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A B S T R A C T

The most important metallurgical variables that affect the structure and properties of components produced by
powder bed fusion (PBF) are examined using a model, proposed and validated in part-I of this paper. These
variables include the temperature and velocity fields, build shape and size, cooling rates, solidification para-
meters, dendrite arm spacing, hardness, distortion and lack of fusion defects for four common alloys used in
additive manufacturing (AM), stainless steel 316 (SS 316), Ti-6Al-4V, Inconel 718 and AlSi10Mg. The process
parameters examined include laser power, scanning speed, powder layer thickness, packing efficiency and hatch
spacing. Among the four alloys, the largest molten pool of AlSi10Mg ensures good fusional bonding among layers
and hatches but exhibits high solidification shrinkage. Therefore, AlSi10Mg is the most susceptible to distortion
among the four alloys. SS 316 exhibits the opposite trend because of its smallest molten pool among the four
alloys. For a particular alloy, lack of fusion and distortion can be minimized by careful selection of hatch spacing
and scanning speed. For the dendritic growth of SS 316 and AlSi10Mg, refinement of the solidification micro-
structure through close spacing of the dendrite arms can be achieved using thinner layers and faster scanning.
Asymmetry in liquid pool geometry because of the difference in the thermal properties of powder bed and
solidified build can be minimized by reducing the scanning speed.

1. Introduction

In laser-assisted powder bed fusion (PBF), alloy powders are added
progressively in thin layers and melted using a laser beam. After soli-
dification, the molten alloy takes the shape and size of the desired
component [1]. Several complex physical processes take place during
PBF. Absorption of the laser beam by the powder bed, melting of a
region below the beam and its solidification occur rapidly. Inside the
liquid pool, the metal circulates at fairly high velocities driven by the
spatial gradient of surface tension and buoyancy force. Heat transfer
affects the temperature field, local cooling rates, build shape and size
and the extent of fusion between adjacent layers and hatches [1]. The
complexity of the thermal cycles in a multi-layer, multi-hatch, com-
ponent results in spatial variation of the microstructure and anisotropy
of mechanical properties of the component. Rapid heating, cooling and
solidification of the molten pool also make the components susceptible
to distortion [1–3]. All these features must be taken into account for
improved understanding of the laser assisted PBF process.

Several attempts have been made to model the heat transfer and
fluid flow in PBF-AM process. Finite element based heat conduction

models [4–9] are used to calculate 3D transient temperature distribu-
tion [4,5,8,9], build geometry [5,8], cooling rate, cell spacing, solidi-
fication morphology [4,5,8] and surface roughness [7]. However, these
models ignore the effect of convective transport of heat inside the
molten pool which is the main mechanism of heat transfer within the
molten pool [1]. Therefore, the calculated temperature values and
cooling rates are significantly overestimated [1]. In some investiga-
tions, the effects of liquid metal flow have been considered to calculate
temperature distribution [10], build geometry [10–12], solidification
morphology [10,13], microstructure evolution [14] and surface defects
[15]. However, these calculations are often done for a single track
[10–14] and unable to explain the causes of anisotropy and spatial non-
uniformity of structure and properties observed in multi-layer, multi-
hatch, builds. Thermo-physical properties are often assumed to be in-
dependent of temperature, powder size and packing efficiency [15] for
simplicity. Powder scale models [16–22] consider convective flow of
molten metal and properties that depend on temperature, powder size
and packing efficiency and are applicable for multi-layer, multi-hatch,
components. They are used to predict residual stresses [16], build
geometry [16–19], lack of fusion defects [20–22] and spatter formation
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[22]. However, they are often applied in 2D [19] and are computa-
tionally intensive [16,17]. Two-dimensional models are not suitable for
calculating important metallurgical variables such as, cooling rates,
solidification parameters and grain structure. Transport phenomena
based mathematical frameworks provide an improved understanding of
PBF process. What is needed and currently not available is a rigorously
tested and computationally efficient numerical framework that con-
siders the effects of molten metal convection and accurate thermo-
physical properties of powder bed. Such models can calculate the most
important metallurgical variables such as the fusion zone geometry,
temperature and velocity fields, cooling rates and solidification para-
meters for multi-layer, multi-hatch builds for various AM variables.

