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A B S T R A C T

Structure and properties of components made by the powder bed fusion (PBF) additive manufacturing (AM) are
often optimized by trial and error. This procedure is expensive, time consuming and does not provide any
assurance of optimizing product quality. A recourse is to build, test and utilize a numerical model of the process
that can estimate the most important metallurgical variables from the processing conditions and alloy properties.
Here we develop and test a three-dimensional, transient, heat transfer and fluid flow model to calculate tem-
perature and velocity fields, build shape and size, cooling rates and the solidification parameters during PBF
process. This model considers temperature dependent properties of the powder bed considering powder and
shielding gas properties, packing efficiency and powder size. A rapid numerical solution algorithm is developed
and tested to calculate the metallurgical variables for large components fabricated with multiple layers and
hatches rapidly. Part I of this article describes the model, solution methodology, powder bed properties, and
model validation. The applications of the model for four commonly used alloys are presented in part II.

1. Introduction

In laser-assisted powder bed fusion (PBF) process, parts are built by
progressively melting thin layers of alloy powders by a laser beam [1].
Structure and properties of these components are affected by the me-
tallurgical variables such as transient temperature fields, cooling rates
and solidification parameters. These metallurgical variables depend on
process parameters such as laser power, wavelength, power distribu-
tion, travel speed, layer thickness, hatch spacing, powder shape and size
and the alloy used [1]. Currently, the structure and properties of the
components are often optimized by trial and error without any guiding
scientific framework. This method is expensive, time consuming, and
provides no assurance of achieving the desired product attributes [2,3].
A recourse is to develop, test and utilize theoretical models that enable
users to specify various additive manufacturing (AM) process para-
meters and alloy properties to obtain the important metallurgical
variables such as the transient temperature fields, cooling rates and
solidification parameters. In short, when adequately tested with ex-
perimental data, these models help to fabricate defect free, structurally
sound and reliable components based on scientific principles.

Several attempts have been made to calculate important me-
tallurgical variables in PBF. Finite element based heat conduction
models [4,5] can calculate temperature fields, build shape and size,

cooling rates and solidification parameters. However, these models
neglect the effects of the convective flow of liquid metal inside the
molten pool driven by the surface tension gradient on the top surface of
the pool. Since convection is the main mechanism of heat transfer
within the liquid pool, such calculations result in erroneous tempera-
ture gradients, unrealistic cooling rates and solidification growth rates.
Manvatkar et al. [6] showed that the cooling rates are overestimated by
a factor of two when the molten metal convection is ignored during
laser-assisted direct energy deposition. Heat transfer and fluid flow
models [7,8] are computationally intensive and various simplifications
are often made to make them tractable. Careful consideration of ther-
mophysical properties of the powder bed taking into account powder
size and/or packing efficiency is needed to correctly simulate experi-
mental results. Powder scale models [9–12] using level set method or
volume of fluid method consider both molten metal convection and
correct powder bed properties. However, these models are computa-
tionally intensive and often restricted to two-dimensional calculations.
In addition, they have not been applied to examine the manufacture of
real components with multiple layers and hatches.

Here, we develop and test a three-dimensional, transient heat transfer
and fluid flow model for multiple layers and hatches PBF process. The
model solves the equations of conservation of mass, momentum and en-
ergy in transient, three-dimensional form. These governing equations are
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discretized using control volumemethod in a solution domain that consists
of the substrate, powder bed and solidified build. Effects of the molten
metal convection are considered in the calculations. The temperature de-
pendent thermo-physical properties of the powder bed are calculated
considering the size of the powder and packing efficiency of the powder
bed. A traveling grid system along the direction of scanning has been
developed to achieve high computational efficiency while limiting
memory requirements for the simulation of large transient problems in
builds involving multiple layers and hatches. The calculated results are
compared with independent experimental data.

Due to the complexity of the problem and the applicability of the
traveling grid algorithm to save computational time and memory re-
quirements in large related three-dimensional transient problems, the
work is divided into two parts. In this paper (part I) the development of
the model, discretization of the governing equations, calculation of
powder bed properties and the development and testing of a compu-
tationally efficient solution technique are presented. In an accom-
panying paper (part II) the application of the model to laser-assisted
PBF of four commonly used alloys, stainless steel 316, Ti-6Al-4V,
Inconel 718 and AlSi10Mg are discussed.

