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Abstract 

     In order to get a better understanding of Selective Laser Sintering (SLS) process of the metal 
powders, three-dimensional modeling of laser sintering of a metal powder mixture that contains 
two kinds of metal powder with significantly different melting points under a moving Gaussian 
laser beam is investigated numerically. Laser induced melting and resolidification accompanied 
by shrinkage are modeled using a temperature transforming model. The liquid flow of the melted 
low melting point metal driven by capillary and gravity forces is also included in the physical 
model. Both complete and partial shrinkages are considered in the model. Simulations are 
performed for both single line laser scanning and multiple-line laser scanning. The numerical 
results are compared with experimental results and a detailed parametric study is performed. The 
effects of the moving heat source intensity, the scanning velocity, the thickness of the powder 
layer and the number of existing sintered layers underneath on the sintering depth, the shape of 
the heat affected zone (HAZ) and the temperature distribution are discussed. The optimized 
dimensionless moving heat source intensity increases with increasing scanning velocity in order 
to achieve the desired sintering depth and bond the newly sintered layer to the previously 
sintered layers.   
 

Introduction 
     Selective Laser Sintering (SLS) is a rapid prototyping/manufacturing technology that can 
build structurally-sound parts of near full density from powdered material via layer-by-layer 
sintering (for amorphous powder, such as polycarbonate) or melting (for crystalline powder, such 
as metal) induced by a directed laser beam [1]. Fabrication of metal part is very challenge task 
since the temperature required to bind the metal powder particles is much higher than that to bind 
the amorphous powders particles. During the SLS process, a thin (100 - 250 m thick) powder 
layer is laser-scanned to fuse the two-dimensional slice to an underlying solid piece, which 
consists of a series of stacked and fused two-dimensional slices. After laser scanning, a fresh 
powder layer is spread and the scanning process is repeated. Loose powder is removed after the 
part is extracted from its bin. The advantages of SLS over other gas-based SFF technologies 
include (a) the production rate is much higher, and (b) the over-hanging structures can be 
supported by the loose powders.  
 
     Direct SLS of metal powder is very complex and the specific metal powders used must be 
chosen carefully. One problem that encountered in the metal powder sintering process is the 
“balling” phenomenon, which is the formation of a series of spheres with the size approximately 
equal to the diameter of laser beam due to the surface tension. Another problem lies in achieving 
dimensional stability during the sintering process, which results from the shrinkage causing poor 
bonding between the scanning lines and layers. Two different metal powder systems have been 
developed by the researchers in order to solve the problems mentioned above. One is the single-
component powder approach which overcomes the “balling” phenomenon by scanning at very 
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high velocities with very small beam spot sizes [2], and the other is the two-component powder 
approach which uses two types of the metal powders possessing significantly different melting 
points [3, 4]. The high melting point powder remains solid in the sintering process and plays an 
important role as the support structure necessary to avoid “balling”. Solidification of the low 
melting point metal bonds the high melting point metal powder particles together to form the part 
layers. The particular material properties and methods of material analysis of the metal-based 
powder system for SLS applications are addressed by Storch et al. [5]. Effects of laser sintering 
processing parameters on the microstructure and densification of iron powder was investigated 
by Simchi and Pohl [6]. A case study on the development of direct metal laser sintering for rapid 
tooling was performed by Simchi et al. [7]. A thorough examination on direct SLS in addition to 
fundamental issues on SFF is addressed by Lu et al. [8].  Experimental studies of direct SLS 
have received many attentions [9-12]. Modeling approaches have been addressed more and more 
recently [13-14].  
 

