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Abstract

A partial shrinkage model for selective laser sintering of a metal powder mixture that contains two kinds of metal powders with sig-
nificantly different melting points is developed. Laser-induced melting accompanied by partial shrinkage, liquid metal flow driven by cap-
illary and gravitational forces, and resolidification of the metal powder layer are modeled using a temperature transforming model. The
effect of volume fraction of the gas in the sintered region on the sintering process is investigated.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Selective laser sintering (SLS) of metal powder is a lay-
ered manufacturing method that creates solid, three-dimen-
sional objects by fusing powdered materials with a directed
laser beam [1]. Melting and resolidification are the mecha-
nisms to bond metal powder particles to form a layer of
part and to bond different layers together to form a func-
tional part. Fundamentals of melting and solidification
have been investigated extensively and detailed reviews
are available in the literatures [2,3]. Significant density
change induced by shrinkage accompanies melting in the
SLS of the two-component metal powders since the high
melting point powder alone cannot sustain the structure
of the powder layer. In addition, the liquid flow of the mol-
ten metal in the liquid pool due to capillary and gravita-
tional forces also needs to be considered.

Pak and Plumb presented a one-dimensional thermal
model of melting of the two-component powder bed, in
which the liquid flow driven by capillary and gravitational
forces is considered. Zhang et al. [5] developed a three-
dimensional thermal model of SLS of two-component
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metal powder bed and convection driven by capillary and
gravitational forces was taken into account. It was assumed
that all the gas initially in the powder bed is driven out
upon melting of low melting point metal powder and the
heat affected zone (HAZ) was fully densified. The thickness
of the powder bed used in Ref. [5] was very large, which
approximated the sintering process of the first layer with
the complete shrinkage. Melting and resolidification of a
3-D metal powder layer with a finite thickness heated by
a moving Gaussian laser beam was investigated numeri-
cally by Chen and Zhang [6].

Since the lifespan of the liquid pool in the SLS is very
short, the powder bed may not have sufficient time to
achieve complete shrinkage. The rate of the shrinkage in
the SLS process may be between the complete shrinkage
and no shrinkage. A partial shrinkage model of SLS of
two-component metal powder will be developed and the
effects of partial shrinkage on the SLS process will be
investigated.

2. Partial shrinkage model

The physical model of the problem under consideration
is shown in Fig. 1. A Gaussian laser beam scans the surface
of a two-component metal powder layer with a constant
velocity, u,. A coordinate system whose origin is fixed at
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Nomenclature
Bi Biot number, hR/ky Greek symbols
C dimensionless heat capacity, C° / C% o thermal diffusivity (m?s~")
Iy laser intensity at the center, (W/m?) 0y absorptivity
K dimensionless thermal conductivity, k/ky 4 dimensionless powder layer thickness, J/R
N; dimensionless laser intensity, o,/oR/[ky(T%— ¢ porosity
T?)] n dimensionless location of the solid-liquid inter-
Nr radiation number, ¢.o(T°, — T9)*R /ky face, s/R
N, temperature ratio for radiation, 7° /(7% — T9) o dimensionless location of the surface, so/R
R radius of the moving laser beam at 1/e (m) Mst dimensionless sintered depth, sy/R
s solid-liquid interface location (m) T dimensionless false time, o/ R*
So location of surface (m) ® volume fraction
St sintered depth (m)
T dimensionless temperature, (7°—T79%)/(T%—  Subscripts
) g gas(es)
Ty dimensionless surface temperature H high melting point powder
7° temperature (K) i initial
Uy, dimensionless heat source moving velocity, £ liquid or sintered region
up R/ oy L low melting point powder
\Y dimensionless velocity vector, vR/oy; s solid of low melting point powder
X, Y, Z dimensionless moving horizontal coordinate,
(x,»,2)/R
uy up to unity, ie., o+ @5+ ¢.s=1. Upon melting, the
T’ liquid pool contains high melting point powder (H), liquid
L1 (¢) of low melting point component, and gas (g, ¢; gas
¢i¢ in liquid region) and their volume fractions satisfies
y out @+ @g = 1; this relationship is also applicable in
the resolidified region if ¢, also represents volume fraction
////I////// LALAS > X of the resolidified low melting point component. The
\ porosity, ¢, defined as volume fraction of void that can
w unsintered powder be occupied by either gas or liquid, is equal to ¢, in the
2V /7 loose powder and it becomes ¢, + ¢, after melting. If

I

Low melting point powder

sintered region J \ liquid pool

High melting point powder

Fig. 1. Physical model.

the center of the laser beam is employed and the problem
appears to be steady-state in the moving coordinate system.
The initial temperature of the powder layer, T;, is below the
melting point of the low melting point powder, T,,. As the
laser beam interacts with the powders, the temperature of
the powders is brought up to 7,, and then melting occurs.
A liquid pool is formed under the laser beam and the melt
infiltrates the unsintered powders driven by capillary and
gravitational forces.

The loose powder bed contains high melting point pow-
der (H), low melting point powder (s), and gas (g,s; gas in
loose powder); the volume fraction of all components add

the volume of the gas being driven out from the powder
bed is equal to the volume of the liquid generated during
melting, the porosity of the powder bed before and after
melting will be the same, ie., ¢ = @gs= @5+ @z, Which
is referred to as constant porosity model [4,5]. If the vol-
ume fractions of high and low melting point powders
before sintering satisfy ¢o/(ou+ ¢@s) = @gs the powder
bed can be fully densified (¢4, = 0) under constant poros-
ity model [5,6]. On the other hand, if there is no shrinkage,
one would expect that ¢4, = @, and the porosity, &, will
increase because ¢, increases during melting. The complete
shrinkage under constant porosity model and no shrinkage
represent two extremes in SLS of two-component metal
powders. Under the partial shrinkage model to be devel-
oped, the different shrinkage rates during melting is
represented by the volume fraction of gas in the liquid
pool, @, .