2. Numerical heat transfer and fluid flow model

The solution domain consists of the substrate, powder bed and
multi-layer multi-hatch build as shown in Fig. 1. The scanning, hatching
and building directions are indicated by X, Y and Z, respectively. For
simplicity, unidirectional scanning strategy is used where the laser
beam travels only along the positive X-direction for all layers and
hatches. After a particular hatch is completed, the laser beam shifts
along the positive Y-axis by a distance equal to the hatch spacing. After
the completion of all hatches in a particular layer, the laser beam shifts
along the positive Z-axis by a distance equal to the layer thickness since
the powder bed is lowered by the same distance in the actual process.
The same process continues until all hatches and layers are completed.
Heat transfer calculations are done in the entire solution domain.
However, fluid flow calculations are restricted inside a smaller domain
containing the molten pool and its adjacent regions to save the total
computational time.

2.1. Assumptions

The following simplifying assumptions are made to make the com-
putational work tractable.

(a) Densities of powder, solid and liquid alloys are assumed to be

independent of temperature except for the calculation of the
buoyance force. This assumption is known as the Boussinesq ap-
proximation and is widely used in the calculations of buoyancy
driven flow [2,13].

(b) The surfaces of the growing layers and hatches are assumed to be
flat.

(c) The liquid metal flow is assumed to be incompressible and
Newtonian. The turbulent flow in the molten pool is considered
through the use of the enhanced thermal conductivity and viscosity
of the liquid metal [14].

(d) The loss of alloying elements due to vaporization [15] and its ef-
fects on both heat loss and composition change are not considered
in the calculations.

2.2. Governing equations and volumetric heat source

The heat transfer and fluid flow model is applied in a 3D Cartesian
co-ordinate system and it solves the equations of conservation of mass,
momentum and energy [15–18] to calculate enthalpy, three compo-
nents of velocity and pressure.

By dividing the total enthalpy into the sensible heat and the latent
heat of fusion, the energy conservation equation is written as:
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where h is the sensible heat, t is the time, α and HΔ are the thermal
diffusivity and the latent heat of fusion of the alloy, respectively, ui and
xi are the velocity components and the distance along the i direction,
respectively and Sv is the source term to account for the volumetric heat
source. In PBF-AM, the laser beam undergoes multiple reflections inside
the powder layers [1]. Therefore, a 3D volumetric heat source is con-
sidered here. The heat source is characterized by the laser power (PL),
laser beam radius (rb) and a power distribution factor (d):
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where xb and yb are the X and Y distances from the axis of the laser
beam, respectively and λ is the powder layer thickness. The distribution
factor, d varies between 1 and 3 depending on the spatial distribution of
the power of the laser beam on a particular XY-plane [1]. The higher
the distribution factor, the higher the peak power. The distribution of
the laser power is uniform along z-direction throughout the powder
layer thickness and ∊ is the heat absorption coefficient. The absorption
co-efficient is high inside the powder layer due to the multiple reflec-
tions of the laser beam. For example, a value of ∊ = 0.7 was reported for
stainless steel 316 [1]. However, as the powder melts the absorption co-
efficient drops to the Fresnel absorptivity, which is 0.3 for stainless steel
316 irradiated by a Nd-YAG laser [1].

Velocities of the metal inside the molten pool are calculated by
solving the following momentum conservation equation.
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where ρ and μ are the density and the viscosity of the alloy, respec-
tively, ui and uj are the velocity components along the i and j directions,
respectively and Sj is the source term for jth momentum conservation
equation. Spatial gradient of the pressure field is responsible for the
generation of the convective flow of liquid metal inside the molten
pool. The following continuity equation is solved in conjunction with
the momentum conservation equation to obtain the pressure field.
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x

0i
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The driving forces of the molten metal convection include the sur-
face tension gradient on the top surface of the pool and the buoyancy

