P) can be written as 
 

1
dP A


 E B                          (3) 

 
where μ is the permeability; E is the electric field 
intensity vector; B is the magnetic induction 
intensity vector; A is the cross-section area of the 
laser. 

The Maxwell’s equations in the electro- 
magnetic analysis can be expressed in the 
differential form [28]: 
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where γ is the free-charge density; D is the electric 
displacement vector; H is the magnetic field 
intensity vector, P is the polarization density vector  

of particles, and J is the conduction current density 
vector in media. Detailed parameters can be   
found in our previous work [27]. To solve the 
electromagnetic field distributions, the above 
equations are combined as  
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where μ0 is the vacuum permeability; σ is the 
electric conductivity of particle; ε0 is the vacuum 
permittivity. 

The power density (qtotal) consumed by the 
flying powder particles can be expressed as [29]  

total

1 1
Re( ) Re(i )

2 2
q    J E B H             (9) 
 

The heat conduction for particles and the 
boundary condition on the surface of components 
can be expressed as [30,31] 
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where T is the temperature, ρ(T) is the density, c(T) 
is the specific heat capacity, k(T) is the thermal 
conductivity, εR(=0.4) is the emissivity, σR is the 
Stefan-Boltzmann constant, Ta(=293.15 K) is the 
ambient temperature, and h(=100 W/(m2ꞏK)) is the 
convective heat coefficient [32]. In this model, the 
phase change of particles (solid to liquid) is not 
considered during the flight process due to short 
flight time. Powder particles from one nozzle are 
selected, as depicted in Fig. 2. 
 
2.3 Finite element heat transfer model 

Finite element method (FEM) for the thermal 
transfer is adopted to calculate the spatial and 

 

 

Fig. 2 Schematic of electromagnetic laser heating model 



Xin-xin YAO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2871−2884 

 

2874
 
temporal temperatures. The governing energy 
equation accompanying with the volumetric heat 
flux is expressed as 
 

de( ) ( ) [ ( ) ]
T

T c T Q k T T
t

 
    


          (12) 

 
where Qde denotes the body heat flux. The same 
boundary condition as Eq. (11) is applied on the 
component surface. h=30 W/(m2ꞏK) is selected in 
the FEM model. The preheating temperature is 
293.15 K for the substrate. The volume−average 
temperature can be calculated by the electro- 
magnetic heating transfer model for deposit. 

The improved double-ellipsoid heat source can 
be written as 
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 (13) 
where af, ar, b and c are constants which satisfy 
af=c, ar=2c, b=1.5 mm and c=1 mm [33]; ff and fr 
are the heat-input coefficients; ηs is the absorption 
coefficient; ηpower is the heat-transfer reduction 
coefficient of laser energy due to the laser−particle 
interaction; t is the time. The temperature- 
dependent material properties and detailed 
parameters can be obtained in our previous    
work [27]. 
 
2.4 Phase field model for grain growth 

The polycrystal phase-field method (PFM) 
established by KRILL and CHEN [34] is employed 
to simulate the grain growth during the laser 
additive manufacturing. PFM is a powerful tool to 
effectively simulate the complex microstructural 
evolution during solidification [35−40]. In PFM, a 
series of continuous field variables are adopted to 
represent the microstructure and the reduction of 

the total free energy is the driving force. The total 
free energy F(t) can be expressed as 
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where f0 represents the local free energy density; r 
is the position vector; kq is the gradient energy 
coefficient related to the grain boundary energies; 
{ηq} represents the crystallographic orientation of 
each grain. The local free energy density is given as  
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where a, b and c are constants that satisfy a=b and 
c>a/2. 

Allen−Cahn equation is adopted to solve the 
order parameters ηq and expressed as 
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where Lq denotes the grain boundary mobility. To 
describe the effect of temperature on the grain 
boundary mobility, the modified Arrhenius type 
equation is used as follows [41]: 
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where L0 and m are constants; ΔQ(=97 kJ/mol) is 
the activation energy for grain growth [42]; 
Rg(=8.314 J/(molꞏK)) is the mole gas constant. 
Forward difference method is used to solve Eq. (16) 
and zero-flux boundary condition is applied to all 
the boundaries according to Ref. [23]. Temperatures 
of all lattice points in PFM can be obtained by the 
linear interpolation of the points extracted from 
FEM and the details can be found in our previous 
work [27]. 
 