In part I of this paper, a 3D transient heat transfer and fluid flow
model of PBF-AM was developed and tested. The model solves the
equations of conservation of mass, momentum and energy to calculate
temperature and velocity fields, build shape and size and cooling rates
from the process parameters and alloy properties. The model considers
the convective flow of liquid metal inside the molten pool that is often
the main mechanism of heat transfer within the liquid pool. The model
also takes into account temperature dependent powder bed properties
calculated based on powder particle size and packing efficiency. A
travelling grid system is used to enhance the computational efficiency
for multi-layer, multi-hatch calculations. Here the model is applied to
calculate temperature and velocity fields, fusion zone shape and size,
cooling rates, solidification parameters, arm spacing of columnar den-
drites, micro-hardness, susceptibility to lack of fusion defects and dis-
tortion. The calculations are done for multi-layer, multi-hatch builds of
four commonly used alloys, stainless steel 316 (SS 316), Ti-6Al-4V,
Inconel 718 (IN 718) and AlSi10Mg.

2. Results and discussions

Table 1 lists the properties of the powders [23] used in the calcu-
lations. The computational domain (in Fig. 1) consists of powder bed,
substrate and 5 layers, 5 hatches, build. The X-, Y- and Z- directions
represent the scanning, hatching and building directions, respectively.
For simplicity, a unidirectional scanning strategy is considered where
the laser beam travels along the positive X-direction for all layers and
hatches. Process variables and dimensions of the computational domain
used in calculations are provided in Table 2.

2.1. Temperature and velocity fields

Fig. 2 shows the computed temperature and velocity fields during
the building of the first layer first hatch with four different alloy

powders. The red colored region bounded by the liquidus temperature
isotherm of an alloy represents the fusion zone of the molten pool. The
green colored region within the liquidus and the solidus temperature
isotherms represents the mushy zone. Since the laser beam travels in
the direction of positive X-axis, the molten pool is elongated in the
opposite direction (negative X-axis). The molten pool exhibits a tear-
drop shape that is attributed to rapid scanning speed commonly used in
the PBF process. The computed velocity vectors within the molten pool
are shown by black arrows. The magnitude of these velocity vectors can
be found out by comparing their length with the reference vector
provided. The velocity vectors are radially outward as molten metal
flows in the direction of positive temperature gradient [22–27]. For a

Table 1
Thermo-physical properties of SS 316, Ti-6Al-4V, IN 718 and AlSi10Mg [23]. Here ‘T’ represents temperature in K ranging from ambient to the solidus temperature.

Properties SS 316 Ti-6Al-4V IN 718 AlSi10Mg

Liquidus temperature (K) 1733 1928 1609 867
Solidus temperature (K) 1693 1878 1533 831
Thermal conductivity

(W/m K)
11.82+ 1.06× 10−2 T 1.57+ 1.6× 10−2 T− 1×10−6 T2 0.56+2.9×10−2 T− 7×10−6

T2
113+1.06× 10−5 T

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 360.4+ 0.026 T− 4×10−6 T2 536.2+ 0.035 T

Density (kg/m3) 7800 4000 8100 2670
Latent heat of fusion (J/kg) 272× 103 284×103 209×103 423×103

Viscosity (kg/m s) 7×10−3 4× 10−3 5× 10−3 1.3×10−3

dγ/dT (N/m K) −0.40× 10−3 −0.26× 10−3 −0.37× 10−3 −0.35×10−3

Absorption coefficient in
liquid (ηl)

0.3 0.3 0.3 0.3

Absorption coefficient in
powder (ηP)

0.7 0.7 0.7 0.7

Volumetric expansion co-
efficient (/K)

5.85×10−5 2.5×10−5 4.8× 10−5 2.4×10−5

Young’s modulus (GPa) 206 110 207 68

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.

Table 2
Process parameters used for calculations.

Parameter set 1 2

Laser power, W 60 110
Scanning speed, mm/s 250–1000 100
Spot radius, mm 0.05 0.30
Layer thickness, mm 0.025–0.035 0.30
Hatch spacing, mm 0.035–0.105 0.30
Build length, mm 20 5.28
Substrate dimensions, mm×mm×mm 22×5×2 7.17×4×1
Packing efficiency 0.5 0.4
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given processing condition, AlSi10Mg build exhibits the largest molten
pool due to its lowest density and liquidus temperature. The build with
IN 718 alloy powder results in largest mushy zone due to the maximum
temperature range between the liquidus and solidus temperatures.
Fig. 3(a–d) shows the computed temperature and velocity fields for first
layer, first hatch of SS 316 build at four different laser scanning speeds.
As shown in figure, the size of the molten pool decreases with increase
in scanning speed that is attributed to lower heat input at faster scan-
ning speeds.

