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Partial Melting and Resolidification of Metal Powder
in Selective Laser Sintering

Bin Xiao* and Yuwen Zhang'
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Partial melting and resolidification of single-component metal powders bed with a Gaussian laser beam is
investigated numerically. Because laser processing of metal powder is a very rapid process, the temperature of the
liquid layer and solid core of a partially molten particle may not at thermal equilibrium, that is, the temperature of
the liquid part is higher while the temperature of the solid core is lower than the melting point. To use an equilibrium
model to describe melting of single-component metal powder, the local temperature of regions with partially molten
particles can be assumed to be within a range of temperature adjacent to the melting point, instead of at the melting
point. In addition, the whole powder bed shrinks as the gas is driven out during the melting process. A temperature
transforming model is employed to simulate the melting and resolidification process over a temperature range with
the consideration of shrinkage. The convection driven by capillary and gravity forces in the melting liquid pool is
formulated by using Darcy’s law. Effects of laser beam intensity and scanning velocity on the shape and size of the

heat affected zone and molten pool are analyzed.

Nomenclature

B = dimensionless source term

Bi = Biot number

Bo = Bond number

b = source term

C = dimensionless heat capacity

Cy = heat capacity, J/m? - K

cp = specific heat, J/kg- K

d, = diameter of the solid core of the powder particle, m

g = gravitational acceleration

Ny = latent heat of melting or solidification, J/kg

K = dimensionless thermal conductivity or
permeability, m?

K¢ = relative permeability

k = thermal conductivity, W/m - K

k = unit vector in the z direction

Ma = Marangoni number

N; = dimensionless moving laser beam intensity

Ng = radiation number

N, = temperature ratio

P = laser power, W

P, = dimensionless capillary pressure

De = capillary pressure, N/m?

R = radius of the laser beam, m

S = dimensionless location of interface between solid
and mushy zones

So = dimensionless location of heating surface

s = location of interface between solid zone and mushy
zone, m

S0 = location of surface, m

T = temperature, K

t = time, s

U = dimensionless liquid velocity in the X direction

U, = dimensionless scanning velocity of laser beam
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u = liquid velocity in the x direction, m/s

up = scanning velocity of the laser beam, m/s

Vv = volume, m?, or dimensionless liquid velocity in the
Y direction

v = liquid velocity in the y direction, m/s

W = dimensionless liquid velocity in the Z direction

W, = dimensionless velocity induced by shrinkage

w = liquid velocity in the z direction, m/s

Wy = velocity induced by shrinkage, m/s

X,Y,Z = dimensionless coordinates

X,y,z = coordinates, m

o = thermal diffusivity, m?/s

ay, = absorptivity

AT = one-half of phase change temperature range, K

A0 one-half of dimensionless phase change
temperature range

& = porosity (volume fraction of void),
Ve+V)/(Ve+Ve+Vy)

&, = emissivity

0 = dimensionless temperature

I = dynamic viscosity, kg/m - s

0 = density, kg/m®

o = Stefan—Boltzman constant, 5.67 x 10~% W/m? - K*

T = dimensionless time

o = volume fraction of gas, V,/(V, + V; + V)

75 = volume fraction of liquid, V,/(V, + V, + V})
s = volume fraction of solid, V,/(V, + V, + V))
¥ = saturation

Subscripts

eff = effective

f = fusion

g = gas

P = powder material

s = solid

1. Introduction

MERGING in the late 1980s, rapid prototyping is termed as

a class of technologies, such as stereolithography,' laminated
object manufacturing,? and fused deposition modeling,® by which
complex, convoluted, and near-impossible shapes can be automati-
cally constructed from computer-aided design data in a short time.
Selective laser sintering*~¢ (SLS) is one of the rapid prototyping
technologies allowing fabrication of three-dimensional freeform
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objects directly from polycarbonate, nylon, and metal powder with
a scanning laser beam. Various modelings have been explored by
researchers to understand the physical mechanism during the com-
plex SLS process. In the early literature, the sintering process was
modeled as a pure conduction problem’™!! that is applicable to the
sintering of amorphous polymeric material because it has little crys-
tallinity and a near zero latent heat of fusion during melting.

