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Spatial variation of melt pool geometry, peak
temperature and solidification parameters
during laser assisted additive manufacturing
process

V. Manvatkar, A. De and T. DebRoy*

A three-dimensional heat transfer and material flow model is developed to numerically simulate
the temperature and velocity fields in a laser assisted layer by layer deposition process with
coaxially fed powder particles. The computed results are tested with independently reported
temperature and build geometry for the deposition of multilayered structures of austenitic
stainless steel. The results provide detailed insight about the important physical processes and
show that the model can be used to understand the effects of process parameters on the thermal
cycles, build geometry, cooling rates and solidification parameters in a multilayer additive

manufacturing process.
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Introduction

Laser assisted additive manufacturing often involves
melting and solidification of a stream of alloy powder
that flows coaxially with a laser beam to form a
component. The particles absorb energy from the laser
beam as they traverse through the beam and subsequently
get deposited into a small melt pool that forms directly
under the laser beam. The laser beam rapidly moves
forward and the solidification of the molten pool forms the
component. Repeated traverse of the laser beam is
required to form a multilayered structure. Interaction
between the powder and the laser beam, small size of melt
pool, high peak temperature and rapid solidification of the
moving liquid pool make the real time process monitoring
difficult. Fabrication of defect free and structurally sound
components require precise control of many process
variables such as the chemical composition, size distribu-
tion and flow rate of the powder particles, laser power,
power density distribution and scanning speed.

Since many variables affect the microstructure and
mechanical properties of the component in laser assisted
multilayer additive manufacturing, their selection by
trial and error is time consuming and expensive. A well
tested comprehensive numerical model of heat transfer
and material flow can be helpful in the selection of
variables. In addition, a phenomenological model can
provide valuable insight about the temperature fields,
melt pool geometry and solidification parameters for
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understanding and controlling the microstructure and
mechanical properties of the fabricated components.
The additive manufacturing process has shown con-
siderable promise for the fabrication of components from
titanjum alloys,' nickel based super alloys,”> stainless
steel,>© tool steel®” and some ceramic materials.® Tests
are underway to explore possible use of intermetallics,’
metal matrix composites'® and building functionally
gradient structures.'' However, the commercial adaptation
of the process has been limited due to lack of under-
standing of the role of many process variables on the
structure and properties of the products. Understanding of
spatial and temporal variations of build geometry,
temperature field, cooling rate and solidification para-
meters based on scientific principles can be helpful in
expanding the commercial applications of the process.
One- and three-dimensional Conduction heat transfer
models are used to analyse the laser assisted additive
manufacturing.>'? "> Although these models estimated
the evolution of melt pool geometry and build profile,
the convective transport of heat in the melt pool was
neglected in these models. As a result, the peak
temperatures and the cooling rates were significantly
overestimated.'*!> Accurate calculations are important
for the understanding of layerwise variations of the
solidification structure and the mechanical properties. In
the recent past, three-dimensional heat transfer and fluid
flow models have been used to analyse a single layer
laser cladding process.'® ' Kong and Kovacevic'® and
Morville et al.?® reported two-dimensional heat transfer
and fluid flow models for laser assisted multilayered
deposition of HI13 tool steel and Ti6Al4V alloy
structures respectively. These models used computation-
ally intensive level set method'®!® and arbitrary
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1 Solution domain showing feeding of powder particles through laser beam

Langrangian—Eulerian®® moving mesh for the calcula-

tions. Raghavan er al*' adapted a computationally
efficient three-dimensional heat transfer and fluid flow
model for welding to examine the effect of process
parameters on the melt pool geometry and solidification
parameters in additive manufacturing. However, the
addition of the powder was not explicitly considered in
the model.

A computationally efficient three-dimensional heat
transfer and fluid flow model that can consider the
addition of powder particles and simulate the peak
temperature, thermal cycles, build geometry and the
solidification parameters in laser assisted multilayer
additive manufacturing process is needed but not
available in the literature. This need is addressed in this
paper. The model solves the equations of conservation
of mass, momentum and energy with appropriate
boundary conditions and temperature dependent mate-
rial properties. The absorption of laser beam energy by
the powder particles as they pass coaxially through the
beam is considered in the calculations. The computed
results of build geometry, peak temperature and
temperature profiles in the melt pool are validated with
the corresponding independent experimentally measured
results.

Numerical modelling

Equations of conservation of mass, momentum and
energy are solved in transient three-dimensional form to
calculate the temperature and velocity fields in laser
assisted multilayer additive manufacturing. The process
variables include the size distribution and mass flow rate
of the powder particles, the in-flight length of the
particles and the total power, power density distribution
and the laser beam scanning speed.