Fig. 4(a) shows the variation in temperature with time (thermal
cycle) for a location at mid-length and on the top surface of first layer,
first hatch of the builds of four alloy powders using the same process
parameters. The peak temperature is attained at a time of 2ms when
the laser beam reaches on the top of the location. The small knee, noted
in the thermal cycle between the liquidus and solidus temperatures of
different alloys, is referred as the thermal arrest during solidification.
The highest peak temperature for the Ti-6Al-4V build is attributed to its
lowest density. However, the AlSi10Mg build exhibits the lowest peak

Fig. 2. Three-dimensional temperature and velocity distributions in the 1st
layer 1st hatch of 20mm long build of (a) SS 316 (b) Ti-6Al-4V (c) IN 718 and
(d) AlSi10Mg using 1000mm/s scanning speed. Other process conditions are
same as process parameter set 1 of Table 2. Scanning direction of the laser beam
is along the positive x-axis.

Fig. 3. Three-dimensional temperature and velocity distributions in the 1st
layer 1st hatch of 20mm long build of SS 316 using laser scanning speed of (a)
250 (b) 500 (c) 750 and (d) 1000mm/s. Other process conditions are same as
parameter set 1 of Table 2. Scanning direction of the laser beam is along the
positive x-axis.
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temperature because of its highest thermal diffusivity. The influence of
laser scanning speed on thermal cycle while fabricating first layer, first
hatch of a SS 316 build is explained in Fig. 4(b). Different scanning
speeds allow the laser beam to reach to the pre-defined location at
different time instants. Therefore, the peak temperature is attained at
different time for different scanning speeds. Faster scanning reduces the
net amount of heat input resulting in a lower peak temperature.

During the fabrication of a multi-layer, multi-hatch build, a parti-
cular location experiences repeated heating and cooling depending on
the sequence and pattern of hatching process. Fig. 5(a) shows the
variation in temperature with time for a location at mid-length and on
the top surface of the first hatch during the fabrication of a single layer,
10 hatches SS 316 build. As the laser beam moves away from the first
hatch to build the neighboring hatches, the peak temperature reduces at
that monitoring location. Fig. 5(b) shows the variation in temperature
for the same location during the fabrication of a three layers, three
hatches SS 316 build. As the three hatches of the first layer are build,
peak temperature at the considered location decreases as observed in
Fig. 5(a). At the end of building the first layer, the laser beam returns to
the top of the first hatch to build the second layer. That results in rise in
the peak temperature of the location. A similar pattern continues during
the building of subsequent hatches and layers.

2.2. Fusion zone geometry

The depth and width of a particular hatch can be found from the
largest transverse cross-section (in YZ-plane) of the three-dimensional
pool (Figs. 2 and 3). Fig. 6 shows a fair agreement between the com-
puted and the corresponding measured [28] build shapes and sizes for
two neighboring hatches of a single layer SS 316 build.

Fig. 7(a) summarizes the effects of scanning speed on pool volume

during fabrication of the first layer, first hatch of the builds with four
alloy powders. Decrease in pool volume with faster scanning speed is
attributed to reduced heat input at higher scanning speeds. Lowest
density and liquidus temperature of AlSi10Mg result in largest pool size
as shown in Fig. 7(a). Thermo-physical properties of SS 316 and IN 718
are nearly similar. However, IN 718 exhibits slightly larger pool than SS
316 because of smaller latent heat of fusion of IN 718. Smaller density
of Ti-6Al-4V alloy powder results in larger molten pool size in

Fig. 4. Temperature variation with time for a location on the top surface and at the mid length of first layer, first hatch of the build (a) of four different alloys using
1000mm/s scanning speed and (b) of SS 316 using four different scanning speeds. Other process conditions are same as parameter set 1 of Table 2.

Fig. 5. Temperature variation with time for
a location on the top surface and at the mid
length of the 1st layer 1st hatch during the
fabrication of (a) a single layer, 10 hatches
SS 316 build using 1000mm/s speed (b) a 3
layers, 3 hatches SS 316 build using
1000mm/s speed. Other process conditions
are same as parameter set 1 of Table 2.