A one-dimensional thermal model of melting of the two-component metal powder bed was 
presented by Mughal and Plumb [15], where a constant porosity model was developed and the 
liquid motion caused by capillary and gravity forces was considered but the shrinkage was 
neglected. Zhang and Faghri [16] analytically solved a one-dimensional melting problem in a 
semi-infinite powder bed containing a mixture of the powder subjected to a constant heat flux 
heating. Effects of the porosity of the solid phase, initial subcooling parameter and dimensionless 
thermal conductivity of gas were investigated. A two-dimensional steady-state laser-melting 
problem using an Alternative Direction Implicit (ADI) scheme with a false transient formulation 
was solved by Basu and Srinivasan [17]. A numerical simulation of the two-dimensional melting 
and resolidification of subcooled semi-infinite metal powder bed with a moving Gaussian heat 
source was presented by Zhang and Faghri [18]. Raman and German [19] investigated liquid-
phase sintering consisting of interconnected crystalline grains in a homogeneous matrix phase 
and gave a mathematical model for gravity-induced distortion in order to achieve the 
dimensional stability.  Kou and Wang [20] investigated three-dimensional convection in laser 
melted pools and the effect of surface tension temperature coefficient on the convection pattern 
and penetration of laser melted pools was demonstrated. A three-dimensional finite element 
simulation for temperature evolution in the SLS process was demonstrated by Kolossov et al. 
[21], where the non-linear behavior of thermal conductivity and of specific heat due to 
temperature changes and phase transformations were considered. A three-dimensional thermal 
model of SLS of two-component metal powder bed was presented by Zhang et al. [22], where 
the solid particle velocity induced by shrinkage of the powder bed and a liquid flow driven by 
capillary and gravity forces were taken into account.  
 
      The thickness of the computational domain perpendicular to the direction of the moving laser 
beam used in Ref. [22] was very large, which approximated SLS of the first layer of the metal 
powders. In the present paper, the sintering processes in a three-dimensional finite metal powder 
layer with adiabatic bottom or on top of multiple sintered layers are investigated. A partial 
shrinkage model of SLS of two-component metal powder is developed and the effects of partial 
shrinkage on the SLS process are addressed. In order to obtain the sound metallic bonding 
between sintered layers, the overlaps not only between vertically deposited layers but also layers 
at horizontal neighbors are considered. The effects of the porosity in HAZ, laser intensity, and 
laser scanning velocity speed the shape of the HAZ are investigated  
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Physical Models and Problem Statement 
Three different physical models of melting and resolidification in SLS process as shown in 

Fig. 1 will be studied in this paper. Fig. 1 (a) shows melting and resolidification in a powder 
layer with adiabatic bottom surface. A circular Gaussian laser beam moves at a constant velocity, 

bu , over the surface of a two-component metal powder layer. A moving coordinate system of 
which the origin is fixed at the center of heat source is employed. The initial temperature of the 
powder layer is below the melting point of the low melting point powder, mT .  As the laser beam 
interacts with the powders, the temperature of the powders is brought up to mT  then melting 
occurs. A liquid pool is formed under the laser beam and the molten metal infiltrates the 
unsintered powders driven by capillary and gravitational forces. A densified heat affected zone 
(HAZ) is formed after the laser beam moves away and the liquid pool resolidifies. The 
significant density change due to the shrinkage accompanying with melting is also taken into 
account. Figure 1(b) shows melting and resolidification of a loose powder layer on top of the 
multiple previously sintered layers. A single line scanning of the laser beam is considered, 
therefore, half of the physical domain is considered because of the symmetry. The overlap 
between the newly sintered layer and pre-deposited sintered layers underneath in order to obtain 
the sound metallic bonding is considered. The overlap between layers is defined as the ratio of 
the width of the liquid pool at the bottom surface of the fresh layer to that of the liquid pool at 
the top surface. Figure 1(c) shows the sintering process with the multiple-line scanning in a loose 
powder layer with multiple previously sintered layers underneath. During the SLS process, the 
position of the laser beam will be reset and begin to start another scanning line along X direction. 
The scan spacing determines the amount of overlap between adjacent lines. The value of overlap 
between lines is assumed to be 0.5 in this paper in order to get optimum bonding which aids 
densification. After the completion of the sintering process on X-Y plane, the sintered layer is 
lowered and a fresh layer of powders is allowed to be spread into the build zone in order to 
repeat the process.  The multiple-line scanning problems can be simplified into a single laser 
scanning by considering half powder layer which is orthogonal to the laser scanning direction 
has been sintered and resolidified. The half region in negative Y direction is not the layer of fresh 
powders but sintered due to the overlap. The initial top surface of the physical domain before the 
sintering process is not a flat surface for all cases again. The configuration of previous scan line 
at neighbor needs to be considered. The shape of the previous sintered region can be estimated 
by the regression of the HAZ shape in single scan line model with the same porosity and number 
of existed sintered layers below. Therefore, the physical domain will have different shapes of the 
top surface for different porosity, i.e., rate of shrinkage.  