Heat conduction in a semi-infinite region or finite slab with mov-
ing heat source has been investigated intensively in the past. Cline
and Anthony’ examined the heat conduction problem using Green’s
function for a Gaussian beam moving at a constant velocity. Moody
and Hendel® numerically investigated the temperature distribution
in an infinite medium during laser heating. Kant® studied the heating
of a multilayered cylindrical medium resting on a half-space with
a stationary laser beam. Modest and Abakians'® examined the heat
conduction in a moving semi-infinite solid under a pulsed, pene-
trating, Gaussian laser source. Kar and Mazumder'' presented a
three-dimensional transient thermal analysis on finite slabs moving
at a constant velocity by considering temperature-dependent ther-
mophysical properties and laser irradiation with a Gaussian beam.

In contrast with SLS of amorphous polymeric materials, the la-
tent heat of fusion in metal SLS is usually very large, and therefore,
melting and resolidification have significant effects on the temper-
ature distribution during sintering. In addition, convective flow in
the molten pool strongly influences the energy transport, the propa-
gation of the melting front during the metal SLS process. Recently
quantitative mathematical studies of metal SLS have been carried
out by researchers taking into consideration of convection effect.
Pak and Plumb'? presented a one-dimensional model of melting in
a two-component powder bed with consideration of the liquid mo-
tion driven by gravity and capillary forces. The study showed that
the constant porosity model yielded results that compared well with
the experimental data. Iwamoto et al.'3 examined a computational
model describing the mechanism for the formation of topographic
features during pulsed laser texturing of metal substrates by focused
laser beams. Capillary forces acting on the surface of the molten ma-
terial and driven by temperature gradients were shown to produce
surface deformation profiles. Han and Liou'* simulated the laser
melting process for different laser beam modes. Flow pattern, which
is driven mainly by the thermocapillary force and recoil pressure, to-
gether with temperature distribution are investigated and compared.

During the metal SLS process, the powder bed experiences a sig-
nificant density change because the pore space initially occupied by
gases is partially taken up by the liquid. The shrinkage phenomena
in metal SLS caused by density change have been considered by
some researchers. Zhang and Faghri'® analytically solved a one-
dimensional melting problem in a powder bed containing a powder
mixture under a boundary condition of the second kind. The re-
sults showed that the shrinkage effect on the melting of the powder
bed is not negligible. Zhang and Faghri'® numerically examined the
two-dimensional melting and resolidification of a subcooled mixed
powder bed with moving Gaussian heat source. The results with and
without shrinkage effect are compared. Furthermore, Zhang et al.!?
numerically and experimentally investigated the sintering process of
two-component metal powders under irradiation of a stationary or a
moving Gaussian laser beam. The liquid velocities caused by capil-
lary and gravity forces and solid velocities caused by the shrinkage
are considered.

In principle, both single- and two-component metal powders can
be used in metal SLS.'® In the case of two-component metal sin-
tering, a liquid phase is formed by melting the lower melting point
metal powders, which infiltrates into the voids between the high
melting point powders and binds them together. Because the final
product of two-component system exhibits the mechanical prop-
erties and characteristics of their weakest component, interest in
the production of metallic objects using single-component powders
has been increased in the recent years.'®=2! In the case of direct
SLS of metal powders, a partial melting approach can be employed.
Only the surfaces of particles are molten, and the powders are sin-
tered by binding the solid nonmelted cores of particles. Control
of solid-liquid ratio and the melt viscosity are critical in successful

sintering of single-component system. Excessive molten material or
too low melt viscosity causes the “balling” phenomenon,?? which
reduces the effective load-carrying capacity of a material and acts as
stress concentrations and effective crack initiation sites. Thus, the
parameters of laser processing must be carefully selected to ensure
the partial melting.