Fig. 6. Comparison between the calculated and experimentally [28] observed
transverse section of the SS 316 single layer multi-hatch build fabricated using
the process parameter set 2 of Table 2.
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comparison to that for SS 316. Fairly high laser scanning speeds are
common in PBF processes to reduce the overall time to build a multi-
layer, multi-hatch, part. At very high scanning speeds, the heat transfer
is primarily influenced by the scanning speed in the direction of travel
of the laser beam (along X-direction). As a result, the differences in pool
sizes for different alloys are less pronounced at higher scanning speeds
as observed in Fig. 7(a). Fig. 7(b) shows that the calculated track width
and its variation with scanning speed for a single layer single hatch Ti-
6Al-4V build agree well with independent experimental observations
[29].

Heat transfer from the molten pool governs the spatially non-uni-
form and transient temperature distribution and affects the build geo-
metry, cooling rates, solidification parameters, microstructure, prop-
erties and defect formation [30]. For a multi-layer, multi-hatch build,
the primary direction of heat transfer from the molten pool changes
continuously as different hatches and layers are built. Fig. 8 schema-
tically represents the heat transfer pattern from the molten pool for
multi-layer multi-hatch build. Fig. 8(a) shows that for the first layer
first hatch, maximum amount of heat is transferred from the molten
pool through the substrate, since the thermal conductivity of substrate

is significantly higher than that for powder bed. Due to the higher
thermal conductivity of the solid build than the powder bed, maximum
heat transfer occurs from the molten pool to the substrate through the
already deposited layers during the building of higher layers as shown
in Fig. 8(b). Since the distance between the molten pool and the sub-
strate increases with layer number, rate of heat loss decreases for the
upper layers. However, the rate of heat transfer would tend to attain a
plateau beyond a certain height depending on the solidified build
geometry, processing conditions and the thermo-physical properties of
the alloy. In addition, heat accumulation in the build also increases as
more layers are added and heat is continuously supplied to the growing
component. As a result, the temperature of the build increases. During
the fabrication of the first hatch of a particular layer, the molten pool
has powder bed on both sides. However, for the other hatches, one side
of the molten pool is already built and the other side is still powder bed
(as shown in Fig. 8(c)). Therefore, the heat transfer for the subsequent
hatches increases from the first hatch because of the high thermal
conductivity of the already built hatch on one side.

The differences in heat transfer patterns in different layers and
hatches result in changing volume of the liquid pool as shown in Fig. 9.

Fig. 7. (a) Effect of scanning speed on pool
volume calculated at the mid-length of 1st
layer 1st hatch for 4 different alloys. Process
conditions are same as parameter set 1 of
Table 2. (b) Comparison between the cal-
culated and experimentally [29] observed
track width of a single layer single hatch Ti-
6Al-4V build at different scanning speeds.

Fig. 8. Schematic of heat transfer from the molten pool for (a) 1st layer 1st hatch (b) higher layers and (c) higher hatches.
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The pool volume increases in the upper layers because of reduced rate
of heat transfer further away from the substrate. During the building of
the second hatch, one side of the pool faces the solidified build which
has a higher thermal conductivity. As a result, the volume of the liquid
pool in the second hatch is smaller than that of the first hatch. In the
subsequent hatches, the liquid pool volume does not significantly
change because the heat transfer pattern remains the same in the sub-
sequent hatches. This result is consistent with the experimental ob-
servation [31].

Fig. 10(a) and (b) shows the transverse view (YZ plane) of the
molten pool for the first and second hatches along the first layer of a SS
316 build. The solidus temperature isotherm (1693 K) represents the
molten pool boundary. The distances of the right and left sides of the
molten pool boundary from the laser beam axis are denoted as ‘R’ and
‘L’ respectively. Both sides of the molten pool are powder bed during

building the first hatch. This symmetry results in similar rate of heat
transfer to both the sides and a symmetrical cross section of the molten
pool as observed by R=L. During building of the second hatch with the
solid build on its left and the powder bed on its right, heat transfer is
significantly asymmetric because of the higher thermal conductivity of
the solidified build. This difference in heat transfer is reflected in a
pronounced asymmetry of the cross section as indicated by R > L. The
extent of asymmetry of the molten pool is represented by an asymmetry
ratio (AR) as:

=AR R L/ (1)

where the value of ‘AR’ is one for the first hatch and less than one for
the subsequent hatches. Since, asymmetry of the molten pool controls
the molten pool shape, it affects the fusional bonding between two
successive hatches and layers.