Fig. 1. Schematic of the solution domain consisting of substrate, powder bed
and build. X, Y and Z directions represent the scanning, hatching and building
directions, respectively.
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(gravitational) force [18]. The force due to the surface tension gradient,
Marangoni force, is applied as a boundary condition to the momentum
conservation equation. The source term in the momentum conservation

equation consists of the spatial gradient of pressure field ∂
∂( )P

xj
as well as

the buoyancy force (Fj
b),
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Liquid metal flow inside the mushy zone is considered as the flow
through a porous medium (according to the Carman-Kozeny equation
[19]) where the solids are in the dendritic cell structure. The liquid
fraction (ϕ) in the mushy zone is assumed to vary linearly with tem-
perature between the solidus (TS) and liquidus temperatures (TL) of the
alloy [20].
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The pressure gradient responsible for the u velocity is applied as a
source term in the momentum conservation equation and is represented
as [21,22]:
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where δ is the dendritic cell spacing in microns, μ is the viscosity of the
liquid metal and C is a very small computational constant introduced to
avoid division by zero. Similar mathematical expressions are also used
for v and w velocities.

2.3. Boundary conditions

At the surfaces of the solution domain, heat exchange takes place
between the build and substrate and their surroundings.
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where k is the thermal conductivity which is represented by ke and kS
for the solid build and substrate, respectively, σ is the Stefan-Boltzmann
constant (5.67×10−8Wm−2 K−4), ε is the emissivity, TA is the am-
bient temperature and hc is the convective heat transfer coefficient.

The convective flow of the molten metal is largely driven by the
Marangoni force [17,18] generated due to the surface tension variation
on the top surface of the molten pool resulting from the spatial gradient
of temperature. On the top surface of the molten pool, the temperature
gradient has two components along X and Y directions i.e. Gx and Gy
respectively. Therefore, the Marangoni shear stresses [18,23,24] along
X and Y directions on the top surface of the molten pool can be written
as,
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where μ is the viscosity of the liquid metal. The surface tension of the
liquid metal (γ) depends both on temperature and alloy composition.
Most commonly used alloys that do not contain any surface active
element have a negative value of dγ dT/ [1].

3. Numerical solution

3.1. Thermo-physical properties

A powder bed consists of both alloy powder particles and the
shielding gas within the interparticle space. Therefore, effective

thermo-physical properties of the powder bed depend on both alloy as
well as shielding gas properties, size of the powder particles and
packing efficiency of the powder bed. The effective density (ρe) and
specific heat (Cpe) of the powder bed are written as [25]:
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where η is the packing efficiency of the powder bed, ρs and ρg are
densities of the solid and gas, respectively and Cps and Cpg are specific
heat of the solid and the gas, respectively. The effective thermal con-
ductivity of the powder bed (ke) is calculated following the work by
Rombouts et al. [26]:
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where kg is the thermal conductivity of the gas in W/mK, N is the co-
ordination number and L is a ratio of a constant and powder particle
diameter. The value of the constant depends on the shielding gas type
and for Ar its value is 5.4× 10−4 m−1. Temperature dependent
thermo-physical properties of the Ar gas [27] and alloy powders [28]
are provided in Tables 1 and 2, respectively.

Fig. 2(a) and (b) show the variation of the effective thermal con-
ductivity of the powder bed (stainless steel 316 powder+Ar gas) as a
function of temperature for different packing efficiency and powder
particle diameter, respectively. Since, thermal conductivities of both
the powder particles and Ar gas increase with temperature, the effective
thermal conductivity of the powder bed also follows the same trend. For
higher packing efficiency, it is easier to transfer heat from one particle
to another due to increased area of contact per unit volume. Therefore,
effective thermal conductivity increases with packing efficiency as
shown in Fig. 2(a). The interparticle space decreases with reduction in
particle size. Therefore, the effective thermal conductivity increases
with smaller powder particles as shown in Fig. 2(b). At room tem-
perature (300 K), the effective thermal conductivity of the powder bed
is around 10 times higher than the thermal conductivity of Ar gas
(0.018W/mK) and 1/100th of the thermal conductivity of stainless
steel 316 (16.3W/mK [28]). Similar values have also been used in the
literature [5] to model PBF of stainless steel 316.