3 Experimental validation 
  

To validate the proposed thermal model, the 
melt pool size in the numerical model is compared 
with the experimental observation, as shown     
in Fig. 3. The used machine for DEDAM      
was previously introduced in Refs. [6,14,27]. In the  
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Fig. 3 Comparison of melt pool sizes between 

experiment (a) and numerical model (b) 

 

current experiment, the powder size ranges from 60 
to 110 μm. The laser power is 1000 W. The radius 
of the laser beam is 1.5 mm. The powder flow  
rate is 9.15 g/min. The experimental settings are 
selected to be the same with the numerical model 
for accurate comparison. With the increase of the 
build height, the border of the melt pool becomes 
flatter. The comparison shows the validity of the 
used thermal model. 
 
4 Results and discussion 
 
4.1 Effect of powder particle distribution 

The microstructural evolution can be affected 
by the particle size distribution [43]. To study the 
effect of the powder particle size distribution, three 
kinds of particle distributions (radii within 25−75, 
35−65 and 45−55 μm) with the same average radius 
of 50 μm are built. Figure 4 depicts the temperature 
of particles with different radii. It is found that the 
temperatures of the particles decrease with the 
increase of the particle radius, which is similar to 
the cases in the microwave-heating problem [44]. 
When the particle radius ranges from 25 to 75 μm, 
the maximum temperature is 2491.2 K for the 
particle with smaller radius of 26.8 μm, while the 

minimum temperature is 398.5 K for the particle 
with larger radius of 69.3 μm. The average 
temperature of all the particles is 617.5 K. When 
the particle radius ranges from 35 to 65 μm, the 
maximum temperature is 1270.1 K for the particle 
with a radius of 37.84 μm, while the minimum 
temperature is 434.64 K for the particle with a 
radius of 63.30 μm. The temperature difference is 
835.46 K and the average temperature is 655.6 K. 
When the particle radius ranges from 45 to 55 μm, 
the maximum temperature is 1024.9 K for the 
particle with a radius of 47.6 μm while the 
minimum temperature is 437.9 K for the particle 
with a radius of 52.14 μm. The temperature 
difference is 587 K and the average temperature is 
703.8 K. Under the condition that the average 
radius keeps the same, larger variation in particle 
sizes leads to lower average temperature. Besides, 
higher temperature difference leads to both the 
overheating to smaller powder particles and 
insufficient heating to larger powder particles. 

Figure 5 depicts the consumed laser power of 
particles with different radii. It is found that the 
laser energy absorbed by each particle is in random 
distribution with fluctuation. This fluctuation is 
related to the spatial distribution of particles in the 
electromagnetic field. For smaller particles, higher 
ratio of the metal skin depth to the particle radius 
leads to stronger power density and more efficient 
conversion of electromagnetic energy into heat. 

The changes of the temperature and the 
consumed laser power density with radius are 
shown in Fig. 6. Similar to the consumed laser 
power density, the temperature is decreased with the 
increase of particle radius with fluctuations. To 
illustrate the effect of the spatial distribution on the 
consumed laser power, P1 and P2 with similar radii 
are selected for comparison. The radii are 29.82 and 
29.76 μm for P1 and P2, as shown in Fig. 4(a). P1 is 
located at the upper middle of the laser−particle 
interaction zone. The distribution of power loss 
density on the surface is more evenly distributed, 
which is beneficial to the energy absorption of 
particles. The maximum power density is 
1.46×1015 W/m3. P2 is located at the bottom of the 
laser−particle interaction zone. The distribution of 
the power loss density is concentrated, which 
means lower energy absorption by particles. As the 
laser travels in the laser−particle interaction zone 
from top to bottom, the laser power is attenuated.  
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Fig. 4 Temperatures of particles with different particle size distributions: (a) Radius 25−75 μm; (b) Radius 35−65 μm; 

(c) Radius 45−55 μm 

 

The maximum power density is 4.66×1014 W/m3. 
The consumed laser power is 0.81 and 0.40 W for 
P1 and P2, respectively. 

