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Abstract

c

Melting and resolidification of a mixture of two
metal powders with significantly different melting points under irradiation of a stationary or a
moving Gaussian laser beam were investigated numerically and experimentally. The liquid motion
driven by capillary and gravity forces as well as
t he shrinkage of the powder bed caused by the
overall density change were taken into account in
the physical model. The liquid flow was formulated by using Darcy's law, and the energy equation was given using a temperature transforming
model. Predictions were compared with experimental results obtained with nickel braze and AISI
1018 steel powder. The effects of laser properties
and the scanning velocity on the laser sintering
process were also investigated. An empirical correlation that can be used to predict the of cross sectional area of the heat affected zone is proposed.
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NOMENCLATURE
a

A

Ac
Bi

major axis length of the ellipsoid laser
beam (m)
dimensionless major axis length of the
ellipsoid laser beam, a/ R
dimensionles.s cross section area
Biot number, hR/kH
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Bond number, Pt9R4h?n
dimensionless heat capacity, Co /Ck
heat capacity, pep (J/m3 K)
specific heat (J/kg °C)
diameter of the powder particle ( m)
gravitational acceleration (m/ s 2 )
convective heat transfer coefficient

R
s
so
Sat

latent heat of fusion (J/kg)
unit vector in x, y, z directions
thermal conductivity {W/m 0 G)
permeability (m2 ) or dimensionless
thermal conductivity, k/ kH
relative permeability
Marangoni number, t'/,..dp/(aHµ)
dimensionless moving laser beam
intensity, aaP/!1TRAkH(1! - J1')J
radiation number ,E:eu(7! - J1') 3 R/ kH
temperature ratio for radiation,

7!!(1! - 7?) 2

pressure {N/m }
laser power {W)
dimensionless capillary pressure,
Pel h~. Je!KI
radius of the laser beam or minor ax]s
length of ellipsoid laser beam (m)
solid-liquid interface location (m)
location of.surface {m)
sintered depth (m)

Sc
T

t

7°
v
V
'r/

x,y, z
X, Y, Z

subcooling parameter,
G'J,(J! -T()/(pLh.t)
dimensionless temperature,
(Yo -1!)/(~ -T()
time (s)
temperature (°C)
velocity vector, ui + vj +wk (m/s)
dimensionless velocity vector, vR/etH
Volume (m 3 )
coordinate (m)
dimensionless coordinate, (x, y, z)/ R

Greek letters
Cl
thermal diffusivity (m 2 / s)
Ck4
absorptivity
1°
surface tension, (N /m2 )
/
dimensionless surface tension, 1°l"f!
1!
surface tension of low melting point
metal at melting point, (N/m2 )
A7°
one half of phase change temperature
range (K)
AT
one half of dimensionless phase change
temperature range
£
porosity for unsintered powder ,
('rf9 + 'Vt)/C'/9 + 'v't + V. + \7'H)
Ee
emissivity of surface
T'/st
dimensionless sintered depth, sat/ R
µ
dynamic viscousity, (kg/ms)
p
density (kg/m 3 )
a
Stefan-Boltzmann constant,
5.67 x 10- 8 W/(m2 K 4 )
r
dimensionless time, ant/ R2
<P
volume fraction,
'rf/(V. + 'v't + V H + \7'9 )
il!L
dimensionless volume production rate
1/J
saturation, iptf e
\1
gradient operator,
+ j:v +

i:%

kgz

/\

\J

dimensionless gradient operator,

ifr + jfx + k/z-

Subscripts
c
g
H
i

l
L

m
s

v

capillary
gas(es)
high melting point powder
initial
liquid or sintered region
low melting point powder
melting point
solid particle of the low melting
point powder
vapor