Fig. 3(a) and (b) show the variations of temperature, thermal con-
ductivity and specific heat with time for a monitoring location on the top
surface of a stainless steel 316 build. The initial temperature at the mon-
itoring location is room temperature (300K). The thermal conductivity and
specific heat at this location are assigned as effective powder bed properties,
ke andCpe respectively. After the laser beam reaches the monitoring location
at time t1, the temperature at the location exceeds the liquidus temperature
of the alloy (1693K [28]) and the location melts and the thermophysical
properties of the liquid are assigned at that location. When the temperature
at any location is intermediate between the solidus and liquidus tempera-
ture, the thermophysical properties are linearly interpolated between the
two temperatures. As the laser beam moves away, the temperature of the
location drops to the solidus temperature of the alloy at time t2 and the
location solidifies. Therefore, after time t2, thermal conductivity and specific
heat at this location are taken as those of the solid alloy. As the location
cools both thermal conductivity and specific heat of the location decreases.

Table 1
Thermo-physical properties of Argon gas [27]. Here ‘T’ represents temperature
in K.

Properties Value

Density (kg/m3) 0.974
Specific heat (J/kg K) 519.16
Thermal conductivity (W/mK) + × + ×− − −T T1.35 10 1.453 10

T
0.1125 3 7 1.5
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Using this method, temperature dependent thermo-physical properties are
assigned to all grid points in the solution domain.

3.2. Grid system and discretization of the governing equations

The governing equations are discretized in the 3D Cartesian co-
ordinate using the control volume method, where the solution domain
is divided into small rectangular control volumes, as shown in Fig. 4.
The three components of velocity along X, Y and Z directions are re-
presented as u, v and w, respectively. Dashed lines represent control
volume’s interfaces and solid dots indicate scalar grid points. A scalar
grid point is located at the center of each control volume, storing the
values of scalar quantities such as pressure and enthalpy. Grid points w,
e, s, n, b, t are of east, west, south, north, bottom, and top neighbors of
the grid point P, respectively. The positions of the velocity components
are at the control volume faces, staggered with respect to the scalar
locations. For example, velocities vs and vn are placed at the south and
north faces of the scalar control volume of the grid point P. Therefore,
the discretized governing equation of a variable, Φ (enthalpy, velocity
or pressure) for a control volume with grid point P is formulated by
integrating the equation as [29],

= + + + + + +a a a a a a a fΦ Φ Φ Φ Φ Φ ΦP P n n s s e e w w t t b b (14)

where ‘a’ denotes the convection-diffusion co-efficients and ‘ f ’ includes
the source terms.

3.3. Traveling grid system

Simulation of large components with long tracks, multiple hatches
and layers requires a large number of grid points and long computation

time. A conventional fixed grid system where control volumes are
specified at the beginning of the calculations and remain fixed
throughout the entire simulation process is not very efficient because of
the need to have large number of fine grids throughout the calculation
domain. Here an adaptive traveling grid system where a fine grid region
travels with the moving laser beam is used to simulate large compo-
nents within a realistic time frame. Fig. 5(a) shows the grid system on
the XY plane at the beginning of the building process. The grid is very
fine surrounding the laser beam axis so that the entire molten pool is
contained inside this fine grid region. Elsewhere, the grids are coarser.
The size of the x-grids increase progressively away from the fine grid
region. The x-coordinate of a particular x-grid (i) can be written as,
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where Lt and Ng are the total length of the solution domain and total
numbers of grid points, respectively. The grid size varies along the
length of the solution domain depending on the value of the constant m.
The fine x-grid region travels with the laser beam along the scanning
direction (positive x-axis). The number of x-grids ahead and behind the
fine grid region are adjusted to keep the total number of x-grids con-
stant. Fig. 5(b) shows the grid system at the end of a particular hatch.
For a new hatch, the fine grid region moves back to its initial position
(same as Fig. 5(a)). However, when the x-grid shifts for the next step of
the laser beam, all calculated variables are to be remapped from the
previous grids to the current grids. Fig. 5(c) shows that the grid shifts

Table 2
Thermo-physical properties of stainless steel 316 and Ti-6Al-4V [28]. Here ‘T’ represents temperature in K ranging from ambient to the solidus temperature.