Figure 7 shows the average consumed laser 
power and the reduction rate of laser power. The 
average consumed powers are 0.62, 0.63 and 
0.70 W for the particle radius distributions of 25−75, 

35−65 and 45−55 μm, respectively. The reduction 
rates of laser power are 13.1%, 13.4% and 14.4% 
for the different particle radius distributions. As a 
result, the heat-transfer reduction coefficients of 
laser energy ηpower applied in FEM are 0.869,  
0.866 and 0.856 for those three particle radius 
distributions, respectively. 
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Fig. 5 Consumed laser powers of particles with  

different particle size distributions: (a) Radius 25−75 μm; 

(b) Radius 35−65 μm; (c) Radius 45−55 μm 

 
Larger variation in particle radius distribution 

leads to less energy reduction consumed by laser- 
particle interaction. 

Paths are selected in Fig. 8 to evaluate     
the effect of particle size distribution on the 
temperature histories in different cases. When the 
10th deposited layer is scanned, the temperature 
varies from 1902.2 to 2012.5 K for particle radius 

distribution ranging from 25 to 75 μm. For particle 
radius distribution ranging from 35 to 65 μm, the 
temperature varies from 1900.1 to 2010.3 K. For 
particle radius distribution ranging from 45 to    
55 μm, the temperature varies from 1894.8 to 
2002.6 K. When the 15th deposited layer is  
scanned, the temperature varies from 1912.4 to 
1935.7 K and 1911.2 to 1934.0 K, 1908.3 to 
1925.1 K, respectively. Wider size distribution leads 
to more laser energy absorption on specimen which 
leads to higher temperature. 

From the perspective of temperature gradient, 
the difference between different particle size 
distributions is further studied. As shown in Fig. 9, 
the temperature gradients along the vertical 
direction around the melt pools with different 
particle size distributions are compared. The 
maximum temperature gradients in the 10th layer 
are 3.53×105, 3.52×105 and 3.48×105 K/m for the 
radius distributions of 25−75, 35−65 and 45−55 μm, 
respectively. The minimum temperature gradients 
are 2.125×105, 2.123×105 and 2.075×105 K/m, 
respectively. The maximum temperature gradients 
in the 15th layer are 2.026×105, 2.012×105 and 
1.911×105 K/m and the minimum temperature 
gradients are 1.768×105, 1.760×105 and 
1.722×105 K/m, respectively. The wider size 
distribution leads to higher temperature gradient 
which decreases the nucleation rate. 

The effect of the particle size distribution on 
the microstructural evolution is considered based on 
the previous results. The solidification behavior can 
be affected by two main variables, i.e., the 
temperature gradient (G) and the solidification 
velocity (v). The grain size is influenced by G×v 
while the columnar to equiaxed transition of grain 
structures is determined by G/v [31]. Related 
discussions are reported in our previous work [27]. 
Figure 10 shows microstructural morphologies with 
different particle size distributions obtained by 
phase-field simulation. β-grain is finally formed in 
the internal domain of the cross-section, as shown 
in Region A in Fig. 10(a). Lower temperature 
gradient is beneficial to the nucleation and the 
formation of the equiaxed grains. The detailed 
values of grain sizes are listed in Table 1. The 
average sizes of the equiaxed grains are 0.242, 
0.233 and 0.231 mm and the average widths of 
β-grains are 0.53, 0.645 and 0.616 mm for particle  
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Fig. 6 Relationship between temperature and consumed laser power density 

 

 

Fig. 7 Average consumed laser power and reduction rate 

 

 

Fig. 8 Temperature distributions of selected paths with 

different particle size distributions (x is the distance to 

the left)   

  

 
Fig. 9 Temperature gradient along vertical direction 

around melt pool with different particle size distributions 

 
radius distributions of 25−75, 35−65 and 45−55 μm, 
respectively. Based on the above analysis, narrow 
distribution is suggested for more uniform 
temperature and for lower overheating which are 
beneficial to the improvement of the product 
quality. 
 