 
     While the complete shrinkage model is assumed in the physical problem of Fig. 1(a), the 
partial shrinkage model is integrated into the physical problems of Figs 1(b) and (c). The loose 
powder bed contains high melting point powder (H), low melting point powder (s), and gas (g,s; 
gas in loose powder). The volume fraction of all components add up to unity, i.e., 

, 1H s g sϕ ϕ ϕ+ + = . Upon melting, the liquid pool contains high melting point powder (H), liquid 
( ) of low melting point component, and gas (g, ; gas in liquid region) and their volume 
fractions satisfies , 1H gϕ ϕ ϕ+ + = , which is also applicable in the resolidified region if ϕ  
represents volume fraction of the resolidified low melting point component. The porosity, ε , 
defined as volume fraction of void that can be occupied by either gas or liquid,  is equal to ,g sϕ  
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in the loose powder and it becomes ,gϕ ϕ+  after melting. If 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, i.e., , ,g s s gε ϕ ϕ ϕ= = + , 
which is referred to as constant porosity model [22,23]. If the volume fractions of high and low 
melting point powders before sintering satisfy ,/( )s H s g sϕ ϕ ϕ ϕ+ = , the powder bed can be fully 
densified ( , 0gϕ = ) under constant porosity model [22, 23]. On the other hand, if there is no 
shrinkage, one would expect that , ,g g sϕ ϕ=  and the porosity, ε , will increase since ϕ  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 developed, the different shrinkage rates during melting is represented by the volume 
fraction of gas in the liquid pool, ,gϕ .  
 

The problem is formulated using a temperature transforming model [24]. The governing 
equation and the corresponding boundary and initial conditions will be given in dimensionless 
form. 

          ( ) [( ) ] [( ) ]L b H s L s H s LC T U C T W C T
X Z

ϕ ϕ ϕ ϕ ϕ∂ ∂
∇ ⋅ − + + +

∂ ∂
V  

( ) [( ) ] ( ) ( ) [( )s s s sK T S S W S U S
Z X

ϕ ϕ ϕ ϕ ϕ ϕ
τ
∂ ∂ ∂⎧ ⎫= ∇ ⋅ ∇ − + +∇⋅ + − +⎨ ⎬∂ ∂ ∂⎩ ⎭

V  (1)     

where the dimensionless shrinkage velocity, sW , heat capacity, C , source term, S , and thermal 
conductivity, K , can be given by 
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(b) Single-line scanning of loose powder on existing sintered layers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Multiple line scanning of loose powder on existing sintered layers 
 

Fig. 1 Physical Model 
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                                    ( )s L HK Kϕ ϕ ϕ= + +                                                (7) 
where effK  is the dimensionless effective thermal conductivity of the loose powder region [18]. 
The dimensionless velocities of the liquid phase, V , can be obtained by Darcy’s law. The 
dimensionless equation of Darcy’s law is  

                       
3 2 3

22
( )

180(1 )180(1 )
e e

b s c
Ma Ma BoU W Pε ψ ε ψ

ε ψε ψ
− − + = ∇ +

−−
V i k k    (8) 

where the two parameters, Ma and Bo , in eq. (4-8) are defined as                          

                                     
µα

γ

H

pm d
Ma

0

= , 0
p

m

g R d
Bo

ρ
γ

=       (9) 

     The dimensionless capillary pressure, cP , in eqs. (4-8) can be calculate by [25].          
                        2 31.417(1 ) 2.12(1 ) 1.263(1 )c e e eP ψ ψ ψ= − − − + −     (10) 

     The normalized saturation, eψ , in eq. (4-8) is obtained by 

                                       
⎪
⎩

⎪
⎨

⎧

≤

>
−
−

=

ir
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ir
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e

ψψ

ψψ
ψ
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where ,i rψ  is the irreducible saturation. Equation (8) satisfies the dimensionless continuity 
equation of the liquid, which is obtained by  

                                       ( ) L
ϕ ϕ
τ

∂
+∇ ⋅ = Φ

∂
V        (12) 