Fig. 11(a) shows that the extent of asymmetry (AR) of the molten
pool does not change for the second and subsequent hatches as ex-
pected. The asymmetry depends on the heat transfer conditions on both
sides of the molten pool. Furthermore, it does not change significantly
as more layers are built. The influence of scanning speed on pool
asymmetry is shown in Fig. 11(b). At higher scanning speeds, the liquid
pool is narrower because of the low heat input per unit length. As a
result, the asymmetry is magnified as shown in the figure. Alloys with
high thermal diffusivity exhibits more uniform heat dissipation at all
sides of the molten pool that reduces the pool asymmetry. Therefore,
AlSi10Mg and SS 316 has the lowest and highest asymmetry, respec-
tively, among the four alloys considered.

With increasing packing efficiency of the powder bed, the thermo-
physical properties of the powder bed approach to that of the solid alloy
that also results in lower asymmetry of the liquid pool as shown in
Fig. 11(c). In contrast, the heat transfer pattern from the molten pool
does not change significantly with small increase in hatch spacing.
Therefore, the asymmetry of the molten pool remains almost un-
changed when the hatch spacing is increased from 25 to 65 µm as ob-
served in Fig. 11(d). However, neighboring molten pools start to se-
parate from each other beyond a hatch spacing of 65 µm. When the
hatch spacing exceeds 65 µm, the extent of overlapping is continuously
reduced and at a hatch spacing of 105 µm, the two neighboring molten
pools completely separate from each other and behave as independent
hatches with powder on both sides. As a result, separate fusion tracks
with symmetrical liquid pool forms.

2.3. Solidification parameters, dendrite arm spacing and hardness

The temperature gradient between liquidus and solidus tempera-
ture, G and the solidification growth rate, R, provide insightful in-
formation about the evolution of the solidification structure [32]. The
term, GR provides the cooling rate during solidification and the ratio
G R/ indicates the morphology of the solidification front. Columnar
dendrites are often observed during the PBF of different alloys. Sec-
ondary dendritic arm spacing, SDAS (λ) of the columnar dendrites can
be calculated from the cooling rates (GR) [33].

=
−λ A GR( ) n (2)

where SDAS (λ) is in µm, cooling rate (GR) is in K/s and A and n are the
material specific constants, whose values are 50 and 0.4, respectively,
for SS 316 [34] and 43 and 0.32, respectively, for AlSi10Mg [35]. For
very fine columnar dendritic structure, the yield strength (σY ) can be
correlated with the secondary dendritic arm spacing (λ) using Hall-
Petch like equation as [33],

= +
−σ σ K λ( )Y o

0.5 (3)

where yield strength (σY ) is in MPa, σo and K are the material specific
constants, whose values are 240MPa and 279MPa (µm)0.5, respec-
tively, for SS 316 [34] and 36MPa and 167MPa (µm)0.5, respectively,
for AlSi10Mg [36]. The average micro-hardness (H ) is related to the

Fig. 9. Variation of molten pool volume with layer number at 3rd hatch and
with hatch number for 3rd layer for a 5 layers 5 hatches SS 316 build using
1000mm/s scanning speed. Other process conditions are same as parameter set
1 of Table 2. Pool volumes are calculated at the mid-legth of a particular track.

Fig. 10. Transverse sectional view of the molten pool at the mid-length for (a)
1st hatch (blue) and (b) both 1st (blue) and 2nd hatch (red) of SS 316 build
using 1000mm/s scanning speed. Other process conditions are same as para-
meter set 1 of Table 2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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yield strength (σY ) as [33],

=
−H σ3 (0.1)Y

m (4)

where m is a material specific constant whose value is 0.25 and 0.21 for
SS 316 and AlSi10Mg, respectively [33].