The physical processes of the direct laser surface melting of metal
powders include radiative and covective boundary conditions, ther-
modynamics of phase changes, a moving boundary at the heating
surface and the solid—melting surface, fluid flow, and heat and mass
transportation governed by thermocapillary and surface tension ef-
fects in the molten pool. This complexity of the laser surface melting
process requires the construction of sophisticated models that could
offer efficient and flexible means to analyze and optimize the sinter-
ing process. In this paper, a three-dimensional model is presented
to simulate the direct SLS process of metal powders to better un-
derstand the partially melting mechanisms during the direct SLS
process of metal powders. Because SLS is a very rapid process,
the liquid layer and solid core of a partially molten powder particle
may not at thermal equilibrium and have different temperatures. The
mean temperature of a partially molten grain can be either below or
above the melting point, depending on the degree of melting. Thus,
the melting process is assumed to occur in a temperature range and
the degree of melting is function of temperature in the range. The
shrinkage phenomenon during the melting process is considered,
and the phase change is described using a temperature transform-
ing model. Liquid velocities induced by capillary and gravity forces
and solid velocities caused by shrinkage during the melting process
are also taken into consideration. Effects of laser beam intensity
and scanning velocity on temperature distribution, solid fraction
change, and the shapes of heat affected zone and molten pool will
be investigated.

II. Physical Model

A. Problem Description

Consider a powder bed with initial temperature 7;, which is lower
than the melting point, T, in a cavity with a size of xp X 2yp X zp
(Iength times width times height) as shown in Fig. 1. A Gaussian
laser beam scans the surface of the powder bed in the positive x di-
rection with a constant velocity u,. When the laser beam scans the
surface of the powder bed, a partial melting region is formed under
the laser beam. As will become evident later, the combination of the
laser intensity and scanning velocity must be carefully selected to
allow formation of the partial melting region. Inappropriate com-
bination of the laser intensity and scanning velocity may lead to
nonmelting or complete melting. After the laser beam moves away,
the partial melting region cools and resolidifies to form a densified
heat affect zone (HAZ). The problem under consideration is a typi-
cal moving heat source problem.?? Because the size of heat source
(on the order of 10~ m) is much smaller than the size of the pow-
der bed, the sintering process appears to be quasi-steady state from
the standpoint of the observer located in and traveling with the heat
source.'® Compared with the one-dimensional model” that consid-
ers heat conduction in the z direction only and the two-dimensional
model'® that considers heat conduction in the x and z directions,
conduction/convection heat transfer in all three directions is consid-
ered in this paper.

Because laser processing of metal powder is a very rapid process,
the liquid surface of a partially molten powder particle has a higher
temperature than melting point while the solid core has a temperature
below the melting point.>* Therefore, the mean temperature of a
partially molten particle is within a range of temperature adjacent
to the melting point, depending on the degree of melting. The liquid
infiltrates into the void in the unsintered region of the powder bed,
which affects the melting process and causes the density change. The
nonmolten cores of the particles cannot sustain the powder bed and
will move downward to cause shrinkage of the whole powder bed.

It is assumed in this paper that the degree of melting is less than
or equal to the initial porosity of the loose powder, under which con-
dition a constant porosity model can be applied. Under the constant
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Fig. 1 Physical model.

porosity model, the volume initially occupied by the gas is taken up
by the newly formed liquid. In other words, when certain volume
of liquid is formed, the same volume of the gas will be driven out
from the powder bed. Consequently, the powder bed volume con-
tinuously decreases during melting until all of the gas is driven out.
In addition the following assumptions are made during the melting
process.

1) The density, specific heat and thermal conductivities of both
liquid and solid phases of the powder material are the same and are
independent of the temperature.

2) The contribution of the gas to the density and heat capacity to
the powder bed is negligible.