The assumptions made in the model include a flat
surface of the melt pool and constant densities of the solid
and liquid alloy. The loss of alloying elements and the
resulting compositional change owing to vaporisation are

ignored in the calculations. The details of the governing
equations and the boundary conditions are available in
previous publications®'*? and not repeated here.

The governing equations are discretised using the
control volume method, where the computational
domain shown in Fig. 1 is divided into small rectangular
control volumes. At the beginning of the simulation, the
computational volumes above the substrate are assigned
the properties of an inert gas, e.g. argon. Following each
shift of the laser beam, a set of discrete cells under the
beam are filled up with powder materials and these
computational volumes are assigned properties of the
powder material. The time step for each discrete shift of
the laser beam was calculated from the distance and the
scanning speed. An idle time is considered at the end of
the simulation of each layer. The deposition of a new
layer is considered to start at the initial location on the
top of the previous layer. The procedure is repeated until
the simulation of all the layers is completed. The process
parameters used for the calculations are listed in
Table 1. Temperature dependent thermophysical prop-
erties'>?*2% used in the model are presented in Table 2.
The analysis is carried out for the deposition of a single
line nine-layer structure of 316 stainless steel.

Table 1 Data used for numerical simulations
Process parameter Value
Substrate size/mm x mm x mm 10x31x4
Deposited layer size/mm x mm x mm 4x072x0-38
Laser power/W 170-250
Laser scanning speed/mm s 10-20
Laser beam diameter/mm 10

Idle time/s 05

Laser distribution factor 3

Material flowrate/gm min™" 25

Material powder size/um 175

Laser material interaction length/mm 2

Particle velocity/m s~ 15

Carrier gas flowrate/L min™" 4
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The energy absorbed by the powder particles during
flight and by the depositing layer is considered through a
volumetric source term in the energy conservation
equation as®®

Pd r
= [y (1= nexn a5 ) m
where m,, is fraction of laser energy absorbed by the
powder during flight, P is laser power, d is beam energy
distribution factor, ¢ is layer thickness, r, is focused
beam radius and r is radial distance from the beam axis.
The first term within the bracket considers the fraction
of laser beam energy transferred to the particles during
their flight. The energy absorbed by the growing layer
due to irradiation of the laser beam on the depositing
surface is estimated by the second term within the
bracket in equation (1). The term m; refers to absorption
coefficient of the growing layer. Initially, n; has a high
value for the solid powder particles but it decreases to
Fresnel absorption coefficient when the powder melts.
The exponential term outside the curly bracket accounts
for the Gaussian distribution of laser energy. The beam
diameter and the power distribution factor were taken
from Ref. 15.

The fraction of laser beam energy transferred to the
particles during their flight through the beam, n, is
calculated by estimating the temperature rise of the
particles and their mass flow rate. The temperature rise
of the particles as they travel through the laser beam is
estimated using a heat balance as®®

M X Mg X (P/Tcrlz)) X (2nrﬁ>r
AT = 3 2
4/3xmxryx Cyxp,

where AT is the average in-flight temperature rise of the
powder particles, P is the laser power, ry, and r, are the
laser beam radius and the average radius of the particles,
respectively, Cp is the specific heat, N, is an interference
factor to account for shielding of some particles from
the laser beam by other particles, 1 is the fraction of
available laser power absorbed by the solid particles, 7 is
the time of flight which depends on the velocity of
particles and the laser material interaction length and pp
is the density of the particles. The laser material
interaction length is the distance between the point
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the deposition surface and is estimated from the
geometry of the deposition system. Particle velocities
were estimated using the mass flow rate of powder
particles, the gas flow rate and the computed drag force
of gas on the power particles as indicated in Ref. 25. For
the experimental conditions considered, the powder
particles did not melt after travelling though laser beam
and were deposited on the moving liquid pool. The
temperature of the powder particles at the end of their
flight depends on their size, velocity, thermal properties
and the power density of the laser beam. For the
conditions considered here, 175 mm diameter particles
were heated to 879 K. The fraction of laser beam energy
transferred to the particles, 1, is estimated as?®

AT xmx G,

Z 3

Mp

The initial temperature of the solution domain is
considered to be 300 K. The spatial gradients of
temperature and velocities are set to zero at the plane
of symmetry.?"?” The heat loss by convection and
radiation are applied as boundary conditions on the
remaining surfaces for the solution of enthalpy (tem-
perature).?*” The velocities arising from the surface
tension variation due to temperature gradient are
applied at the top surface of the melt pool for the
solution of momentum equations.>'>” The discretised
linear equations are solved following the tridiagonal
matrix algorithm.?® For each time step, convergence of
the iterated values is evaluated based on the magnitudes
of the residuals of enthalpy and three components of
velocities.?!*’