Fig. 12(a) and (b) show the cooling rate during solidification, GR,
and the morphological parameter, G/R, respectively, for different al-
loys. Among the four alloys, the AlSi10Mg build exhibits the largest
molten pool. Therefore, the cooling rate and G/R of AlSi10Mg build are
the lowest among the four alloys. The SS 316 and IN 718 builds show
around same cooling rate and G/R because of their almost identical
thermo-physical properties. For the same processing conditions, the Ti-
6Al-4V build experiences the highest cooling rate and G/R because of
its high thermal diffusivity.

Rapid scanning decreases the heat input per unit time. Therefore,
faster scanning speed results in smaller molten pool that cools and so-
lidifies rapidly. Therefore, cooling rate during solidification increases
with laser scanning speed as shown in Fig. 13(a). Fig. 13(b) shows that
the calculated cooling rates during solidification of a single layer single
hatch SS 316 build for various linear heat input agree reasonably well
with the corresponding experimental data [4]. In this figure the linear
heat input denotes amount of energy supplied per unit length of the
build and is obtained from the ratio of laser power to scanning speed.
Since, higher heat input results in larger molten pool, cooling rate de-
creases with heat input as shown in Fig. 13(b). Fig. 13(c) shows that
faster scanning speed results in lower G/R which is an indicator of the
morphology of the solidified structure. Faster scanning speed results in
higher growth rate that reduces G/R during solidification, as shown in

Fig. 11. Variations of the asymmetry ratio
(AR) with (a) layer number at 3rd hatch and
with hatch number at 3rd layer (b) scanning
speed for 4 different alloys (c) powder
packing efficiency and (d) hatch spacing at
1st layer 3rd hatch. Calculations for figures
(a), (c) and (d) are done using 1000mm/s
scanning speed. All results are for a 5 layers
5 hatches SS 316 build. Other process con-
ditions are same as parameter set 1 of
Table 2.

Fig. 12. (a) Cooling rate and (b) G/R during solidification calculated at mid-length and on the top surface of 3rd layer 3rd hatch of 5 layers 5 hatches builds of 4
alloys using 250mm/s scanning speed. Other process conditions are same as parameter set 1 of Table 2.
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this figure. The ratio G/R between the liquidus and solidus temperature
of alloy indicates the solidification morphology. Therefore, the values
of temperature gradient (G) and growth rate (R) for five layers of a SS
316 build using four different scanning speeds are plotted in a solidi-
fication map (growth rate vs. temperature gradient plot) [37] in
Fig. 13(d). All data at various scanning speeds are inside the red circle.
The data indicate that columnar dendrites are observed in the PBF of SS
316. Under similar processing conditions, columnar dendrites are also
experimentally observed during PBF of SS 316 in other investigations
[38]. Columnar dendritic morphology is also very common in PBF
components of AlSi10Mg [35].

Fig. 14(a) and (b) shows the effects of scanning speed on the cal-
culated SDAS and hardness (in Vickers scale), respectively. Higher
scanning speed results in smaller pool and faster cooling rates. There-
fore, SDAS of columnar dendrites decreases with increasing scanning
speed as shown in Fig. 14(a). Smaller SDAS increases both the me-
chanical strength and hardness of the solidified structure. Therefore,

hardness of the component is enhanced by fabricating it with higher
scanning speed as shown in Fig. 14(b). The calculated values of hard-
ness for both the alloys agree well with the reported values in the lit-
erature [39,40] for similar processing conditions.

Fig. 15(a) and (b) shows the cooling rate and G/R for various layers
and hatches. Both cooling rate and G/R are computed on the top surface
and at the mid-length and mid-width of a track. The cooling rate and G/
R increase from first to second hatch but subsequently become nearly
insensitive after building the second hatch. This is attributed to slight
increase in heat transfer rate from the first to the second hatch along
any layer as solid metal is deposited on one side. In contrast, both the
cooling rate and G/R along a specific hatch decrease in the upper layers
due to reduced heat loss to the substrate and increased heat accumu-
lation in the upper layers.

Thicker layers and larger hatch spacing may result in rapid pro-
duction but require higher heat input causing dimensional incon-
sistency and defect formation. An appropriate selection of layer

Fig. 13. (a) Variation of cooling rate with
scanning speed at 3rd layer 3rd hatch using
250mm/s scanning speed. (b) Comparison
between the calculated and experimentally
[4] observed cooling rates of a single-track
build at different heat inputs. (c) Variation
of G/R with scanning speed at 3rd layer 3rd
hatch using 250mm/s scanning speed. (d)
Calculated values of temperature gradient
(G) and growth rate (R) at four different
scanning speeds on the solidification map
[37]. Calculations for figures (a), (c) and (d)
are done for a 5 layers 5 hatches build.
Other process conditions are same as para-
meter set 1 of Table 2. All results are for SS
316 and calculated at mid-length and on the
top surface of the track during solidification.