Properties Stainless steel 316 Ti-6Al-4V

Liquidus temperature (K) 1733 1928
Solidus temperature (K) 1693 1878
Thermal conductivity (W/mK) 11.82+1.06× 10−2 T 1.57+ 1.6× 10−2 T− 1×10−6 T2

Specific heat (J/kg K) 330.9+0.563 T− 4.015× 10−4 T2+ 9.465×10−8 T3 492.4+0.025 T− 4.18× 10−6 T2

Density (kg/m3) 7800 4000
Latent heat of fusion (J/kg) 272× 103 284×103

Viscosity (kg/m s) 7× 10−3 4× 10−3

dγ/dT (N/mK) −0.40× 10−3 −0.26×10−3

Absorption coefficient in liquid (ηl) 0.3 0.3
Absorption coefficient in powder (ηP) 0.7 0.7
Volumetric expansion co-efficient (/K) 5.85× 10−5 2.5× 10−5

Young’s modulus (GPa) 206 110

Fig. 2. Variation of the effective thermal conductivity of the powder bed (stainless steel 316 powder+Ar gas) with respect to temperature for different (a) packing
efficiency of the powder bed and (b) powder particle diameter.
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from its previous position A′B′C′D′ to its current position ABCD.
Therefore, a variable, Φ for the grid point A, AΦ( ) can be interpolated
from the values at the previous step as,

= ′ ′ +
′ ′ − ′ ′ − ′

′ − ′
A A D A x A x A

x D x A
Φ( ) Φ ( ) [Φ ( ) Φ ( )] [ ( ) ( )]

( ) ( ) (17)

where x denotes the x-coordinate of a particular grid point and the dash
in the superscript represents the values of the previous step. Similarly,
the values of the variables are calculated for all grid points. Therefore,
for a particular grid point (i), Eq. (17) can be written as,

= ′ ′ +
′ + ′ − ′ ′ − ′

+ ′ − ′
i i i i x i x i

x i x i
Φ( ) Φ ( ) [Φ {( 1) } Φ ( )][ ( ) ( )]
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After the variables are interpolated and remapped from the previous
to the current grid system, the iterations for the variables are done. The
detailed algorithm of grid shift and variable interpolation are given
below.

3.4. Solution procedure

Fig. 6 is a flow chart showing the computational procedure used. It
shows that for a particular layer, the y-location of the laser beam is
decided based on the specific hatch and the hatch spacing. The move-
ment of the laser beam is simulated by progressively shifting the beam
axis by a very short predetermined distance equal to a small fraction of
the laser beam diameter. The time step for the calculation is decided
based on that distance and the scanning speed. For a particular step (at
a specified x-location) the x-grid is updated and all the variables are
interpolated from the grid system of the previous beam location. Based
on the updated grids, the governing equations are discretized and the
volumetric heat source and boundary conditions are applied. De-
pending on the temperature field, thermo-physical properties are as-
signed to all grid points.

All discretized governing equations are simultaneously solved to
obtain enthalpy, velocity and pressure fields using a Gaussian elim-
ination technique known as the tri-diagonal matrix algorithm (TDMA)
[29]. The temperature field is obtained from the enthalpy field by using
temperature dependent specific heat of the alloy. The iterative calcu-
lations for enthalpy, velocity and pressure continue until they converge.
The calculation continues until all the hatches and layers are com-
pleted. These calculations are performed using an in-house Fortran code
compiled using an Intel Fortran compiler.

For a 20mm long, 5 layers, 5 hatches build, the size of the solution
domain is 22mm×5mm×3.5mm (length×width×height). This
domain is divided into 385,000 grid points, where, the number of grids
along X, Y and Z directions are 110, 50 and 70, respectively. Among
these 110 X-grids, 50 grids are fine traveling grids that cover a region of
0.5 mm and move with the laser beam. The remaining 60 grids are
distributed in the coarse X-grid region. Five main variables, tempera-
ture, pressure and three velocity components are calculated at each grid
points. The continuous scanning of the laser beam for the 20mm long
build is simulated through 2000 small time steps. At each step, about 30

Fig. 3. Variation of temperature and (a) thermal conductivity and (b) specific
heat with time for a particular location on the top surface of a stainless steel 316
build using 60W laser power and 1000mm/s scanning speed. The suffix ‘e’, ‘L’
and ‘s’ denote the effective properties of powder bed, properties of liquid and
powder (or solid), respectively.