INTRODUCTION

Selective Laser Sintering (SLS) is an emerging
technology of Solid Freeform Fabrication (SFF)
in which 3-D parts can be built from CAD data
(Beaman et al., 1997). The material used in
SLS includes amorphous (e.g. polycarbonate),
semi-crystalline (e.g. nylon), and crystalline (e.g.
metal) powder. The thermal models that are available in the literature are primarily concerned with
sintering of amorphous powders (Sun and Beaman, 1995; Williams et al., 1996; Kandis and
Bergman, 1997; Beaman et al., 1997). Since amorphous powder has little crystallinity and a near
zero latent heat of fusion, no phase change occurs during sintering. Some researchers simply
establish the thermal model 8SSociated with sintering of an amorphous powder as a pure conduction problem (Sun and Beaman, 1995; Williams et
al., 1996). Kandis and Bergman (1997) present an
experimental investigation and a numerical prediction of the sintering of polymer powder in a
square annulus with external heating and internal
cooling. Kandis et al. (1999) investigate sintering of a polymer powder bed under irradiation of
a stationary laser beam. The effect of the powder particle motion due to shrinkage phenomena
on the thermal phenomena is taken into account
in Kandis and Bergman (1997} and Kandis et al.
(1999).
SLS of metal powder involves fabrication of near
full density objects from powder via melting in-

duced by a directed laser beam (generally C02 or
YAG) and resoJidification. For sintering of metal
powder, the latent heat of fusion is usually very
large, and therefore melting and re.solidificat ion
phenomena have a significant effect on the temperature distribution in the parts and powder, the
residual stress in the part, local sintering rates,
and the final quality of the parts. A significant
change of density accompanies the melting process because the volume fraction of gas(es) in the
powder decreases from a value as large as 0.6 to
nearly "Lero after melting. In addition, the liquid
metal infiltrates into the unsintered region due to
capillary and gravity forces.
Bunnell (1995) and Manzur et al. (1996) propose the use of a powder mixture containing two
powders with significantly different melting points,
in which only the low melting point powder will be
molten and resolidified during the SLS process. In
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this process, the low melting point powder melts
and infiltrates to the unsintered region due to capillary and gravity forces. The solid particles of the
high melting point powder may also move downward because the high melting point powder cannot sustain the powder bed alone. It is very clear
that both liquid and solid in the powder bed have
their own velocities, and these velocities may have
a significant effect on the energy transport in the
powder bed.
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The modeling of SLS of metal powder is a very
challenging task. A thorough survey of the existing literature indicates that scant attention has
been paid to thermal modeling of the sintering of
metal powder. Shah (1994) experimentally investigated melting of a single column of solder particle
(eutectic Sn-Pb) held vertically inside a glass tube.
The problem is then formulated using an enthalpy
model and solved using a finite difference method.
Zhang and Faghri {1999) analytically solve a ID melting problem in a powder bed containing a
powder mixture under a boundary condition of the
second kind. The results show that the shrinkage effect on the melting of the powder bed is
not negligible. Zhang and Faghri (1998) numerically investigate 2-D melting and resolidification
of a two-component metal powder with a moving
Gaussian heat source. The shrinkage phenomena
induced by the overall density change is taken into
account. However, the liquid flow driven by capillary and gravity force is neglected in Zhang and
Faghri (1998}. Pak and Plumb (1997) present a
1-D thermal model of melting of two-component
powder bed. The liquid motion driven by capillary and gravity forces is considered, but the velocity of non-melting powder particle induced by
shrinkage is ignored.

Figure l: Physical model of the 3-D sintering of
two-component metal powder

PHYSfCAL MODEL
Probfem statement
The physical model of the problem is shown in
Fig. L A powder bed, which contains two powders
with significantly different melting points, with a
uniform initial temperature, '.Ii, below the melting
point of the low melting point powder, Tm, is in a
cavity with a size of XD x2yD x zo (length x width
x height). The coordinate system is also shown in
Fig. 1. For the cases of an expanded stationary
laser beam, the center of the elliptic Gaussian laser
beam is located at the center of the top surface of
the powder bed (x = 0, y = 0) with the major
axis of ellipse aligned with x axis. For the cases
of a moving laser beam, a round Gaussian laser
beam scans the surface of the cavity starting form
a point x = xo toward the positive direction of the
x axis with a constant velocity, Ut,. In practice,
the temperature of the powder bed is not allowed
to reach the melting point of the high melting
point powder and therefore only the low melting
point powder melts and resolidifies. As the laser
beam interacts with the powder, the temperature
of the powder increases to T.n which induces melting. The molten metal infiltrates the unsintered
region of the powder bed due to the driving forces
of capillarity and gravity. The infiltration of the