4.2 Effect of powder particle size 

Two electromagnetic wave−heat transfer 
models with the particles radii of 50 and 75 μm are 
built, as shown in Fig. 11. The powder flow rate is 
9.15 g/min. The temperatures are 682.0 and   
490.7 K, and the average consumed laser powers of 
particles are 0.66 and 1.11 W for particle sizes of 50 
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Fig. 10 Microstructural morphologies with different particle radius distributions obtained by phase-field simulation:   

(a) Radius 25−75 μm; (b) Radius 35−65 μm; (c) Radius 45−55 μm 

 
Table 1 Comparison of grain sizes with different particle 

radius distributions 
Particle  

radius/μm 
Equiaxed grain 

size/mm 
Width of  
β-grain/mm 

25−75 0.242 0.53 

35−65 0.233 0.645 

45−55 0.231 0.616 

 
and 75 μm, respectively. The larger particle absorbs 
more laser power with lower temperature. This 
phenomenon is also observed in Ref. [44]. Higher 
ratio of metal skin depth to particle radius leads to 
higher efficiency of the conversion from the 
electromagnetic energy to heat. The heat-transfer 
reduction coefficients for the particle radii of 50  
and 75 μm are 0.8576 and 0.916, respectively.  
Thus, larger particles lead to higher heat-transfer 
reduction coefficient of laser energy, which causes 
higher temperatures. 

The temperatures in different deposited layers 
are compared in Fig. 12. It is found that the 
temperature in the case with a particle radius of  
75 μm is higher than that in the case with a particle 
radius of 50 μm. When the particle radius is 50 μm, 
the depths of the melt pool are 1.725 and 2.11 mm 
in the 10th and 15th layers, respectively. When the 
particle radius is 75 μm, the depths of the melt  
pool in the 10th and 15th layers are 1.850 and  
2.335 mm, respectively. 

The effect of the particle size on the 
temperature gradient along the vertical direction  

 

Fig. 11 Comparison of temperatures of particles with 

different particle radii: (a) 50 μm; (b) 75 μm 
 
around the melt pool is shown in Fig. 13. It is found 
that the temperature gradient in the case of 75 μm 
particle radius is higher than that in the case of 
50 μm in the external region (x<0.5 mm and 
x>2.5 mm). The temperature gradient in the case of 
75 μm particle radius is lower than that in the case  
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Fig. 12 Temperature distributions in deposited layers 

with different particle sizes 

 

 

Fig. 13 Temperature gradient along vertical direction 

around melt pool with different particle sizes 

 

of 50 μm in the internal region (0.5 mm<x<2.5 mm) 
of 10th layer. The temperature gradients at x=0  
and x=0.3 mm are 2.217×105 and 2.263×105 K/m, 
respectively in the case of 75 μm particle radius. 
When the particle radius is decreased to 50 μm, the 
temperature gradients at x=0 and x=0.3 mm are 
changed to be 2.097×105 and 2.170×105 K/m, 
respectively. 

Figure 14 shows microstructural morphologies 
in the deposited layers with different particle sizes 
obtained by phase-field simulation. The comparison 
of Regions B and C shows that higher temperature 
gradient is not beneficial to forming equiaxed 
grains. This phenomenon is consistent with 
Ref. [45]. Besides, more β-grains are found in 
Region D for the case with particle radius of 75 μm. 
The average sizes of the equiaxed grains are 0.262 
and 0.244 mm and the average widths of β-grain are 
0.625 and 0.563 mm for particle sizes of 50 and 

75 μm, respectively. Based on the above analysis, 
particles with smaller sizes are recommended to 
form equiaxed grains and to improve product 
quality. 
 

