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A Simulation Study on the Effect
of Particle Size Distribution on
the Printed Geometry in Selective
Laser Melting
Selective laser melting (SLM) process is a powder bed fusion additive manufacturing
process that finds applications in aerospace and medical industries for its ability to
produce complex geometry parts. As the raw material used is in the powder form, particle
size distribution (PSD) is a significant characteristic that influences the build quality in turn
affecting the functionality and esthetic aspects of the product. This article investigates the
effect of PSD on the printed geometry for 316L stainless steel pow der, where three
coupled in-house simulation tools based on discrete element method (DEM), computational
fluid dynamics (CFD), and structural mechanics are employed. DEM is used for simulating
the powder bed distribution based on the different powder PSD. The CFD is used as a
virtual testbed to determine thermal parameters such as heat capacity and thermal conduc-
tivity of the powder bed viewed as a continuum. The values found as a stochastic function of
the powder distribution are used to analyze the effect on the melted zone and deformation
using structural mechanics. Results showed that mean particle size and PSD had a signifi-
cant effect on the packing density, melt pool layer thickness, and the final layer thickness
after deformation. Specifically, a narrow particle size distribution with smaller mean par-
ticle size and standard deviation produced solidified final layer thickness closest to nominal
layer thickness. The proposed simulation approach and the results will catalyze the devel-
opment of geometry assurance strategies to minimize the effect of particle size distribution
on the geometric quality of the printed part. [DOI: 10.1115/1.4052705]

Keywords: selective laser melting, particle size distribution, geometric variation, 316L
stainless steel, multiphysics modeling

1 Introduction
Additive manufacturing (AM) is an emerging manufacturing

technique that has had a large impact on the manufacturing industry
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thus far. This process has several advantages in comparison to tra-
ditional manufacturing techniques. For example, the part geometry
is much freer, and there is no costly tool building required. Laser
powder bed fusion technique such as the SLM process enable effi-
cient utilization of the powder as the un- used powder can be recy-
cled and reused. As the process consists of melting the raw material
in powder form, the powder material characteristics are of prime
importance in achieving the desired geometric quality. Particle
size distribution (PSD) of the powder material is an important char-
acteristic as it affects the final part properties [1].
Numerous research works on the influence of particle size distri-

bution have been carried out. In Ref. [2], the effect of variation in
PSD of Ti6Al4V powder on the microstructure and tensile strength
was examined by comparing powders from three different suppli-
ers. No significant differences in tensile strength and microstructure
were found, but serious porosity issues were observed. Similar
observations were made in a comparison study between fresh and
recycled Ti6Al4V powder in terms of PSD and flow characteristics
[3]. However, a study on the role of particle size on the tensile
strength and dimensional accuracy in Refs. [4,5] showed that
finer particle size resulted in higher tensile strength but lower
dimensional accuracy along the Z-direction. In Ref. [6], the effect
of spreading powders of different PSDs on the powder bed
density was investigated. The study concluded that wide PSDs
led to a higher powder bed density. The influence of uni-modal
and bi-modal PSD on density, microstructure, and mechanical prop-
erties on 316 L [7] was examined by varying the energy density.
The study revealed that the bi-modal powder had higher packing
densities and greater layer thickness.
Similar advancements on the simulation front have been able to

mimic various aspects of the SLM process to a larger extent. For
example, transport phenomena for a single-track multilayer was
simulated in Ref. [8] to predict the transient variation of the melt
pool and solidified build geometry during deposition. The work
in Ref. [9] simulated the influence of powder bulk density on the
sensitivity of relative density of Ti6Al4V built parts. The work con-
cluded that a decrease in bulk density adversely affected the relative
density of the built parts. The influence of the particle size on the
laser absorption was observed in Ref. [10] and laser absorptivity
was found to decrease with an increase in the particle size. An opti-
mization study for density control was performed in Ref. [11], and a
prediction model was proposed. A numerical analysis was con-
ducted in Ref. [12] to assess the powder bed generation and the
single-track melting. The powder particle size was found to signifi-
cantly contribute to the melt track distortion.
In summary of the aforementioned works, there exists thorough

experimental investigation on the influence of PSD on the build’s
surface quality and the mechanical properties for various metal
powders. However, knowledge of how the effect of PSD translates
to the build’s geometric accuracy is limited. Also, there is an
increased interest toward integrating various simulation tools to
capture such effects in the SLM process, especially to guide
during the early product development stages. Hence, this forms
the basis for the study conducted in this article.