A 3-D thermal model of SLS of a metal powder bed that contains a mixture of two powders
with significantly different melting points will be
presented. in this paper. The liquid flow driven by
capillary and gravity forces and the solid particle
velocity induced by shrinkage of the powder bed
will be taken into account. The predicted results
are compared with experimental results obtained
with nickel braze and AISI 1018 steel powder. The
effect of the laser beam scanning velocity on the
sintering process will be discussed.
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ever, the liquid flow in all three directions is
taken into account (vt = Uti + vt,j + Wtk).

liquid metal affects the melting process, and from
the practical point of view, it can be very helpful
in producing fully densified parts (Bunnell, 1995).
The top surface of the melted powder bed recedes
since the low melting point material is molten and
the high melting point material alone cannot sustain the powder bed. After the laser beam moves
away, the liquid pool cools and resolidifies to form
a densified heat affected zone (HAZ). These zones,
formed by multiple laser scans, are subsequently
interwoven to form a layer part.
For the melting of a powder bed that contains
melting and non-melting powders, both a constant volume model (Mughal and Plumb, 1993)
and a constant porosity model (Pak and Plumb,
1997) have been employed to predict the transient
thermal response of the system. For the situation where the melting particles are significantly
smal1er than the non-melting particles, melting
particles can occupy the interstitial space between
the larger particles of non-melting material. The
volume of the powder bed is unchanged after the
low melting point particles change phase because
the skeletal matrix formed by the non-melting particles is able to support the powder alone. For
melting and non-melting powder particles with the
sizes of same order of magnitude (which is the
case for SLS of metal powder) the non-melting
powder's skeletal structure collapses after the low
melting point powder is liquidified. In this case,
the conservation of mass principles can be used
to show that the porosity of the powder bed remains constant (while the volume of the powder
bed shrinks; Pak and Plumb, 1997). In addition
to this constant porosity a5sumption, the following
assumptions are made:

4. The linear Darcy's law can be utilized to describe the liquid metal flow in the powder bed.
5. The pressure of the gas phase remains constant at one atmosphere.

Velocities and Volume Fractions
Since the system is symmetric about the (x, z)
plane, only half of the cavity (0 < y < YD) needs
to be studied. The liquid velocities must satisfy
the continuity. equation;
(1)

where ~i is the volumetric production rate of the
liquid due to melting.
Likewise, the solid low melting point powder
vanishes at the same rate, i.e.

(2)
The high melting point powder particles have
the same velocity as the particles of the low melting point powder particles. Therefore, the continuity equation for the high melting point material
is

(3)
The volume fractions of each species satisfies e+

cp,,+'PH = 1, where the porosity of the powder bed,

e, is defined as the total volume of void, including
the volumes of gas and liquid, relative to the total
volume of the powder bed. Adding eqs. (2) and
(3) and considering the volume fraction definition
along with the constant porosity assumption, one
can obtain:

l. The thermal properties of both powders are

independent of the temperature with exception of the surface tension of the low melting
point liquid metal, which is treated as a linear
function of temperature. The thermal properties of the low melting point powder are the
same for both solid and liquid phases.

(4)
The volume production rate is zero in all the regions except at the solid-liquid interface where the
phase change is taking place. The solid velocity is
zero in the unsintered region. In the melted region, <Jw,,/&z = 0. Therefore, the solid velocity in
the melted region is the same as the shrink velocity at the surface of the powder bed and can be

2. The contributions of the gas(es) to the density and heat capacity of the powder bed are
negligible (Zhang and Faghri, 1998,1999).
3. The velocity of the solid induced by the
shrinkage has only a component in the z direction (v,. = w 4 k; Kandis et al., 1999). How214

expressed as w. = oso/8t, Bo < z < s. The solid
velocity can be determined by integrating eq. (3)
and the result is (Zhang, 1998)

Wa

={

z>s
O'P$i OS
1-eot

z<s

(5)

The liquid Aow occurs in three directions, and
the velocities can be determined using Darcy's law

Vt - Wak

KKrt

= - - - (\i'Pt - Ptgk)
'/)Lµ

(6)

where the permeability of the porous medium, K,
can be determined by use of the Carman-Kozeny
equation (Kaviany, 1995):

K=

~£3

.,,

180(1 - €)2

(7)

The relative permeability, Krt. can be expressed
as Krt = 1/J~ (Pak and Plumb, 1997), where 1/Jc is
the normalized saturation:

Energy Equation

The temperature transforming model using a
fixed grid method (Cao and Faghri, 1990) is employed to de.5eribe melting and re.solidification in
the powder bed. This model is based upon the assumption that the melting and solidification processes occur over a range of temperatures from
(T.!-6T'l) to (T.! +67'>), but it can also be used
to simulate the melting and solidification processes
occurring at a single temperature by using a very
small value of 67'>. This model has the advantage
of eliminating the time step and grid size limitations that are normally encountered in other fixed
grid methods. In the fixed coordinate system, (x,
y, z), the energy equation is

8

&t { (r,oHG1, +('Pt+ <,Os)G2)]

= \J • (k \1 T°) - {

+ \7 ·(tptVtS°) +
(8)

Tl}

a
+ \J · (C.OtVLG21'1) + {)z [ws('f!Hci + <fJaC2)7'>]

:t [(r,ot + cp.,)So)

:Z (ip.w,S°)}

(10)
The heat capacity of the high melting point
powder is

Considering the constant gas phase pressure assumption, eq. (6) becomes

Vt -

KKrt
(
)
w$k = - \!Pc+ p1,gk
<fJtµ

(9)

The capillary pressure can be calculated. using the Leverett function expressed as Pc =
a (1/Je + bt 1° jifK, where a., b, and c are empirical constants with values of 0.38, 0.014, and 0.27
respectively (Pak and Plumb, 1997). The surface
tension of the low melting point liquid metal, ,0,
is expressed as a linear fonction of temperature,
[l _ 1 o'(T'l -1'!)].
1o =
IL can be seen that the liquid velocities are functions of the saturation, 1/J, which is related to the
liquid fraction, 'Pt. (i.e. 'Pt = 1/Je; Pak and Plumb,
1997). On the other hand, the solution of 'Pt from
eq. (I) requires the liquid velocities. Therefore,
the liquid fraction and the liquid velocities must
be ol>tainccl by solving eqs. (1) and (9) simultaneously.

(11)
The effective heat capacity of the low melting
point metal can be expressed as

IT>-~!> 6T>

IT° - T!I

~ 6.T'l
(12)

and

So

in eq. (10) is defined as

1'2i
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T'l - T.!"' < -6TJ

IT> -1!1 ~ 6T'l

(13)

1"-1! > t;,.TJ

The thermal conductivity of the powder bed is
calculated by

TJ-~

BT' /oz = o,

< b.J-0

or> /ox= o,

x=O,

XD

(16c)

TJ-~

f)'J'J /()y = 0,

y

= 0,

YD

(16d)

> b.T°

where, kef/ is the effective thermal conductivity
of the unsintered powder bed. It can be calculated using the empirical correlation proposed by
Hadley (1986). When the low melting point powder is molten, the contact area between the two
materials is significantly increased, and therefore
it is expected that the effective thermal conductivity of the mixture of low melting point liquid
metal (or resolidilied low melting point metal, in
the sintered region) and high melting point powder is higher than that before melting. The thermal conductivity of a liquid or resolidified part is
therefore calculated using

T' = T;1,

oz -

-c.ca [ T'

trR2 A exp

4
-

~

t

=0

(17)

Dimensionless Governing Equations
In order to reduce the dependent variables and
make the solution more general, the governing
equations and the corresponding boundary conditions should be nondimensionalized. The dimensionless forms of the energy equation is obtained
by nondimensionalizing eq. (11), i.e.

In the arrival of eq. (15), it is assumed the thermal resistance of the powder and the gas{es) is a
parallel arrangement, and the contribution of the
thermal conductivity of the gas(es) is neglected
since it is much smaller than that of both powders
(Zhang and Faghri, 1998, 1999).
The difference between the liquid and sintered
region is that the temperature of the latter is lower
than Tm., and it exists in the form of solid. It is
obvious that the low melting point material in the
sintered region cannot ftow because it exists in the
solid state. For the convenience of programming,
the volume fraction of the low melting point metal
is still represented by "Pt. and the summation of 'Pt
and cp9 holds constant, e, even in the sintered region. The viscosity of the low melting point metal
in the sintered region can be set as a very large
value so that a low melting point metal velocity of
zero can be achieved (Cao and Faghri, 1990).
The boundary and initial conditions of the energy equation are

. ffI'J _ o:.. P

(16b}

IT° - ~I ~ b.J-O
(14)