 
Fig. 14 Microstructural morphologies with different 

particles radii obtained by phase-field simulation:      

(a) 50 μm; (b) 75 μm 

 

4.3 Effect of powder flow rate 
The powder flow rate is also one of the 

variables that affect the reduction of laser power 
and the temperature distribution in the DED  
process. When the powder flow rate increases from 
9.15 to 15 g/min, the number of particles increases 
from 53 to 87 accordingly. The electromagnetic 
wave−heat transfer model based on the particle 
radius distribution of 45−55 μm is built. The 
temperature and the consumed power of particles 
are shown in Fig. 15. Compared with the case in 
which the powder flow rate is 9.15 g/min, the 
average temperature at the powder flow rate of 
15 g/min decreases to 643.7 K and the consumed 
laser power decreases to 0.62 W, which is caused by 
the covering of particles as a result of increased 
particles in the limited region [46]. Meanwhile, 
more particles consume higher laser power,   
which leads to the decrease of the heat-transfer 
reduction coefficient to 0.7842. Higher powder  
flow rate is suggested to avoid the inefficient laser− 
particle interaction and the excessive laser energy 
loss. 

Because of the increase of the powder flow 
rate, the thickness of the single deposited layer 
increases from 0.3 to 0.4 mm. The effect of the 
powder flow rate on the size of the melt pool is 
shown in Fig. 16. When the flow rate is 9.15 g/min, 
the maximum temperature is 2644 K and the depths 
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Fig. 15 Simulation results with powder flow rate of 15 g/min: (a) Change of temperature with particle radius;        

(b) Temperature contour; (c) Change of consumed laser power with particle radius 

 

 
Fig. 16 Effect of powder flow rate on size of melt pool in different deposited layers: (a) Powder flow rate of 9.15 g/min 

and single layer thickness of 0.3 mm; (b) Powder flow rate of 15 g/min and single layer thickness of 0.4 mm 

 

of the melt pool of the 10th and 15th layers are 
1.801 and 2.11 mm, respectively. As the powder 
flow rate increases to 15 g/min, the depths of the 
melt pool of the 10th and 15th layers decrease to 
1.78 and 2.02 mm, respectively. 

Due to the increase of the deposited layer 
thickness, the re-melting portion in the former 
deposited layer is decreased. Figure 17 shows the 
microstructural morphology with the powder flow 
rate of 15 g/min obtained by phase-field simulation. 
It is observed that the growth of the equiaxed grains 
on both sides of the cross- section is more uniform 
and bigger due to the decrease of the re-melting 
portion caused by the increased deposited layer 
thickness. 

 

Fig. 17 Microstructural morphology with powder flow 

rate of 15 g/min obtained by phase-field simulation 
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5 Conclusions 
 

(1) Narrower particle size distribution is 
suggested for more uniform temperature 
distribution on the deposited layers and to form 
smaller equiaxed grain near the two side surfaces of 
DED specimen. 

(2) Larger variation in particle sizes leads to 
lower average temperature on the deposited layers 
due to the laser−particle interaction in the laser 
beam. 

(3) Proper powder particle size is beneficial to 
the conversion of the electromagnetic energy into 
heat. 

(4) Particles with small sizes are recommended 
to form equiaxed grains. 

(5) Appropriate powder flow rate can improve 
the efficiency of laser. Larger powder flow rate 
leads to more uniform and bigger equiaxed grains 
on both sides of the cross-section. 
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定向能量沉积增材制造过程中 
粉末对凝固影响的数值模拟 

 

姚欣欣，李健宇，王艺飞，高 翔，张 昭 

 

大连理工大学 运载工程与力学学部 工程力学系 工业装备结构分析国家重点实验室，大连 116024 

 

摘  要：对激光定向能量沉积增材制造过程中粉末对颗粒温度和显微组织的影响进行模拟。利用离散元法模拟金

属粉末颗粒的空间分布；借助电磁波理论分析，计算颗粒和激光的相互作用时飞行颗粒所消耗的能量。结合相场

法，研究颗粒尺寸对显微组织演变的影响。通过与实验观察到的显微组织进行对比来验证模型的有效性。结果表

明，窄粒度分布有利于获得更加均匀的沉积层温度，并有利于在样品侧面形成较小的等轴晶；适当尺寸的粉末颗

粒有利于将电磁能转化为热能。粒径小的颗粒有助于形成等轴晶粒，提高产品质量；合适的粉末流量可以提高激

光能量效率；较高的粉末流量使得截面两侧的等轴晶粒分布更加均匀。 

关键词：增材制造；粉末颗粒；相场；显微组织演变；颗粒尺寸分布 
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