The problem is formulated using a temperature trans-
forming model [7]. The dimensionless energy equation
and corresponding initial and boundary equations are
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where the dimensionless heat capacity, C, source term, S,
and thermal conductivity, K, and the dimensionless veloci-
ties of the liquid phase, V,, are available in Ref. [5,6] and
will not be repeated here.

The dimensionless continuity equation of the liquid is

%9, ; 09,

_U. L (o V,) =&
0. Uogy TV (oVe) = (6)
where @, is dimensionless volume production rate of
liquid.

Assuming shrinkage occurs in the z-direction only, the
continuity equations for the solid phase of the low melting
point powder and high melting point powder are

aq)s a(ps a(q)sws) _ 3

" Uy % + A Dy, (7)
0oy 0oy | O(@yw) _

o oz ®)
and the following relationship is valid in all regions
e+ (8 + Oy = 1 (9)

Adding Egs. (7) and (8) together and considering Eq. (9),
an equation about volume production rate is obtained:
ol —¢ ol —¢ 0

90,0 gy o)

Under the constant porosity model discussed in Ref. [6],

only the third term on the right-hand side of Eq. (10) was
present. Under the partial shrinkage model, the porosity, ¢,
is not constant and the first two terms on the right-hand
side of Eq. (10) are necessary. Since the shrinkage only
occurs at the interface between liquid pool and the unsin-
tered region, the velocity induced by shrinkage, W, is a
constant in z-direction within the liquid pool and is equal
to zero in the unsintered region. The velocity induced by
shrinkage in the liquid pool can be obtained by integrating
Eq. (8) and the result is

by = —

Z>S

0,
Ws =1 Loow, 11
{lf—xf*“(i—f—ubg—;), Z<S8 (11)

where ¢p; is initial volume fraction of the high melting
point powder, and & = ¢, + @4, is the porosity in the
liquid pool (including resolidified region).

The governing equations are discretized by a finite vol-
ume method [8] and solved numerically. The powder bed,
which includes unsintered powder, a liquid pool, and sin-
tered region, has an irregular shape since the upper surface
of the powder bed recedes due to shrinkage. A block-off
approach [8]is employed to deal with the irregular geomet-
ric shape and the thermal conductivity in the empty space
created by the shrinkage is zero. The computation was car-
ried out using a non-uniform grid in the X and Y-directions
and uniform grid in the Z-direction. The grid number used
in the numerical simulation was 168 x 37 x 22.

3. Results and discussion

The effects of the different volume fraction of the gas in
the liquid and resolidified regions, ¢, on the shape of
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Fig. 2. Three-dimensional shape of the HAZ and surface temperature
distribution (4 = 0.25, ¢y = 0.2, @y s = 0.42).
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Fig. 3. Effect of ¢, , on the HAZ.

HAZ are investigated. The initial porosity of the powder,
¢g.s, Was chosen to be 0.42 based on a simple mass/volume
measurement procedure by Zhang et al. [5]. The three-
dimensional shape of HAZ and corresponding surface tem-
perature distribution for ¢4, = 0.2 are shown in Fig. 2(a)
and (b), respectively. There is still gas remaining in HAZ
when the partial shrinkage occurs. The void space above
the top surface is generated due to the shrinkage of the
powder layer during melting. Fig. 2(b) shows the surface
temperature distribution of the powder layer. The temper-
ature at the top surface of the liquid pool is above the melt-
ing point of the low melting point powder and decreases
rapidly when the distance from the center of the laser beam
increases.

The effects of ¢,, on the shape and size of HAZ are
demonstrated using the longitudinal and cross-sections of
HAZ shown in Fig. 3. The cases of the complete shrinkage
(¢g,c=0), no-shrinkage (@,,=0.42) and partial shrink-
ages in between were investigated. For giving dimensionless

laser beam intensity and scanning velocity, the sintering
depth increases with decreasing ¢, 0. The size of the liquid
pool is also growing with decreasing ¢, ,, because lower
@g results in higher thermal conductivity in the liquid.
The largest sintering depth and size of HAZ are obtained
when ¢, , is equal to zero, i.e., the complete shrinkage. In
order to obtain the same sintering depth, the larger laser
power or lower scanning velocity are needed for larger
¢o,. The comparison between the numerical solution for
the complete shrinkage and experimental result was per-
formed by the authors [6]; the cross-section of the HAZ
in the simulation result approximately 20% was larger than
that of the experimental result because the HAZ was por-
ous in the experimental results. The cross-sectional area
of the HAZ predicted by using the partial shrinkage model
with ¢, ,=0.2 agreed very well with the experimental
results.

4. Conclusion

A partial shrinkage model for selective laser sintering of
the two-component metal powders is developed and the
effects of the volume fraction of the gas in the liquid or sin-
tered regions, ¢, on the shape and size of heat affected
zone (HAZ) were investigated. The results indicate that
the sintering depth and volume of HAZ significantly
increases with decreasing ¢, .
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