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

                                                      
( )s s s s

b L
wU

X Z
ϕ ϕ ϕ
τ

∂ ∂ ∂
− + = −Φ

∂ ∂ ∂
                                (13) 
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( ) 0H sH H

b
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X Z
ϕϕ ϕ

τ
∂∂ ∂

− + =
∂ ∂ ∂

                                              (14) 

     The following relationship is valid in all regions  
                                                1Hs =ϕ+ϕ+ε                                                                            (15)                                

     Combined with eqs. (12-15), the volume production rate, LΦ , is obtained: 

                               ( )(1 ) (1 ) 1L b sU W
X Z

ε ε ε
τ

∂ − ∂ − ∂
Φ = − + − −⎡ ⎤⎣ ⎦∂ ∂ ∂

                        (16)  

     The volume fraction of the solid particles of the low melting point powder is determined by   

                                         
⎩
⎨
⎧
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stsi
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The corresponding boundary and initial conditions of eq. (1) is 
2 4 4
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     The location of liquid surface is related to the sintered depth with the assumption that the 
sintered layers are fully densitified, i.e.,  
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                          (21) 

     For the complete shrinkage, the porosity,ε , is constant. Then eqs. (16) and (21) can be 
simplified. N  is equal to 0 for the sintering process in the single powder layer.  
                          

Numerical Solution 
      The sintering problem specified by the governing eq. (1) is a three-dimensional, transient and 
nonlinear problem. The converged steady-state solution of eq. (1) with its corresponding 
boundary conditions in a moving coordinate system can be obtained by a finite volume method 
[26]. The conduction-convection terms are interpreted by the power-law scheme. The 
computational domain in the physical model has an irregular shape which includes the unsintered 
powders, liquid pool and resolidified region due to the shrinkage. The block-off approach [26] is 
employed to deal with the irregular geometric shape.  The thermal conductivity in the empty 
space created by the shrinkage is zero. The dimension in X  direction is large enough compared 
with the order of magnitude of the diameter of the moving laser beam in order to obtain the 
quasi-steady-state solution. The computation was carried out using a non-uniform grid in the X  
and Y  directions and uniform grid in the Z  direction. The dimensionless time step was 0.12 and 
the grid number used in the numerical simulation was 92 (37 ~ 72) (22 ~ 42)× × , depending on 
the width and thickness of the metal powder layer. Smaller time steps and finer grids and were 
also used in the simulation but no noticeable difference is found. The dimensionless phase-
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change temperature range, T∆ , is chosen to be 0.001 in order to simulate melting and 
resolidification occurring at a single temperature.   
 

Results and discussions 
Successful fabrication of metal parts requires a careful match between the surface properties 

of the two materials. The liquid phase low melting point material must wet the non-melting solid 
particles in order to fabricate full density parts. Identification of powder pairs with these 
characteristics is not trivial and hence specific materials are used here [18]. Simulations were 
conducted using a mixture of 40% nickel braze powder and 60% AISI 1018 carbon steel powder 
by volume. The initial porosity of the powder was chosen to be 0.42 based on a simple 
mass/volume measurement procedure by Zhang et al. [22]. The effect of the moving laser beam 
intensity, scanning velocity and the thickness of the powder layer, which are dominant 
parameters for a three-dimensional process, will be investigated numerically. The thermal 
properties of the AISI 1018 steel and nickel braze in the powder mixture are available in the 
reference [22]. The dimensionless parameters that are used in the numerical simulation are 
shown in Table 1.   

Table 1 Sintering parameters applied in the numerical simulation 

iB  41094.2 −×  RN  44.2 10−×  

Bo  3103.5 −×  Sc  38.1  

LC  1.07 T∞  -1.0 

gK  41038.5 −×  sε  0.4  

LK  0.2 siϕ  24.0  

Ma  0.1042  irψ  08.0  

gN  31019.1 −×  T∆  0.001 
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Fig. 2 Comparison of numerical and experimental solutions  

 
In order to validate the simulation results, the comparison between the numerical and 

experimental results was performed. The experimental result and corresponding processing 
parameters were obtained from Zhang et al. [22]. The dimensionless moving laser beam intensity 
is 0.0749 and corresponding dimensionless scanning velocity is 0.124. The comparison of the 
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cross-sections obtained by numerical simulation and experiment was shown in Fig. 2. The black 
area in the micrograph is a local void and the light area is sintered metal. It can be seen that the 
actual and predicted shapes of the HAZ are similar, but large degree of local porosity exists in 
the experimentally observed HAZ. Thicknesses of the sintered HAZ are greatest at the center of 
the beam and decreases with increasing y.  
 