Fig. 4. Grid system using control volume method on (a) XZ and (b) YZ planes of the solution domain. The dashed lines indicate the control volume’s interfaces and
solid dots represent the scaler grid points. The symbols w, e, s, n, b, t are for east, west, south, north, bottom, and top neighbors of the grid point P, respectively.
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iterations are found to be sufficient to achieve fairly good convergence.
Therefore, the total number of linear equations being solved for the
20mm long build with 5 hatches and 5 layers is around
385,000× 5×2000×30×5×5 (number of grids× vari-
ables× time steps× iterations per step× layers× hat-
ches)= 3×1012. The calculation time is approximately 5 hours for a 5
layers, 5 hatches build in a personal computer with a 3.40 GHz i7
processor and 8 GB RAM.

Fig. 7 shows the simulation time required for different layers in a
20mm long 5 layers, 5 hatches build. Total number of grid points in-
creases with number of layers. Therefore, the simulation time is higher for
the upper layers as shown in Fig. 7. Higher laser power results in larger

molten pool [30] that increases the size of the solution domain for the
velocity and pressure calculations. Therefore, the simulation time for
processing with a 90W laser is higher than that that required for a 60W
power. In conventional fixed grid system, fine grids are required for the
entire length of the build. As a result, the total number of grid points for
the conventional fixed grid system is much more than that required for the
traveling grid system. Therefore, the simulation time can be reduced sig-
nificantly by implementing the traveling grid system.

3.5. Stability, convergence and accuracy of solution

The stability of the numerical method described here can be

Fig. 5. Schematic representation of the grid system on the top surface of the solution domain at the (a) beginning and (b) end of the process. (c) Schematic
representation of the traveling grid where the grid shifts from its previous position A′B′C′D′ to its current position ABCD.
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evaluated based on the fluctuation of the output variables such as
temperature and velocity with processing time. Fig. 8(a) shows the
variation of the pool volume with time for two linear heat inputs (laser
power/scanning speed). Higher heat input can melt more materials and
form bigger molten pool [30]. With the progress of the process, the
molten pool becomes bigger and after a certain time it reaches steady
state. After that, the pool volume does not fluctuate with time; there-
fore, it is a stable solution.

The convergence of the numerical solution is defined based on
whether the error (or residue) in the solution is smaller than a specified
value. In this numerical method described here, residue for enthalpy
(Rh) is defined as:
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where the coefficients a and f are defined in Section 3.2, h is the cor-
responding enthalpy and Σ denotes the summation over all grid points
of the solution domain. The residue for u-velocity (Ru) is defined as:
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where the coefficients a and f are defined in Section 3.2, u is the cor-
responding u-velocity and Σ denotes the summation over all grid points
(ξ ) inside the molten pool. Since, velocities are calculated by solving the
momentum conservation equation, a reference momentum, Mref is used
to calculate the velocity residue:

= − −M
dγ
dT

ρ
μ

T T λr( )( )ref
L

P S b
(21)

where dγ dT/ , ρL and μ are the surface tension gradient, density and
viscosity of the liquid alloy, respectively, TP and TS are the peak tem-
perature and the solidus temperature of the alloy, respectively and λ
and rb are the layer thickness and laser beam radius, respectively. Si-
milarly, the residues for v and w velocities are calculated. When these
calculated residues are below a specified value (typically± 0.1%), the
solution is considered as converged. The calculations are iterated to
obtain lower residues and good convergence as shown in Fig. 8(b).

Variations of calculated peak temperature and pool volume with
building time are shown in Fig. 9(a) and (b) respectively. Both peak
temperature and pool volume increase with building time for a parti-
cular hatch and reach steady state after a certain time. The calculated
results using the traveling grids match exactly with the results obtained
using the conventional fixed grid system for same processing condi-
tions. The agreement provide confidence of using the traveling grid
system to achieve better computational efficiency without sacrificing
any accuracy. Fig. 9(c) shows the temperature variation with y-distance
below the laser beam axis on the top surface of the build. The peak
temperature is observed directly below the laser beam axis. The con-
vective flow of liquid metal inside the molten pool mixes hot and cold
liquids and reduces the peak temperature from the values obtained
from heat conduction calculations where the mixing is not considered
[18]. Therefore, the heat conduction calculations result in an un-
realistically high peak temperature as shown in Fig. 9(c). Radially
outward velocity of the liquid metal increases the molten pool width.
Computed temperature fields and molten pool dimensions by con-
sidering convective transport of heat provide reliable values of im-
portant metallurgical variables such as peak temperature, thermal cy-
cles, cooling rates and solidification parameters [6,17].