3) The velocity of the solid induced by the shrinkage of the powder
bed is only in the z direction whereas the liquid flows in all three
directions.

B. Velocities and Fractions in Partial Melting Region

Once partial melting in the powder bed is initiated, the volume
initially occupied by the gas will be partially taken up by the liquid
because only solid can sustain the powder structure. The poros-
ity, defined as the total volume of void, including the volumes of
gas and liquid, relative to the total volume occupied by the solid
matrix and void volume [e = (Vy + V) /(V, + V, + V) = ¢, + ¢¢]
(Ref. 24), remains constant, whereas the volume of the bed continu-
ously changes because the gas is driven out by the liquid generated
during melting. In other words, the volume of the gas driven out
from the powder bed is equal to the volume of liquid produced dur-
ing partial melting to maintain a constant porosity. The shrinkage
accompanying the partial melting will induce a downward velocity
in the z direction.

Asdescribed in Sec. II. A, the constant porosity model is valid only
before the gas in the powder bed is fully driven out, that is, the solid
fraction f in the powder bed is less than or equal to 1 — & (Ref. 25).
This particular case is chosen because the ratio of solid and liquid
is sufficient to avoid the occurrence of the balling phenomenon.
The solid fraction f(T') varies from zero in the fully liquid region
and one in the unmelting solid region and is assumed to be linear
function of the local temperature 7' by

1, T <T;— AT
f=Ts+AT —T)2AT, T;—AT <T <T;+ AT
0, T >T;+ AT (1)

where 2AT is the temperature range of melting.

Because the porosity ¢ is a constant in the constant porosity
model, the volume fraction of unmelted solid, ¢, =1 — ¢, remains
unchanged during partial melting. According to the definitions of
the solid mass fraction, f = p,V;/(p,Vs + p,Ve), and the liquid vol-
ume fraction, @, =V, /(Vs 4+ V, +V,), the following equation can

be obtained:

oe=0-Ne/f =0-HA—-e)/f 2)

The liquid velocities must satisfy the following continuity equation:
0 (e + ¢ 9 (pswy

(wat o) Ly, (0w + (</;Z ) _ o 3)

Substituting ¢, = 1 — ¢ into Eq. (3), one obtains

3¢€ aws
— + V(o) +(1—¢) =0 4
at 0z

Darcy’s law is utilized to obtain the liquid velocities in three direc-
tions,

v — wik = (KK,¢/0er)(V pe + pegk) )

The permeability K is related to the diameter of the solid core d,
and porosity ¢ by the Carman—Kozeny equation (see Ref. 17),

2.3
d,e

K=—""
180(1 — ¢)2

(6)

The relative permeability K,, is equal to wf (Ref. 17), where v, is
the normalized saturation defined as

1// _ {(1// - 1//”)/(1 - l//ir')7 1// > 1)bz'r
B (2 V< Y @)
The capillary pressure is p.=[1.417(1 — ¥,) —2.12(1 — v,)* +
1.263(1 — .)°1y°/(¢/K) (Ref. 26), where the surface tension of

liquid metal, 3, is expressed as a linear function of temperature,
YO =yull =y (T = Tj)] (Ref. 17).

C. Energy Equation

The temperature transforming model, which combines the advan-
tages of the enthalpy model and equivalent heat capacity models,
is used to describe the heat transfer process during melting and
resolidification.?” The energy equation for the physical problem is

d 0
E[(W +@)CT1+V - (v, C,T) + E((ﬂstczT)

9 9
=V . (kVT) - {5[(% + )bl +V - (peveb) + g(wstb)}

(®)
The effective heat capacity can be expressed as
PpCps T <T;— AT
o= 4 PpCp+ pphse/2AT, T;— AT <T <Ty+ AT
PpCps T > Tf + AT (9)
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and b in Eq. (8) is defined as

0, T <T;— AT
b=141p,h, Ty — AT <T <T; + AT
ophses T >T;+ AT (10)