- k

Z= ZD

(18)
where the dimensionless velocities of the liquid
phase, which are calculated by the dimensionless
form of eq. (9)

c. 2 M aBOl/; 3
ck
t
&
JIBO( 1 - E)t/J
c
180( l - E) 2 1/J
(19)
satisfy the nondimensional continuity equation of
the liquid, which is obtained by nondimensionalizing eq. (l)
V - Wk =

c. M a1j) 3

e

oi.pt

"

'VP. +

"

·

. Or+'\! ·(cptVt) =<l>L

(20)

The boundary condition of eq. (18) at the top
surface of the powder bed is
- Kar= Ni exp [- (X - Xo - Ubr)

az

-NR [(T + Nt)'t - (T00
Z = So(X, Y)

2
[- (x - xo - ubt) _
a2
R2

Jl....]

2
_

y

2]

A2

+ Nt)4 ]

-

Bi(T-T00 ),

(21)
The nondimensional form of other equations can
be obtained using dimensionless variables defined
in the nomenclature {Zhang, 1998).

'J - h(T' - J!), z = so(x,y)
(16a)
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NUMERICAL SOLUTION
Equation (18) is a typical convection-diffusion

t

I

I

SULiooaty Luer Beam

equation which can be discretized by a finite volume method (Pata.nkar, 1980) and solved numerically. The simulation of the entire problem requires solutions of: ( 1) the velocity and the volume fraction of the solid phase of the low and
high melting point powder particles; (2) the velocities and the volume fraction of melted low melting point metal, and (3) the temperature distribution and the location of solid-liquid interface,
and the sintering interface. The solutions of the
above three subproblems are conjugated and an
iteration is needed. The outline of the solution
procedure can be found in Zhang (1998). The
powder bed (which includes unsintered powder, a
liquid pool, and sintered region) has an irregular
shape since the upper surface of the powder bed
recedes due to shrinkage that occurs in the sintering process. The computational region expansion
approach (Patankar, 1980) is employed in this paper to deal with the irregular geometric shape.
Since eqs. (18) and (20) are non-linear, iterations are needed. During the iteration process,
some underrela:xation is necessary. The relaxation
factor used here is 0.1 "' 0.2. In order to simulate
the melting and resolidification process occurring
at a single temperature, a very small dimensionless phase-change temperature range, !::J.T = 0.01,
is used in the calculation. The grid number used
in the numerical simulation was 72 x 37 x 37 {in
the x, y, and z directions) for stationary scanning
cases and 168 x 37 x 37 for moving laser beam
scanning cases. The dimensionless time step for
the cases with both stationary and moving laser
beam was t::.r = 0.05 "' 0.1 when the laser is on
and t::.r = 0.5 after the laser is shut off. A finer
grid (112 x 52 x 52 for stationary laser beam and
202 x 82 x 82 for moving laser beam) and a smaller
time step (t::.r = 0.01) were also used to simulate
some cases, but the difference in the predicted values of the dimensionless cross section area was less
than 0.53.
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Figure 2: Experimental apparatus for sintering of
metal powder
order to (1) fabricate full density parts and (2)
apply the model developed here. Identification of
powder pairs with these characteristics is not trivial (BunneJI, 1995) and hence specific materials
are used here. Unfortunately, the thermophysical
properties of the powders are not well-documented
and, as will become evident, some properties must
be estimated in order to predict the experimental
results.
Table 1 Size of the powder particles
nickel braze AISI 1018
45µ.m
Average diameter
68µm
Minimum diameter
20µ.m
61 µm
Max.mum diameter
93 µ.m
74µm
STD
15 µm
4.4 µm
Experiments were conducted using a mixture
of 403 nickel braze powder and 603 AISI 1018
carbon steel powder by volume. The shapes of
both powder particles are spherical and the size
distributions of both powder particles are listed
in Table 1. The experimental apparatus is shown
in Fig. 2. Two types of experiments were conducted: one using a stationary line source and the
other using a traversing circular beam. During the
tests, the powder was contained in a block of Plexiglas with a pocket machined into it with dimensions 76.2x 76.2x 19 mm {lengthxwidthxheight),
with the surface of the powder exposed to the atmosphere. Prior to laser irradiation, the powder
surface was leveled with a straight edge to obtain a smooth, fiat surface. The initial porosity
of the powder was determined to be 0.4 by a simple mass/volume measurement procedure.

