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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
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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]:

dv,
m—Lt=3 (F,;+F,)+mg (1)
=
]%—Z(RXF —uR|F. 120 )
i - i X i — M G [ I Y
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Fig. 1 Schematic showing interaction between laser beam and powder stream
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where m;, g, I;, v;, and @; are the mass, gravitational
acceleration, moment of inertia, translational
velocity, and angular velocity, respectively; F,; is
the normal contact force and F; is the tangential
contact force; R, is a vector from the center of the
particle to the contact point with a magnitude equal
to the particle radius R;; w 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

P:ledeA 3)
7

where u 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]:

VB=0 )
B _ 9k (5)
ot

V-D=y (6)
D _GeH-J )
ot

where y is the free-charge density; D is the electric
displacement vector; H is the magnetic field
intensity vector, P is the polarization density vector

Fig. 2 Schematic of electromagnetic laser heating model

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

OE 0°E 0P
VX(VXE):_,HOO-E_:UOEO 2 e (8)

where u is the vacuum permeability; o is the
electric conductivity of particle; g, is the vacuum
permittivity.

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

Giotal =%Re(J-E)+%Re(ia)B-H) 9)

The heat conduction for particles and the
boundary condition on the surface of components
can be expressed as [30,31]

PIATIE Gy =V [TV (10)

KTV -T =T, =T)+ezop (I, = T*) (11)

where T is the temperature, p(7) is the density, c(7)
is the specific heat capacity, k(7) is the thermal
conductivity, €z(=0.4) is the emissivity, o is the
Stefan-Boltzmann constant, 7,(=293.15 K) is the
ambient temperature, and A(=100 W/(m*-K)) 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
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temporal temperatures. The governing energy
equation accompanying with the volumetric heat
flux is expressed as

p(T)C(T)(Z—fﬂ“Qde =V [K(T)VT] (12)

where Qg denotes the body heat flux. The same
boundary condition as Eq. (11) is applied on the
component surface. /=30 W/(m*>-K) is selected in
the FEM model. The preheating temperature is
293.15K 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

Qde(x YsZ, t):

6\/777577powerff
afbcn\/_

o352 6]

X, y,z € front part

6\/_775 npowerfr .
a bcnf

ool (=22 (34T}

X,y,z € rear part

13)
where ay, a;, b and ¢ are constants which satisfy
ar=c, a;=2c, b=1.5 mm and c=1 mm [33]; f; and f;
are the heat-input coefficients; 7 is the absorption
coefficient; #power 1S the heat-transfer reduction
coefficient of laser energy due to the laser—particle

interaction; ¢ 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(¢) can be expressed as

FO=[Lfy(m(r, 1), m5(r, 1), -+, ng(r, D)+
Q0 k
2V, (r, 0)'1dr (14)

q=1

where f; represents the local free energy density; r
is the position vector; k, is the gradient energy
coefficient related to the grain boundary energies;
{n,} represents the crystallographic orientation of
each grain. The local free energy density is given as

[¢) 0
foltn . D=5 202 t)+§(2n§<r, )+
g=1 q=1

(Y
(D3 e, 07 1 (1s)
2 q=1 s>q
where a, b and c are constants that satisfy a=b and
c>al2.
Allen—Cahn equation is adopted to solve the
order parameters 7, and expressed as

My gy SFWO_

or snyr ) B

Q) (16)

where L, 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]:

L4(T)=L°(§J exp _AQ (17)

where Ly and m are constants; AQ(=97 kJ/mol) is
the activation energy for grain growth [42];
R,(=8.314 J/(mol-K)) 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 pm. 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 um) with the same average radius
of 50 um 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 pm,
the maximum temperature is 2491.2 K for the
particle with smaller radius of 26.8 um, while the

minimum temperature is 398.5 K for the particle
with larger radius of 69.3 um. The average
temperature of all the particles is 617.5 K. When
the particle radius ranges from 35 to 65 um, the
maximum temperature is 1270.1 K for the particle
with a radius of 37.84 um, while the minimum
temperature is 434.64 K for the particle with a
radius of 63.30 um. The temperature difference is
835.46 K and the average temperature is 655.6 K.
When the particle radius ranges from 45 to 55 pum,
the maximum temperature is 1024.9 K for the
particle with a radius of 47.6 um while the
minimum temperature is 437.9 K for the particle
with a radius of 52.14 um. 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, P, and P, with similar radii
are selected for comparison. The radii are 29.82 and
29.76 um for P, and P», as shown in Fig. 4(a). P; 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
1.46x10"° W/m>. P, 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 um; (b) Radius 35—65 pm;

(c) Radius 45—55 pum

The maximum power density is 4.66x10"* W/m’.
The consumed laser power is 0.81 and 0.40 W for
P, and P,, 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 2575,

35-65 and 45-55 um, 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 #power 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 pm;
(b) Radius 35—65 um; (c) Radius 45—55 pm

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 um. For particle
radius distribution ranging from 35 to 65 um, the
temperature varies from 1900.1 to 2010.3 K. For
particle radius distribution ranging from 45 to
55 um, the temperature varies from 1894.8 to
2002.6 K. When the 15th deposited layer is
scanned, the temperature varies from 1912.4 to
1935.7K and 1911.2 to 1934.0K, 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 3.53x10°, 3.52x10° and 3.48x10°K/m for the
radius distributions of 25—75, 3565 and 45—55 um,
respectively. The minimum temperature gradients
are 2.125x10°, 2.123x10° and 2.075x10° K/m,
respectively. The maximum temperature gradients
in the 15th layer are 2.026x10°, 2.012x10° and
1.911x10° K/m and the minimum temperature
gradients are  1.768x10°,  1.760x10°  and
1.722x10° 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 Gxv
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. f-grain is finally formed in
the internal domain of the cross-section, as shown
in Region 4 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
[-grains are 0.53, 0.645 and 0.616 mm for particle
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around melt pool with different particle size distributions

radius distributions of 25—75, 35—65 and 45—55 pm,
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 um 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 pm; (b) Radius 35—65 pm; (c) Radius 45—55 um

Table 1 Comparison of grain sizes with different particle
radius distributions

Particle Equiaxed grain Width of
radius/um size/mm f-grain/mm
25-175 0.242 0.53
35-65 0.233 0.645
45-55 0.231 0.616

and 75 um, 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 pum 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 pm is higher than that in the case with a particle
radius of 50 um. When the particle radius is 50 pm,
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 pm, 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
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Fig. 11 Comparison of temperatures of particles with
different particle radii: (a) 50 pm; (b) 75 pm

around the melt pool is shown in Fig. 13. It is found
that the temperature gradient in the case of 75 pum
particle radius is higher than that in the case of
50 um in the external region (x<0.5 mm and
x>2.5 mm). The temperature gradient in the case of
75 pm particle radius is lower than that in the case
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Fig. 13 Temperature gradient along vertical direction
around melt pool with different particle sizes

of 50 pum 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 2.217x10° and 2.263x10° K/m,
respectively in the case of 75 pm particle radius.
When the particle radius is decreased to 50 um, the
temperature gradients at x=0 and x=0.3 mm are
changed to be 2.097x10° and 2.170x10° 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 p-grains are found in
Region D for the case with particle radius of 75 pm.
The average sizes of the equiaxed grains are 0.262
and 0.244 mm and the average widths of f-grain are
0.625 and 0.563 mm for particle sizes of 50 and

75 pum, 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 um; (b) 75 pm

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 45-55um 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
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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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