Results and discussion

Figures 2 shows the progressive growth of the melt pool
at the mid-length of each layer in a nine-layer structure.
The solidus contour represents the boundary of the melt
pool indicating its shape and size. A continuous increase
in the melt pool size is observed as the deposition
progresses to upper layers. The velocity of the liquid in
melt pool is represented by the black coloured arrows.
The motion of the molten material within the melt pool
is governed primarily by the Marangoni force owing to
the variation in the surface tension at the melt pool

where particles are introduced into the laser beam and surface due to spatial gradient of temperature.
Table 2 Material properties used for numerical simulations

Material properties Values Reference
Properties of SS316

Density/kg mm ™3 7800 24

Solidus temperature/K 1693 24

Liquidus temperature/K 1733 24

Thermal conductivity/W m™ /K™’ 11-82+0-0106T 24

Specific heat/J kg™ ' K™'

330-86+0-563T—4-015x 107 *T%+9-465 x 10 8T° 24

Latent heat of fusion/J kg™’ 267 x 10° 24
Coefficient of thermal expansion/K ™' 19%x10°° 24
Viscosity of liquid alloy/kg m™' s~ 67x107° 24
Temperature coefficient of surface tension/N m~"' K™' -04x107° 24
Laser absorption coefficient in loose powder form 0-28 23
Laser absorption coefficient for powder bed 07 23
Properties of argon

Density/kg mm ™3 0-974 25
Specific heat/J kg™ ' K™! 520 25
Thermal conductivity/W m~" K™ 26:41x 1072 25
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2 Computed melt pool shape, temperature and velocity fields in a first, b second, c third, d fourth, e fifth, f sixth, g
seventh, h eighth and i ninth layers at mid-length for laser assisted multilayer deposition of 316 stainless steel powder

-1,

particles at laser power of 210 W and scanning speed of 127 mm s ': figures are numbered from bottom to top to

show progress of melt pool growth from first to ninth layer

The computed velocities in melt pool increase from
approximately 400 mms ! in the first layer to
600 mm s~ ! in the ninth layer. Velocities of similar
magnitudes were also calculated by Qi er al.'® and He
and Mazumder.!” The velocities ranging from several
hundred mm s~ to few ms ! have been reported
during laser welding.?®*° At such high velocities, Pe,
which is the ratio of the heat transfer by convection to
that by conduction, is much higher than 1. This high
value indicates that the convective transport is the main
mechanism of heat transfer in the melt pool.

The transverse sections at the mid-length of the
computed melt pools in each layer in a nine layer
deposit are superimposed to depict the complete build
profile in Fig. 3. The boundary of the experimentally
measured' build profile is shown by a thick black line
for clarity. A fair agreement between the computed and
corresponding experimentally determined profile can be
noted in Fig. 3. The increase in the melt pool dimensions
towards top layers shown in Fig.2 and 3 can be
attributed to the reduced influence of substrate as a heat
sink. The lower layers experience higher rate of heat
extraction in comparison to the upper layers resulting in
a variation of wall thickness from the lower to the upper

layers. The flat top of the deposited structure originates
from the rectangular fixed grids used for simplicity. The
free surface of the liquid pool was not computed.

The computed temperature profiles are also tested
against independent experimental results of Hofmeister
et al.? using thermal imaging technique. Figure 4a shows
a comparison of the numerically computed temperature
profiles from the heat transfer and fluid flow model and
the corresponding independent experimentally measured
results.® Figure 4a also depicts the computed tempera-
ture profile obtained from a heat conduction based
model."* The heat conduction calculations'® show an
overestimation of the peak temperature and a steep
temperature gradient in the melt pool, since the mixing
of the hot and the cold fluids is neglected when convection
is ignored. In contrast, the computed temperature profile
from the heat transfer and fluid flow model indicates a
closer agreement with the experimentally measured
temperature profile.’> Figure 4b further shows a fair
agreement between the computed peak temperatures from
the heat transfer and fluid flow model and the correspond-
ing experimentally measured results® in multilayer SS316
deposits at several laser powers. Increase in laser power
increases the rate of heat input resulting in greater peak
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3 Experimentally measured’ and corresponding computed build profile of nine-layer 316 stainless steel deposit at beam

—1.

power of 210 W and scanning speed of 12:7 mm s ': both computed and measured profiles show transverse section

at mid-length

temperature. The fair agreement between the computed
results and the corresponding experimentally measured
results in Figs. 3 and 4 shows the usefulness of the heat
transfer and fluid flow model to simulate laser assisted
multilayer additive manufacturing. The model is next used
to examine the quantitative influence of the important
process variables on the thermal cycles, cooling rates and
solidification parameters.
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Figure 5 presents the computed thermal cycles at the
mid-height and mid-length of the alternate layers in a nine-
layer structure. In each of these thermal cycles, the first
temperature peak corresponds to a position of the laser
beam just above the monitoring location and the subsequent
peaks occur during the deposition of the upper layers. The
peak temperature increases from 1878 K in the first layer to
1939, 1980, 2004 and 2020 K in the third, fifth, seventh and
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4 a comparison of experimentally measured® temperature profile and that computed using heat conduction based
model™ and heat transfer and fluid flow model in laser assisted multilayer deposit of SS316 at laser power of 275 W

and scanning speed of 7-62 mms ':