Fig. 6. Schematic diagram showing the overall algorithm of the heat transfer
and fluid flow model.

Fig. 7. Simulation time for different layers for a 5 layers 5 hatches stainless
steel 316 build with 1000mm/s scanning speed and 60W and 90W laser
powers using traveling and conventional fixed grid systems.
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4. Model testing and validation

Fig. 10(a–c) shows the calculated temperature and velocity fields at
the 1st layer and 1st hatch of a 20mm long stainless steel 316 build.
The temperature and velocity fields on top (XY), transverse (YZ) and
longitudinal (XZ) planes are shown in Fig. 10(a), (b) and (c) respec-
tively. The blue1 curves represent the isotherms where corresponding
temperature values in K are written on them. The liquidus and solidus

temperatures of stainless steel 316 are 1733 K and 1693 K respectively
[28]. Therefore, the 1693 K isotherm represents the molten pool
boundary. The region between the 1693 K and 1733 K isotherms is the
mushy zone. Because of the high scanning speed, the molten pool
elongates in the opposite direction of the scanning. The velocity vectors
are represented by the black arrows whose magnitude can be found by
comparing their length with the reference vector provided. The highest
temperature in the molten pool is observed near the laser beam axis.
Since, molten metal flows from the high temperature to the low tem-
perature, the velocity vectors are radially outwards.

Fig. 10(b) shows that the temperature decreases with y-distance

Fig. 8. (a) Variation of pool volume with time for a single layer single hatch stainless steel build using two different heat inputs. (b) Variations of calculated residues
or error values with iterations for enthalpy and three components of velocity.

Fig. 9. Comparison of the calculated (a) peak temperature and (b) pool volume with the progress of the building process using traveling grid and conventional fixed
grid. (c) Comparison between the temperature variations with y-distance inside the molten pool near laser beam axis (y= 1.10mm) considering and neglecting
convective flow of liquid metal. All plots are for a stainless steel 316 build using 60W laser power and 250mm/s scanning speed.

1 For interpretation of color in Fig. 10, the reader is referred to the web version of this
article.
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from the laser beam axis. Fig. 10(d) shows the variation of temperature
with the y-distance from the laser beam axis for a Ti-6Al-4V build. The
calculated results agree fairly well with the independent experimental
result by Roberts et al. [31]. The temperature distribution is measured
using an infrared camera [31]. Slight mismatch between the experi-
mental and the computed results can be attributed to the complexity of
the temperature measurement for a rapidly moving laser beam as well
as several simplified assumptions of the model.

5. Summary and conclusions

A 3D transient heat transfer and fluid flow model is developed to
calculate the temperature and velocity fields, build shape and size and
solidification parameters. The main findings from the model develop-
ment and testing are as follows:

(1) The thermal conductivity of the powder bed depends on the che-
mical composition and size of the powder, the powder packing ef-
ficiency, the nature of the shielding gas and temperature. The type
of shielding gas plays a more important role than the type of metal
powder in determining its thermal conductivity. Because of the high
temperature sensitivity of the thermo-physical properties, tem-
perature dependent properties are critical for effective simulation of
heat transfer and fluid flow in PBF.

(2) The solution of the equations of conservation of mass, momentum
and energy in a domain containing of the substrate, powder bed and
solidified build was able to predict the independently measured
spatial variation temperature within the Ti-6Al-4V build accurately.

(3) Convective heat transfer is the main mechanism of heat transfer
within the liquid metal pool in the PBF-AM process. Simplified heat
conduction calculations ignoring the mixing of the relatively hot
and cold liquids significantly over predicts the peak temperature
and the temperature gradient in the liquid pool.

(4) A traveling fine grid-system is capable of providing good con-
vergence, stability and accuracy of the computed transient three-
dimensional temperature and velocity fields for large problems with

high computational efficiency and limited memory requirement.
For example, a 20mm long stainless steel 316 component fabri-
cated with 5 layers and 5 hatches is simulated within about 5 hours
where the conventional fixed grid model takes around 25 hours to
simulate component of similar dimensions in an i7 PC with 8 GB
RAM.

An application of the model for investigating laser powder bed AM
of four commonly used alloys, stainless steel 316, Ti-6Al-4V, Inconel
718 and AlSi10Mg is discussed in details in part II of this paper.
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