Fig. 14. Variation of (a) secondary dendrite arm spacing (SDAS) and (b) Vickers hardness with scanning speed calculated at mid-length and on the top surface of 1st
layer 1st hatch of SS 316 and AlSi10Mg builds. Other process conditions are same as parameter set 1 of Table 2.
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thickness and hatch spacing is important for rapidly manufacturing
defect free components with desired structure and properties. Fig. 16(a)
shows the computed cooling rates during solidification. A build made of
thicker layers absorbs more heat. In addition, thicker layers reduces the
rate of heat transfer from the molten pool to the surroundings. There-
fore, cooling rate during solidification decreases with increasing layer
thickness, as shown in Fig. 16(a). Lower cooling rate with thicker layers
results in increased SDAS and reduced micro-hardness as shown in
Fig. 16(b). Change in hatch spacing shows little effect on the computed

cooling rate as long as the molten pools of neighboring hatches overlap
adequately. For example, the solidification cooling rate remains nearly
unchanged for increase in hatch spacing from 35 to 70 µm as shown in
Fig. 15(c). However, for hatch spacing more than 70 µm, the molten
pools of neighboring hatches start separating that reduces the heat
transfer from the molten pool. Therefore, a sharp decrease in cooling
rate during solidification is observed at hatch spacings greater than
70 µm.

Fig. 15. Variation of (a) cooling rate and (b)
G/R during solidification with layer number
at 3rd hatch and with hatch number for 3rd
layer for a 5 layers 5 hatches SS 316 build
using 250mm/s scanning speed.
Calculations are done at the mid-length and
on the top surface of track. Other process
conditions are same as parameter set 1 of
Table 2.

Fig. 16. Effects of layer thickness on (a) cooling rate (b) secondary dendritic arm spacing (SDAS) and Vickers hardness calculated at 3rd layer 1st hatch. (c) Effects of
hatch spacing on cooling rate at 1st layer 3rd hatch. Cooling rates are calculated during solidification. All calculations are done at the mid-length and on the top
surface of the track for a 5 layers 5 hatches SS 316 build using 1000mm/s scanning speed. Other process conditions are same as parameter set 1 of Table 2.
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2.4. Lack of fusion defects

Lack of fusion defects originate from improper fusional bonding
between hatches and layers [1]. Therefore, these defects depend on
width and depth of the molten pool, layer thickness and hatch spacing.
Fig. 17(a) and (b) shows the computed shapes and sizes of the molten
pool transverse sections (YZ plane) for different hatches and layers of
five hatch, five layer, builds of SS 316 and Ti-6Al-4V, respectively. For
the SS 316 build, unmelted regions between the molten pools indicating

improper fusional bonding among layers and hatches represent the lack
of fusion voids. For the same processing conditions, molten pools in Ti-
6Al-4V build are much larger in size and prevent lack of fusion defects
as observed in Fig. 17(b).

Fig. 18(a) and (b) shows the effect of hatch spacing on the lack of
fusion voids. The percentage of lack of fusion voids is calculated as a ratio
of area in the unmelted region to the total area of cross section of the build
expressed in percentage. Higher hatch spacing results in improper fusional
bonding between two successive hatches and increases the amount of lack

Fig. 17. Transverse sectional view of the molten pools for 5 layers 5 hatches build of (a) SS 316 (b) Ti-6Al-4V build using 1000mm/s scanning speed and 80 µm hatch
spacing. Other process conditions are same as parameter set 1 of Table 2.

Fig. 18. Variation of amount of lack of fusion voids with hatch spacing for 5 layers 5 hatches build of (a) SS 316 using 750mm/s and 1000mm/s scanning speeds and
(b) 4 alloys using 1000mm/s scanning speed. Other process conditions are same as parameter set 1 of Table 2.
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of fusion voids. At a given hatch spacing, the lack of fusion voids can be
minimized by increasing the overlapping of the fused regions. This can be
accomplished by increasing the size of the molten pool at lower scanning
speeds as shown in Fig. 18(a). Therefore, for a particular alloy component
the lack of fusion defects can be minimized by reducing the scanning speed
and/or hatch spacing. Among the four alloys, SS 316 exhibits the smallest
molten pool. Therefore, under same processing conditions, SS 316 requires
the smallest hatch spacing to prevent lack of fusion defect as shown in
Fig. 18(b).