EXPERIMENTAL APPARATUS ANO PROCE-

DURE
It is important to note that successful fabrication of metal parts requires a carerul match between the surface properties of the two materials.
Specifically, the liquid phase low melting point material must wet the non-melting solid particles in
217

To measure the transient temperature within
the powder, Teflon coated, 0.076-mm diame~
ter, chromel-alumel (K type) thermocouples were
strung across the test pocket at three different
depths (2.1, 4.3, 6.5 mm ± 0.25 mm), with the
thermocouple leads aligned parallel to the surface. A Pentium-based PC, with Keithley Metrabyte A/D and thermocouple boards, was used to
acquire and log three-thermocouple readings and
a voltage signal from the laser control computer.
The laser signal was acquired at 20 Hz, and used
to define the time the laser was turned on and
off, to within ± 0.05 seconds. The thermocouple
readings were acquired at 7 Hz, with an estimated
uncertainty of ±1.1°c.

RESULTS ANO DISCUSSION

Radiative coupling between the la.5er radiation
and the powder is a crucial effect to consider in the
modeling since it determines the amount of laser
energy delivered. to the material. The value of absorptivity is usually very low for most metals at
room temperature, but increases with an increase
of the target material temperature (Von AIJmen,
1986). Alternatively, the ab.$orptivity of liquid
metal is not a strong function of temperature, and
it is comparable to that of solid metals near their
melting points (Siegel and Howell, 1992). The effective absorptivity of the powder bed is expected
to be much higher than that of bulk metal since
the portion of the laser irradiation entering the
pore space of a powder bed is trapped. due to multiple reflections {Sun and Beaman, 1995). The
absorptivity of nickel braze bulk material is estimated by to be that of Inconel ('Ibuloukian, 1967)
because the two materials's components are similar. Likewise, the absorptivity of the high melting point powder material, AISI 1018 steel, can
be estimated from Brandes (1983). A~er a careful comparison and a trial and error procedure,
the absorptivity of the powder bed is taken to be
0.5; a value which provided predictions which best
agreed with the experimental results.

The irradiation was provided by a CW, 50 W
(maximum), C02 laser {Synrad 48-5) operating
at 10.6-mm wavelength with a Gaussian intensity
distribution. The actual laser power was measured using an Oriel model 70266 (S/N 30362)
laser power meter, positioned between the ZnSe
lens and the powder surface. For the stationary
line source tests, a right angle first surface mirror
and a 50.8-mm focal length, anti reflection coated
ZnSe cylindrical lens was used to transform the
round Gaussian beam into an ellipsoid Gaussian
beam. The size of the ellipsoid laser beam can
be adjusted by changing the separation distance
between the lens and surface of the powder bed.

Table 2. The sintering parnmeters applied in the
numerical calculation
2.94 x io- 4
Bi
Sc
1.38
Bo 5.30 x lo-"
Too -1.0
1.07
Xo 53.88
CL
5.38 x 10-·
Yo 26.94
Ka
KL 0.20
Zo 13.47
Ma 1042.0
E
0.40
1.19
x
io-a
0.24
NR
'Pai
1.31
NT
1/J;r 0.08

During the traversing circular beam experiments, the first surface mirror and cylindrical lens
were replaced by a laser beam positioning device
(Synrad, SH series Marking Head, model number SH3-370CH / 180), equipped with a 508 mm
focal length plan<rconvex ZnSe lens. Two different traversing speeds (I.32 mm/sand 2.65 mm/s}
were used. In both cases, the laser power was held
at 31 watts and the scan length was maintained
at 20 mm. The radius of the Gaussian beam measured at l/e 2 is 2 mm (or 1.41 mm at 1/e).