SLS of Single Powder Layer 
     Figure 3 shows the three-dimensional configuration of the powder layer surfaces and HAZ 
produced by sintering with a moving laser beam. The space above the surface 0η  is void due to 
the top depression induced by the shrinkage of the powder layer. A liquid pool is generated by 
the moving laser beam and then resolidified after the laser beam moved away. The volume of the 
liquid pool is relatively small since the thickness of the powder layer is very small and then a 
relatively small magnitude of the laser beam intensity is applied. The three-dimensional 
temperature distribution on the surface of the powder layer at the quasi-steady-state during the 
sintering process is shown in the Fig. 4.  
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Fig. 3   Three-dimensional shape of the HAZ               Fig. 4 The surface temperature distribution  
               ( 25.0=∆ , 0.1bU = , 0125.0=iN )                            ( 25.0=∆ , 0.1bU = , 0125.0=iN ) 
 
Single-line scanning of loose powder on existing sintered layers 

The three dimensional shape of Heat Affected Zone (HAZ) sintered by a moving circular laser 
beam with respective to different volume fraction of the gas in the liquid pool with one existing 
sintered layer below for single laser scan line are shown in Figs. 5-7. The overlap between the 
liquid pool and existing sintered layers below are considered in order to bond the newly 
deposited layer with the existing sintered layers tightly. The shrinkage is smaller when the 
volume fraction of gas in the liquid pool increases. There is no shrinkage when the volume 
fractions of gas in the liquid pool and the loose powder are equal since the gas trapped in the 
void among the powder particles are not released. The higher moving laser beam intensity is 
needed for the sintering process with higher volume fraction of the gas in the liquid pool in order 
to obtain the same sintering depth. That is because the higher volume fraction of the gas in the 
liquid pool causes the smaller rate of the shrinkage and thicker existing sintered layers below. 
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Besides, the higher magnitude of the laser power is needed since the thermal conductivity of the 
existed sintered layers is much higher than that of the loose powder layer. 
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Fig. 5 Three-dimensional shape of the HAZ              Fig. 6 Three-dimensional shape of the HAZ 
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Fig. 7 Three-dimensional shape of the HAZ               Fig. 8 Three-dimensional shape of the HAZ 
( 25.0=∆ s , 0.15bU = , 1=N , , 0.42gϕ = )                        ( 25.0=∆ s , 0.15bU = , 1=N , , 0.0gϕ = )   
 
Multiple-line scanning of loose powder on existing sintered layers  

The optimum combinations of dimensionless laser beam intensity and scanning velocity are 
sought to obtain the expected sintering depth and the overlaps between the newly sintered layers 
and the existing sintered layers below. Before the frontier of the liquid pool reaches the expected 
sintering depth, the dimensionless laser beam intensity will increase by a little increment after 
the steady state is obtained for the given the dimensionless laser beam intensity and scanning 
velocity. The dimensionless laser beam intensity will not stop the increase until the required 
sintering depth and 50% overlap between HAZ and existing sintered layers underneath are 
obtained. The three dimensional shapes of the Heat Affected Zone (HAZ) with different ,gϕ  
with only one existing layer underneath for multiple laser scan lines are shown in Figs. 8-10. The 
scanning velocities are fixed at 0.15bU =  and the optimized laser intensity for each case is 
shown in the parenthesis in each figure.  The shrinkage is smaller when the volume fraction of 
gas in the liquid pool increases and there is no shrinkage when ,gϕ  is up to ,g sϕ . The laser beam 
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intensity increases with increasing ,gϕ  in order to obtain the same sintering depth and overlap 
since higher ,gϕ  causes the smaller shrinkage and thicker existing sintered layers underneath. A 
part of the initially overlapped region which is the resolidified region after previous scanning re-
melts again. Therefore, the neighbored scan lines can have a solid bond after the liquid metal 
resolidified again when the laser beam moves away.  
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Fig. 9 Three-dimensional shape of the HAZ            Fig. 10 Three-dimensional shape of the HAZ 
( 25.0=∆ s , 0.15bU = , 1=N , , 0.2gϕ = )                       ( 25.0=∆ s , 0.15bU = , 1=N , , 0.42gϕ = )        