1.1 Scope of This Article. In this article, the effect of PSD on
the build geometry is examined by integrating various simulation
tools that replicate the multiphysics aspects of the SLM process.
The design of experiment (DoE) approach is employed to

investigate the effect of PSD on the build geometry. Three
in-house simulation tools based on discrete element method
(DEM), computational fluid dynamics (CFD), and structural
mechanics are employed to generate the powder distribution, heat
transfer, and displacement, respectively. A powder bed with a
single layer consisting of two melt tracks is simulated in this
article. However, learnings from this study will serve in setting
up modeling and simulation to investigate multilayer multitrack
builds. Packing density, powder layer thickness, melt pool layer
thickness, layer displacement, and final layer thickness after dis

placement are the responses measured from the simulations. The
approach of combining three simulation tools establishes a way to
calculate the effect of various aspects of the SLM process on the
build geometry that could be used in scenarios that require detailed
simulation accuracy.
This article is arranged as follows. Section 2 presents theoretical

aspects of the SLM process, the concept of robust design, and back-
ground on the three in-house simulation tools. Experimental details
at each step is described in Sec. 3. Section 4 presents the results and
interpretation of the results. Section 5 concludes this article.

2 Theory
In this section, the theoretical background on the selective laser

melting (SLM) process and the concept of robust design is given.
Also, the principles of in-house built DEM, CFD, and structural
mechanics-based simulations are described.

2.1 Selective Laser Melting. In the SLM process, the powder
material is applied in the form of a layer on the build platform
(Fig. 1). The laser source melts the powder and fuses the powder
particles together. The powder is selectively melted in the layer as
per a defined laser melt path (i.e., scan pattern), and the process is
repeated layer by layer by lowering the build platform. The build
platform is lowered as per the required layer thickness, and a
roller or a recoater applies a new layer of powder material.
Once the build is complete, the build is removed from the build

platform for further processing based on the end requirements.
In a powder bed fusion process, PSD is a powder characteristic

that influences density, mechanical properties, and surface quality.
PSD requires to be engineered to the specific AM process. For
example, as the powder layer shrinks after melting and solidification,
the thickness of the subsequent powder layer increases. For a smaller
powder layer thickness, inappropriate PSD could cause porosity and
affect the overall build quality [13].

2.2 Robust Design. Geometric variation occurs in every man-
ufacturing process and the additive manufacturing process is no dif-
ferent. Variation in the manufacturing process parameters can cause
inconsistencies between the design specifications (input) and the
fabricated product (output). Reducing process variation to minimize
its effect on the product’s geometry is a complex and expensive
approach. Instead, a cost-effective alternative would be to minimize
the effect of process variation on the product’s geometry. From a
robust design perspective, the objective is to improve the quality
of the product or the process by minimizing the effect of the
causes of variation without eliminating the causes [14].
A product or a process is considered as a system as shown in the

block diagram (Fig. 2). The response or the output of the system

Fig. 1 Selective laser melting process

051006-2 / Vol. 144, MAY 2022 Transactions of the ASME

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
m
a
n
u
f
a
c
t
u
r
i
n
g
s
c
i
e
n
c
e
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
4
/
5
/
0
5
1
0
0
6
/
6
7
7
6
8
5
6
/
m
a
n
u
_
1
4
4
_
5
_
0
5
1
0
0
6
.
p
d
f
 
b
y
 
C
h
a
l
m
e
r
s
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
T
e
c
h
n
o
l
o
g
y
 
u
s
e
r
 
o
n
 
2
2
 
A
p
r
i
l
 
2
0
2
6



denoted as y is the performance obtained. The system’s perfor-
mance is influenced by several factors. They are classified as
signal factors (M ), noise factors (x), and control factors (z).
Signal factors represent the desired outcome from the system.
Noise factors are uncontrollable parameters that cause variation in
the system’s response. Noise factors affecting the system’s response
could be some external factors such as operating environment, wear
on usage, or internal factors such as system imprecision causing
variation in system’s response (unit–unit). Control factors are the
parameters that could be adjusted to minimize the influence of
noise factors and achieve the desired outcome.
To minimize the effect of variation in the SLM process, identify-

ing the sources of variation and understanding their influence on the
build geometry is necessary. In the context of this article, the sto-
chastic powder distribution is treated as a variation source and its
influence on the printed geometry is examined.
As a part is built layer by layer, the layer height or layer thickness

is of interest, see Fig. 3. The stochastic powder distribution is
viewed as a noise factor that could affect the intended nominal
layer thickness. Here, the PSD is viewed as a control factor. From
this perspective, the PSD could be engineered or optimized such
that there is least variation between the nominal layer thickness
and the printed layer thickness, or least variation among the
printed layers.