2.5. Distortion

Spatially non-uniform and transient temperature field in PBF can
result in thermal distortion resulting in dimensional inaccuracy and
part rejection [1]. The extent of thermal distortion of the final build
would be affected primarily by the AM process variables and a few key
properties of the alloy powder. Recently, it has been shown that the
distortion of the AM parts can be quantitatively represented by a strain
parameter ( ∗ε ) as [2,3,41]:

=
∗ε

β T
EI

t
F ρ

H
Δ 3/2

(5)

where β is the co-efficient of volumetric expansion and TΔ is the dif-
ference between the peak temperature and ambient temperature, t is
the total building time, H is the heat input per unit length of the build,
EI is the flexural rigidity of the substrate, F is the Fourier number [33]
and ρ is the density of alloy.

Fig. 19 shows the effect of the laser scanning speed on the calculated
strain parameter. Faster scanning speed results in smaller molten pool,
smaller volume shrinkage during solidification and reduced strain.
Among the four alloys, the susceptibility to thermal distortion is highest
for AlSi10Mg due to the largest pool volume under the same processing
conditions. Although Ti-6Al-4V exhibits bigger molten pool than SS
316, its volumetric thermal expansion co-efficient is about half of that
for SS 316. Therefore, calculated strain values of Ti-6Al-4V and SS 316
build are almost the same. SS 316 and IN 718 builds exhibit nearly the
same strain due to their similar thermo-physical and mechanical
properties. However, strain values for these alloys in PBF are much
lower than that for direct energy deposition [2,3] because of the smaller
molten pool of the PBF process.

3. Summary and conclusions

A 3D transient heat transfer and fluid flow model of powder bed
fusion AM is developed and tested in the first part of this paper. The

validated mathematical framework is utilized here to calculate the
parameters that affect the metallurgical quality of the component.
These parameters include temperature and velocity fields, fusion zone
shape and size, cooling rates, solidification parameters, dendrite arm
spacing, micro-hardness and susceptibility to lack of fusion defect and
distortion. Calculations are done for multi-layer, multi-hatch builds of
four alloys widely used in AM, SS 316, Ti-6Al-4V, IN 718 and AlSi10Mg.
Below are the specific findings.

(1) Rapid scanning reduces distortion of the component and promotes
dimensional accuracy. Among the four alloys, AlSi10Mg is the most
susceptible to thermal distortion because of its largest molten pool
that shrinks considerably during solidification.

(2) Among the four alloys, SS 316 requires the smallest hatch spacing
to prevent lack of fusion defect. However, the biggest molten pool
of AlSi10Mg ensures proper fusional bonding among layers and
hatches that minimizes this defect.

(3) Small changes in hatch spacing does not significantly affect cooling
rate and the secondary dendrite arm spacing.

(4) From the calculated values of temperature gradient and growth
rate, it is found that columnar dendrites are likely to form during
PBF of SS 316. This finding is also consistent with the experimental
observation reported in the literature. Rapid scanning and thinner
layers enhance cooling rate and micro-hardness but reduce sec-
ondary dendrite arm spacing of SS 316 and AlSi10Mg.

(5) The shape of the molten pool is slightly asymmetric except for the
first hatch. As the deposition continues, one side of the molten pool
interfaces with the already deposited dense metal while the other
side is surrounded by the low thermal conductivity powder bed.
Asymmetry in the molten pool can be minimized by reducing the
scanning speed and increasing packing efficiency.

(6) The first hatch produces larger liquid pool than the other hatches
because heat transfer from the liquid pool to its surroundings im-
proves slightly from the first to the subsequent hatches. This is
because in the first hatch the liquid pool is surrounded by the
powder bed on both sides while in subsequent hatches one side of
the liquid pool interfaces with already deposited dense metal. For
the upper layers, since heat transfer from the molten pool to the
substrate becomes progressively slower, molten pool size increases
and cooling rate decreases.
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