The thermal conductivity of the powder bed is calculated by

k=
ke, T <T;—AT
ke — ket
et + ‘MTe“ (T —T;+AT), T;j—AT <T <T;+AT
ke, T >T;+ AT (an

where k. is the effective thermal conductivity of the unsintered
powder bed. It can be calculated using the empirical correction
proposed by Hadley.?® When melting begins, the liquid infiltrated
between the unmelted cores of the particles and the contact area
is significantly increased. The thermal conductivity of the par-
tial melting region and resolidified part is, therefore, calculated
using

ke = (@e + @5)k)p 12)

Because the heating domain is much larger compared with the size
of the laser beam, the heat source in the center of the domain is far
away and has an insignificant effect on the sides and the bottom of
the domain. Thus, the boundary and initial conditions of the energy
equation can be described as

T  a,P x*+y? 474
—kg = o [— = |- .o (T*=T2) — (T —Ty)
(13a)
oT
— =0, z=1zp (13b)
0z
oT
o :07 X:O,XD (13(:)
dx
aT
— =0, y=0,yp (13d)
dy
T=T, t=0 (13e)
D. Dimensionless Governing Equations
When the following dimensionless variables
ol X, V, T-T
S R LR
R? R T, =T,
AT k ket
A6 = s K=—, Kot = —
T, — T, k, k,
C= (e +¢5)Ce _ (e + ¢5)b _ PeueR
IOCp C])(Tf - Tl) ’ ap((/]K + (05)
_ upR @R _ (pewe +@swy)R
Up=—=,  V=—rtZ S e e
ap ap((/)l +§0v) ap((/)i +(pv)
— p C:C[)(Tf_Ti) o Pa,
YmNETk’ phye " Rk,(Ty —T))
_hR _&o(Ty — T:)’R Iy
Tk T ERkT -y T T T
(14)

are defined, the energy equation (8) is nondimensionalized as

(€O IUCH) AVCH  IWCH)
U, 9X X + o7 + 07
a a0 a a0 a a6
= |\ K5 )+5\ K )+t K
X X aY aY 0Z d9Z
9B d(UB) d(VB) d(WB)
-1 Urax 15
{ ax T Tax Ty T ez } as)
where
(@e + @5), 6 <—A0
C =3 (0 + )1+ 1/25cA6), —A0 <T < A8
(@e + 9s)s 6> Ab (16)
0, 0 <—A6
B =1 (pe+¢)/28c, —A0<T <Ab
(@ +9)/Sc, 0> A0 (17)
K =
Kefﬁ 2] < — A0
K + {[(0¢ + @) — Kol /2A603(0 4+ AG), —AO<T < AO
(@ +9y), 0> A0 (18)

The dimensionless velocity of the mushy zone is calculated by the
dimensionless form of Eq. (5), that is,

eMay? e2MaB,y?
Vi — Wik = ¢ : <k (19
‘ J180(1 — &)y 180(1 — &)%Y

Equation (19) should satisfy the nondimensional continuity equa-
tion of the mushy zone, which can be obtained by nondimensional-
izing Eq. (4),

gy oW,

¥+V-((ng@)+(l—s) 57 =0 (20)

The boundary condition at the top surface of the powder bed
[Eq. (13a)] is nondimensionalized as

kP N pi-x? v - N[0 + N)* = (0 + N)']
aT b4
— Bi(6 — 6)
Z =5)(X,Y) 21)

The dimensionless form of the other equations can also be obtained
using the dimensionless variables defined in Eq. (14).

III. Numerical Solution

The melting and resolidfication problem governed by
Egs. (15-21) is a steady-state, three-dimensional, nonlinear prob-
lem. Because the locations of the solid-liquid interface and the sur-
face of mushy zone are unknown a priori, a false transient method
is employed to locate various interfaces. Steady-state solution is de-
clared when the temperature distribution and locations of various
interfaces do not vary with the false time. Equation (15) with the
false transient term can be solved by the finite volume method.?
The computational domain is the whole powder bed, and a block-
off technique®® is employed to simulate the existence of the empty
space created by shrinkage of the powder bed after partial melt-
ing. The density and thermal conductivity in the empty space are
set to be zero. The power-law scheme is applied to discretize the
convection/diffusion terms.