 
Conclusions 

     Modeling of Direct Selective Laser Sintering of a two-component metal powder layer with 
the finite thickness is performed. The sintering process of a single loose powder layer and a loose 
powder layer on top of multiple existed sintered layers were investigated respectively. Overlaps 
between the newly sintered layer and pre-deposited sintered layers are considered in order to 
obtain the sound metallic bonding. The results indicate that the sintering depth and shape of HAZ 
significantly increases with increasing laser beam intensity and decreasing moving laser beam 
scanning velocity. The partial shrinkage model prescribes the varying volume fraction of the gas 
in HAZ which results in the different porosities between the powders and HAZ. The shrinkage 
will also be different due to the different porosity of HAZ.  
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Nomenclature 
Bi Biot number, / HhR k  
Bo  Bond Number, 0/p mgRdρ γ  
C    dimensionless heat capacity, 00 / HCC  

0C   heat capacity, pcρ , 3(J/m -K)  
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pc   specific heat, ( J/kg-K ) 

pd  diameter of the powder particle (m) 

g  gravitational acceleration ( 2/ sm  ) 
h     convective heat transfer coefficient, ( 2W/m -K ) 

sh    latent heat of melting, kgJ /  
 i unit vector in the x direction 

0I    laser intensity at the center of the laser beam, ( 2W/m ) 
 j unit vector in y direction 
k      thermal conductivity,  ( W/m -K ) 
k  unit vector in z direction 
K    permeability, or dimensionless thermal conductivity, Hkk /  

rK  relative permeability 
Ma  Marangoni number, )/(0 µαγ Hpmd  

iN    dimensionless laser intensity, 0 0
0 /[ ( )]a H m iI R k T Tα −  

RN    radiation number, 0 0 3( ) /e m i HT T R kε σ −  

tN   temperature ratio for radiation, )/( 000
imm TTT −  

p  pressure ( 2/ mN ) 

cP  dimensionless capillary pressure, )//( 0 Kp mc εγ  
R    radius of the laser beam at 1/e ( m )  
s     solid-liquid interface location ( m ) 

0s   location of surface ( m ) 

sts    sintered depth ( m ) 
Sc    subcooling parameter, 0 0 0( ) /( )L m i L sC T T hρ−   
T    dimensionless temperature, )/()( 0000

imm TTTT −−  
t     false time (s) 

0T   temperature ( K  ) 
bu   laser beam scanning velocity ( sm / ) 

bU   dimensionless scanning velocity, /b Hu R α  
 v velocity vector, u v w+ +i j k  
V  dimensionless velocity vector, / HR αv  
∀   volume ( 3m ) 

zyx ,,   coordinate, (m) 
ZYX ,, dimensionless moving horizontal coordinate, ( , , ) /x y z R  

Greek symbol 
α  thermal diffusivity ( 2 /m s ) 

aα  absorbtivity 
0γ  surface tension, )/( 2mN  
0
mγ  surface tension of the low melting point metal at melting point, )/( 2mN  
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δ  powder layer thickness, (m) 
∆  dimensionless powder layer thickness, / Rδ  

0T∆  one-half of phase-change temperature range ( K ) 
T∆   one-half of dimensionless phase change temperature range 

ε      porosity, ( ) /( )g g s H∀ +∀ ∀ +∀ +∀ +∀  

eε    emissivity of surface 
η    dimensionless location of the solid-liquid interface, /s R  

0η   dimensionless location of the surface, 0 /s R  

stη   dimensionless sintered depth,  /sts R  
ρ   density ( 3/ mkg ) 
σ    Stefan-Boltzmann constant, 8 2 45.67 10 /( )W m K−× -  
τ    dimensionless false time, 2/H t Rα  
ϕ  volume fraction 

LΦ  dimensionless volume production rate of the liquid 
ψ  saturation, /ϕ ε  
∇  dimensionless gradient operator, )/()/()/( ZYX ∂∂+∂∂+∂∂ kji  
Subscripts 
c  capillary 
g  gas(es) 
eff  effective 
H  high melting point powder 
i  initial 

 liquid or sintered region 
L  low melting point powder 
s    solid (unsintered region)             
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