Thermal properties of the AISI 1018 steel are
not directly available in the literature. Therefore,
properties of AISI 1010 (Incropera and DeWitt,
1996) were used. The density and the melting
point of nickel braze are available from the manufacturer (Wall Colmonoy Corporation, 1997). Values for thermal conductivity of nickel braze can be
obtained from Touloukian (1967) while the specific heat of nickel braze was taken to be the
weighted average of the specific heats of individual components (which are available from Brandes, 1983). The latent heat of melting can be

For both stationary and traversing experiments,
the solid heat affected zone formed by l~er irradiation was extracted and mounted in Bakelite. The
mounted specimens were sectioned in the desired
location and polished for examination. Cross sections were photographed using a Nikon Metaphot
reflected light microscope with a spatial resolution
of 0.S µm.
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derived from the latent heats and melting points
of the individual components (Brandes, 1983) and
the result is h 6 t = 3.774 x l0 5 J/kg. Viscosity
and surface tension for the liquid nickel braze
are µ = 5.474 x io- 3 kg/sm and 1 = 1.207 1.802 x io- 4 (T-1271)N/m, which were obtained
from semi-empirical equations in Iida and Guthrie
(1988), Bunnell {1995), and Brandes (1983). Finally, the irreducible saturation, 1/Jir. was taken
to be 0.08 (Kaviany, 1995). The dimensionless parameters that are used in the numerical simulation
are listed in Thble 2.

(d) Expet'imcnt. A=2.90

Figure 4: Comparison of the cross section area
obtained by numerical simulation and experiment
(stationary laser beam)

In order to view the shape clearly, the cross section of the HAZ at x = 38. l mm is plotte.d in Fig.
4(a). A micrograph of the cross section at x = 38.1
mm is shown in Fig. 4(b) for comparison. The
black area in the micrograph is a local void and
the light area is sintered metal. The shape of HAZ,
averaged locally in the x direction, corresponds to
the outer boundaries of the dark region. It can be
seen that the actual and predicted shapes of the
HAZ are similar, but the local boundaries of the
sintered and unsintered areas are somewhat different. The boundary between the sintere.d and unsintere.d regions is smooth and clear for the numerical result bu·t it is not clear for the experimental
result. A large degree of local porosity is evident
in the actual piece. The mophological differences
between the pre.dictions and experimental results
may suggest that there is a mushy zone between
the sintered and unsintered region because the low
melting point liquid metal and the solid particles
may not be in thermal equilibrium in such a rapid
process. Another possibility is that the continuum
medium assumption may not be very good because
the diameter of the laser beam is only two order
of magnitude greater .than the particle diameter.
Further efforts will be nee.ded to reveal the cause

Numerical simulations were performed under
conditions corresponding as closely as possible to
those of the experiments. Numerical results were
obtained in dimensionless form and were subsequently converted to dimensional form in order to
compare with the corresponding experimental results. Fig. 3 shows the 3-D shape of the powder
bed surface and HAZ after irradiation of a stationary ellipsoid laser beam using a power of 36.SW
and a processing time of 7.4 s. The minor axis
of the ellipsoid laser beam (define.d as the radius
where the intensity of the beam is 1/e of the centerline intensity) is l.4 mm. The ratio of the major axis over minor axis of the ellipsoid laser beam,
A, is 3.95. It can be seen that the top depression
of the HAZ is ellipsoid, which corresponds to the
shape of the laser beam. Thicknesses of the sintere.d HAZ (in the z direction) are greatest at the
center of the beam and decrease with increasing x
and y .
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of the non-smooth boundary between sintered and
unsintered regions.
Fig. 4 (c) and (d) show the numerical and experimental HAZ cross sections for different operational conditions (P = 28.5W,A = 2.9,t. = 7.4s).
Basically, the characteristics of the numerical and
experimental results are similar t.o those at the
higher laser power and longer major axis of the
laser beam. Since the laser intensity at the center
of the laser beam is nearly the same, the differences in the cross sectional area are not significant
for these two cases. The temperature histories at
three different depths at x = y = 0 for the preceding two cases are shown in Fig. 5(a) and (b). It
can be .seen that the agreement between numerical
and experimental results is excelJent.

o o o Experimeotal
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200

..-...150

.

t:,)

........