Because of axisymmetry with respect to the center plan, ¥ =0,
the velocity and temperature fields were calculated on only one side
of the center plan, Y > 0. The analysis of the sintering process in-
volves solutions of 1) the velocities and the volume fractions of
the solid particles, 2) the velocities and the volume fractions of the
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liquid, and 3) the temperature distribution and the location of the
surface of mushy zone, the solid-liquid interface, and the sintering
interface. Because Egs. (15), (19), and (20) are conjugated, an iter-
ative solution procedure with underrelaxation is employed, and the
underrelaxation factor is 0.2. The grid number used in computation
is 122 x 52 x 122 (in the X, Y, and Z directions, respectively), and
the false time step is 0.1. A nonuniform grid was used, that is, fine
grids near the heat source and coarse grid away from the center of
the laser beam.

IV. Results and Discussions

The porosity of the unsintered powder bed plays an important
role because the thermal properties of the powder bed depend on
the value of the porosity. For uniform-sized spherical particles, the
porosity is independent of the particle size but relates to only the
structural arrangement of the particles in the powder bed. For simple-
cubic (6 contact points), face-centered-cubic (8 contact points), and
body-centered-cubic (12 contact points) close-pack arrangements,
the porosities are 0.476, 0.32, and 0.26, respectively. For randomly
packed powder bed, the porosity is around 0.4 (Ref. 26). Therefore,
the initial porosity of the unsintered powder bed is set as 0.4.

To demonstrate the validity of the simulation code, numerical
simulation of temperature distribution for pure conduction in the
powder bed with a moving laser beam is performed to compare
with the analytical solution for the pure conduction in a semi-infinite
body with a moving point heat source,*

T, — T = (Pay/2mkeger) exp[—u(r + x)/2a] (22

When the dimensionless variables defined in Eq. (14) are used,
the dimensionless form of Eq. (22) can be rewritten as

N; (I —&)Up(R + X)
0+1=—— - 23
+ 2 KR exp|: 2K s @3

where R = /(X2 +Y?+Z?).

To simulate the conduction problem in the powder bed with a
moving point heat source on the surface, the Gussian distribution
laser beam is replaced by a top-hat (uniform distribution) laser beam
because the former one diffuses the energy in a wide circle. Thus, the
boundary condition in Eq. (21) is changed to the following equation:

90 N;, Z=0 V/X?24+Y2<1, >0
—Ker— =

aZ o, Z=0 VX2+YZ>1, >0 (24)

As can be seen from Fig. 2, the agreement between the numerical
and analytical solutions is very good, except for the area around
X =0. This deviation is caused by the difference between the two
heat sources used in the numerical and analytical models. The one

0.2
007 Ni=0.1 —— Numerical Solution
us=018 & e Analytical Solution
021 g=04
0.4 4
2
[==]

-0.6 A

-0.8

Fig. 2 Comparison between analytical and numerical solutions for
pure conduction.

used in analytical model is infinitesimal, whereas the one used in the
numerical model is of finite size. When the differences of the size
of the heat sources used in the numerical and analytical solutions
are considered, the overall agreement between the numerical and
analytical solution is good.