T. and Tg indicate the liquidus and solidus temperatures of 316 stainless steel

respectively; presented temperature profile is plotted; b comparison of experimentally measured® and computed values
of melt pool peak temperature in laser assisted multilayer deposit of SS316 at several laser powers at constant scan-

ning speed of 7-62 mm s™'
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5 Computed thermal cycles in first (L1), third (L3), fifth
(L5), seventh (L7) and ninth (L9) layers in laser
assisted nine-layer deposition of 316 stainless steel at
laser power of 210 W and scanning speed of
12.7 mm s ': monitoring locations for thermal cycles
are at mid-length and mid-height of each layer

ninth layers respectively. As the deposition moves to the
upper layers, the rate of heat loss through the substrate
reduces resulting in greater peak temperatures.

Figure 6 shows the variations of cooling rate in the
second, fifth and ninth layers as a function of beam
scanning speed for two laser powers. The computed
values of cooling rate during solidification decreases
from 4997 K s~ ! in the second layer to 2325 K s ! in
the fifth and 1001 Ks™! in the ninth layer. The
continuous reduction in the cooling rate during solidi-
fication in the upper layers is attributed to the reduced
rate of heat transfer to the substrate as the deposition
moves to the top layers. The computed cooling rates at
all locations increase significantly with increasing weld-
ing speed. For example, the computed cooling rate at a
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T
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6 Computed cooling rates during solidification (1733—
1693 K) for various laser powers and scanning speeds
in second, fifth and ninth layers during deposition of
316 stainless steel powder particles

monitoring location at the mid-length and mid-height in
the second layer increases from 4997 to 7395 K s~
when the scanning speed is increased from 10 to
20 mm s~ '. Higher scanning speed results in steeper
temperature gradient and higher cooling rates because of
lower heat input per unit length. In contrast, the
computed cooling rates at the same monitoring locations
in the second layer decreases from 4997 to 4448 K s~!
when the laser power increases from 230 to 250 W.
Increase in laser power at a constant scanning speed
increases both the rate of heat input and the pool
volume resulting in reduced cooling rate.

The ratio of the temperature gradient (G) and the
growth rate (R) during solidification of the melt pool
affect the morphology of the solidification structure.
Figure 7 shows the computed values of G/R in the
second, fifth and ninth layers as function of scanning
speed for two laser powers. The computed value of G/R
decreases from 50 K s mm 2 in the second layer to
10 K s mm ™2 in the ninth layer. Similarly, an increase in
the laser power from 230 to 250 W reduces the G/R ratio
from 50 to 44 K s mm ™2 in the second layer. This trend
is attributable to the lower temperature gradient at
higher rate of heat input. Figure 7 also shows that the
computed values of G/R decreases with increasing
scanning speed that results from the higher solidification
growth rate at higher speed. The constitutional super-
cooling criterion for plane front solidification is
expressed as’’

G/R>ATg/Dy )

where ATE is the equilibrium solidification temperature
range and Dy is the solute diffusion coefficient. The value
of ATg for SS316 is 40 K and the carbon diffusivity in
liquid iron Dy is about 2 x 10~% mm? s~ '.2° The resulting
ATg/Dy equals to 2 x 10> K s mm ™2 which is significantly
higher than the computed values of G/R for the range of
process conditions considered. Thus, Fig. 7 indicates a
reduced stability of the plane front and a higher tendency
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7 Computed values of solidification parameter G/R in
melt pool at various laser powers and scanning speeds
at second, fifth and ninth layers during deposition of
316 stainless steel
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of a cellular or dendritic solidification structure towards
the upper layers, which is consistent with the experimen-
tally observed cellular microstructure in similar multi-
layer deposit in an independent study.'?

Summary and conclusions

A three-dimensional transient heat transfer and fluid
flow model is developed for the laser assisted deposition
of a multilayer austenitic stainless steel structure. The
computed results of the build geometry, peak tempera-
ture and temperature profile are in fair agreement with
the corresponding independent experimentally measured
results. The computed results show that the peak
temperature and melt pool dimensions increase whereas
the cooling rate reduces towards upper layers for a
specified combination of laser power and scanning
speed. The ratio of temperature gradient to solidification
growth rate indicates increasing instability of plane front
solidification in the upper layers. The computed results
also show large velocities of liquid alloy in a small melt

pool in the range of 400-600 mm s '. These large

velocities indicate convective heat transfer as the main
mechanism of heat transfer within the liquid pool during
laser assisted additive manufacturing process.
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