f-

100

x=38.l mm
y=O.O mm
10

20

30
t (s)
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(a) A=3.95

o o o Experimental

- - Numerical

The SLS with a moving laser beam was investigated since it corresponds to the real process. Fig.
6(a) shows the predicted shape of the sintered region in three different cross sections. The laser
beam starts to scan the powder bed from x = 28.l
mm and beam irradiation is curtailed at x = 48.1
mm. It can be seen that the shape and size of the
cross sections at the three different x are similar.
This suggests that the quasi-steady state has been
achieved when the laser beam travels to x = 34.1
mm. Fig. 6(b) shows three cr05S sections corresponding to the numerical results in Fig. 6(a).
It can be seen that the shapes of the numerical
results agree fairly well with the experimental results. As can be seen from Fig. 6(b), some voids
can be observed in the cross section of the sintered
part. Again, this phenomenon was not observed in
the numerical results because the porosity of the
powder bed was assumed to remain constant in
the process. However, the predicted and measured
total volume of powder sintered in the process is
very close.
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oo---~~----~__._~~~~~~~--.._~__,
10
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30
'40
50
60
t (s)
(b) A=i.90

Figure 5: Comparison of temperature histories obtained by numerical simulation and experiment
(stationary laser beam)

Fig. 8 shows the top and bottom of the HAZ for
different scanning velocities at y = O. For the slower
scanning case, the sintered depth reaches its maximum value at x = 3lmm, which is about 3mm
beyond the starting point of scanning, and the sintering depth remains unchanged until x = 47mm
(Imm before the stopping point of the )aser scan).
For the £aster scanning case, the sintering starts at
a slightly larger x. The variation of the sintering
depth with x is similar to that of slower scanning
case. Fig. 9 (a) and (b) show the comparison of
the temperature history obtained numerically and
experimentally. The agreement between the numerical and experimental results is very good.

In order to investigate the effect of the laser
beam traversing velocity, numerical simulations
and experiments were performed for a fast scanning velocity. The resu)ts are shown in Figs. 7(a)
and {b). As expected, the sintered region is significantly smaller than that in Fig. 6. Like the case
with slow scanning velocity plotted in Fig. 6(a),
the predicted shape and size of the cross sections
is almost the same for three different x.
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Figure 7: Comparison of the cross section area
obtained by numerical simulation and experiment
(moving laser beam: A = 1.0, Ni = 0.0749, U0 =

Figure 6: Comparison of the cross section area
obtained by numerical simulation and experiment
(moving laser beam: A = LO, N;. = 0.0749, U0 =

0.248)

0.124)

Ni

.4.: = l. 79 Uo + 0.557Ub -

The variation of dimensionless HAZ cross sectional area with the dimensionless laser intensity
at two different scanning velocities is shown in
Fig. lO(a). The predicted and measured dimensionless cross sectional areas were obtained by
Ac= 2J0Y 0 111.,i(Xv/2, Y) -11o(XD/2, Y))dY and
by measuring the sintered area (i.e. light area in
photos such as those in Fig. 6 and 7), respectively. As can be seen, both predicted and measured Ac vary linearly with Ni. The predicted cross
sectional areas are in general smaller than the measured values. Considering the uncertainty in the
absorptivity and the thermal properties of both
powders, as well as the uncertainty in measuring
Ac, the agreement between the predicted and measured Ac is very good. Based on the experimental
results in Fig. lO(a), an empirical correlation of
Ac is proposed:

I

I

0.292

(22}

Comparison of experimental results and eq. (22)
is shown in Fig. lO(b). The difference between
the measured A.: and eq. (22) is I~ than 15%.
Of course, a 9ifferent correlation would result if
different materials are used.
CONCLUSION
3-D sintering of two metal powders with signifi-

cantly different melting points with stationary and
moving laser beam has been investigated numerically and experimentaJly. The shrinkage of the
powder bed due to the density change and the liquid flow driven by the capillary and gravity forces
were taken into account. Experiments with nickel
braze as the low melting point powder and AISI
1080 steel powder as the high melting point powder were performed. The numerical simulation
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Figure 8: Effect of the scanning velocity on the
cross sections at y=O (moving laser beam: A =
1.0,N, = 0.0749)
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and experiment were performed for both a stationary elliproid laser beam and a moving round
laser beam. The temperature histories obtained
by the numerical simulation and the experiment
agreed very well. The boundary between sintered
and unsintered powder was clear for numerical results but it was not clear for the experimental results, which may be caused by a non-equilibrium
state existing between the low melting point liquid metal and the solid particles at the boundary.
The effects of laser properties and scanning velocity on the SLS process were also investigated. An
empirical correlation of the cross section area of
the HAZ was proposed.
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Figure 9: Comparison of temperature histories obtained by numerical simulation and experiment
(moving laser beam: A = 1.0, Ni = 0.0749)
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