Numerical calculation is performed for sintering of AISI 304
stainless steel powder. Table 1 lists the material physical properties
for AISI 304.3"32 The range of melting temperature 2AT is related
to the properties of the material, heat flux, and heating time. Accurate
determination of the phase change temperature range can only be ob-
tained by modeling of the powder particle that goes through melting
and resolidification, which is under investigation. To demonstrate
the capability of the partial shrinkage model developed in this pa-
per, numerical simulation is performed using a range of the melting
temperature of 160°C. To minimize the balling effect and geometric
distortion (curling or delaminating), a preheated powder bed with
initial temperature of 380°C is used in the simulation, and the corre-
sponding subcooling parameter is S¢c =2.0. At lower intensity and
higher scanning velocity, the powders will not be sintered at all
or poorly sintered. On the other hand, at higher intensity and lower
scanning velocity, the entire powder will be liquefied and the balling
phenomena will appear. Because partial melting of the powder par-
ticle is desirable, selection of laser processing parameters must be
strict to ensure not complete but only surface melting of particles.
Therefore, the heat source intensity and the scan velocity at which
sintering occurs vary over a narrow range. To keep enough liquid—
solid ratio and sintering depth, the dimensionless intensity and the
scanning velocity are assumed to vary from 0.19 to 0.20 and 0.12
to 0.24, respectively, in the present study.

Figure 3 shows the surface temperature distribution of the powder
bed. The dimensionless intensity of the laser beam, N;, is 0.19 and
the dimensionless scanning velocity U, is 0.12. Note that the peak
temperature at the powder bed surface is near the trailing edge of
the laser beam rather than at the center of the laser beam due to

Table 1 Thermophysical properties of AISI 304

Property Symbol Unit Value
Density Py kg/m® 7200
Thermal conductivity kp Wm-K 149
Specific heat Cp Jkg-K  462.6
Melting point Ty K 1670
Latent heat of fusion hge kJ/kg 247

Viscosity I kg/s-m  0.05

Surface tension at melting point y N/m 1.943

Fig. 3 Three-dimensional surface temperature distribution on the
powder bed surface; N; =0.19 and Uj =0.12.
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motion of the laser beam. Because the thermal conductivity in the
molten pool is much larger than that in the unsintered zone, the
temperature changes smoothly in the molten pool, whereas sharply
in the unsintered zone near the molten pool. Figure 4 shows the
three-dimensional shape of the powder bed surface, molten pool, and
HAZ subjected to irradiation of a moving laser beam in the moving
coordinates system at the same condition of Fig. 3. The shrinkage
at the track of the center of the laser beam is most significant and a
groove is formed on the surface of the powder bed. In addition, the
depths of surface and HAZ decrease with the increasing X in the
laser scanning direction Y.

Figure 5a and 5b show the contour of solid fraction at the surface
of the powder bed and the X—Z plane in the same condition as Fig. 3.
The solid fraction in the liquid pool represents the mass fraction of
the unmelted solid in the total mass of the powder materials. In
the resolidified region that contains resolidified solid and the solid
core that did not undergo melting and resolidification, the solid
fraction represents the fraction of solid did not undergo melting and
resolidification. It can be seen from Fig. 5a that the solid fraction
contour is in a horseshoe shape. The solid fraction near the center of
the laser beam is lowest where the degree of melting is highest. As
required by the constant porosity model, the shrinkage at the center
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of the laser beam is also the most significant. As the result of the
laser scanning, what is left behind the laser beam on the surface of
the powder bed is a groove (Fig. 4) and the density of the HAZ at
the bottom of the groove is highest. The solid fraction contour in the
X—Z plane is shown in Fig. 5b. It can be seen that the solid fraction
near the surface of the heat affected zone is the lowest because the
degree of melting at the surface is highest.

Figures 6a and 6b show the cross-sectional shapes of surface,
molten pool, and HAZ at the X—Z and X-Y planes at N; =0.19.
Note that the depths of the surface and HAZ decrease and the molten
pool becomes narrower with the increasing scanning velocity be-
cause the interaction time between the moving heat source and the
powder surface is decreased when the heat source moves faster. In
the meantime, the whole molten pool moves toward the opposite
direction of the laser scanning as the scanning velocity increases.
Figures 7a and 7b show the contour of the solid fraction at the surface
of the powder bed and the X—Z plane at N; =0.19 and U, =0.24.
Compared with Fig. 5, the solid fraction contour shifts toward the
opposite direction of the laser scanning because of the enhanced
advection flow caused by the increasing scanning velocity. Because
the interaction time of the laser beam and powder bed surface short-
ens with the increasing scanning velocity, the degree of melting

a) X-Z plane

decreases, and so the curve with equal solid fraction near the center
of the laser beam, such as f; =0.72, is pushed inward.

Figures 8a and 8b show the cross-sectional shapes of surface,
molten pool, and HAZ at the X—Z and X-Y planes at N; =0.196.
Similar to the trend demonstrated in Fig. 6, the depths of surface,
molten pool, and HAZ decrease and the molten pool becomes nar-
rower with the increasing scanning velocity. The whole molten pool
shifts toward the opposite direction of the laser scanning as the
scanning velocity increases. The sintering depth increases with the
increasing laser intensity compared with Fig. 6. Because shrink-
age is assumed to occur in the Z direction only, the increase of
the depth of the molten pool is much more significant than the in-
crease of the molten pool width in the Y direction. Figures 9a and 9b
show the contour of solid fraction at the powder bed surface and the
X—-Z plane at N; =0.196 and U, =0.24. Compared with Fig. 7, as
the laser intensity increases, more solid is melted; thus, the curve
with equal solid fraction near the center of the laser beam, such as
fs =0.72, is pushed outward.

Figures 10a and 10b show the cross-sectional shapes of surface,
molten pool, and HAZ in the X—Z and X-Y planes at N; =0.2.
Trends similar to those shown in Figs. 6 and 8 can be observed in
Fig. 10. Figures 11a and 11b show the contour of solid fraction in
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Fig. 10 Cross-sectional shape of surface, molten pool, and HAZ; N; = 0.20.
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Fig. 13 Leading edges at different laser intensities and scanning
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surface of the powder bed and X—Z plane at N; =0.2 and U, = 0.24.
Compared with Fig. 9, as the laser intensity increases, more solid is
melted; thus, the curve with equal solid fraction near the center of
the laser beam such as f; =0.72 is pushed outward.

Figures 12 and 13 show the sintering depths and leading edge of
the molten pool with respect to the laser beam position (at ¥ =0)
for different scanning velocities and laser intensity. Note that the
leading edges and sintering depth increase with increasing laser
intensity or decreasing scanning velocity. At fixed laser intensity,
reduced scanning velocity leads to increased laser—powder interac-
tion time and ultimately results in greater sintering depth and farther
leading edge. On the other hand, when the scanning velocity, that is,
the laser—powder interaction time is fixed, increasing laser intensity
results in greater sintering depth and farther leading edges because
the amount of laser energy delivered to the powder bed is increased.
It can be seen from Figs. 12 and 13, because of the shrinkage effect,
the sintering depth moves faster than the leading edge does when
the laser intensity increases or scanning velocity decreases.

V. Conclusions

Three-dimensional sintering of single-component metal powder
by partial melting with a moving laser beam is investigated numer-
ically. Because the liquid and solid of the partially molten particles
during the sintering process is not at the same temperature, melting
during sintering is assumed to occur over a range of temperature
instead of a fixed point. Numerical simulation of sintering of AISI
304 powder is carried out, and a parametric study is performed.
The results showed that the laser intensity and scanning velocity

play important roles in the temperature distribution, the shapes of
the sintering depth, and the solid fraction distribution. Increasing
laser intensity resulted in the increments of the sintering depth and
the volume of the molten pool and the depth of molten pool moves
faster than the width of the molten pool because the shrinkage of
the powder bed enhances the heat transportation in Z direction. In-
creasing scanning velocity will decrease the depth of of the surface
and HAZ, narrow the molten pool, and shift the whole molten pool
in the opposite direction of the increasing laser scanning velocity
because the laser—material interaction time is shortened and heat
advection flow increases as the laser beam moves faster.
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