2.3 Discrete Element Model. The DEM is used for simulating
large populations of particles such as powders, granules, rock and
ore particles, and many other materials. The DEM was originally
proposed by Cundall and Strack in a series of publications [15]
and has since been further developed by a wide range of contribu-
tors spanning many different fields of engineering and science.
DEM is a numerical method based on Newtonian interactions of
a system of particles where constitutive relations including contacts
and collisions, heat transfer, inter-particle bonds, and forces and
reaction to external fields are resolved. The DEM simulations in
this article are performed in the DEM SOLVER DEMIFY

™ developed
at the Fraunhofer–Chalmers Centre (FCC). DEMIFY

™ is a
state-of-the-art DEM solver built to utilize the advantage of the

parallel processing power of graphics processing units using the
compute unified device architecture parallel computing platform.

2.4 Computational Fluid Dynamics. A computational fluid
dynamics software, IPS IBOFLOW, is used to simulate the melt pool
dynamics of the SLM process. IPS IBOFLOW developed at FCC is a
finite volume-based solver for incompressible multiphase flow,
which previously has been used to simulate, for example, additive
manufacturing in bio printing [16] and surface tension driven
flows [17].
Navier–Stokes equations, the transport equation for temperature

together with the equation of the volume fraction advection are
solved each time-step. The equations are discretized on a Cartesian
octree grid, which can be dynamically refined and coarsened to
enhance or reduce the resolution of the flow if necessary. This is
convenient in flows that require a refined mesh at local areas,
such as the interface between metal and gas.
The laser is modeled using a ray tracing algorithm, where the cir-

cular pattern of rays based on the laser diameter are directed from a
moving laser source on the powder bed. The viscosity of the fluid
metal is allowed to decrease with the increasing temperature,
which is modeled with the Arrhenius equation. The specific heat
capacity of the metal is based on the phase. The phase change is
accounted for by adding the enthalpy of fusion to the specific
heat capacity over the temperature interval between the solidus tem-
perature and the liquidus temperature. To account for possible
boiling, the enthalpy of vaporization is added to the specific heat
capacity after the boiling point. The surface tension model used is
temperature dependent and therefore has a tangential component
to be able to model the Marangoni flow.

2.5 Structural Mechanics. The finite element method (FEM)
is used to simulate how the solidified material distorts as well as to
predict how the resulting strain and stress fields evolve as a result of
the temperature and melting and solidification. The FEM approach
for thermomechanical simulation of the AM process stems from
welding simulation due to many similarities between welding and
metal additive manufacturing simulations [18].
In this article, structural mechanics solver developed at FCC is

used to perform the thermomechanical simulations. The material
model is an elastoplastic with temperature-dependent material
parameters. The constitutive model is based on infinitesimal strain
theory, and the melted material is modeled using the silent
approach, meaning that the material points that are not solid are
given a compliant material property to not interfere with the solid
part of the geometry while ensuring that the finite element mesh
is intact and not too deformed, see Ref. [18]. This is done by
setting Young’s modulus to the value at the liquidation temperature
for air and liquid metal.
Structural mechanics simulation captures how the powder melts,

how the melt pool develops, how the pool is solidified, and how the
shrinkage occurs.

3 Simulation Setup
In this section, details of the powder material and input parame-

ters at each simulation stage are explained. Figure 4 illustrates the
sequence of steps followed as well as the interaction of the simula-
tion tools in this experimental setup.
The DEM simulations are first run to generate powder bed con-

figurations for the chosen particle size distribution. The powder
bed configurations along with the powder material properties and
process parameters serve as input to the CFD simulations. The
outcome of CFD simulations with information of powder bed
with the solid/liquid status assists structural mechanics simulation
to capture the process of melting, solidification, and deformation.
The responses from each of these simulation stages are shown on
the right side in Fig. 4.

Fig. 3 Problem representation in the form of P-diagram with
stochastic powder distribution as the noise factor and particle
size distribution configuration as the control factor

Fig. 2 P-diagram

Journal of Manufacturing Science and Engineering MAY 2022, Vol. 144 / 051006-3

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
s
m
e
d
i
g
i
t
a
l
c
o
l
l
e
c
t
i
o
n
.
a
s
m
e
.
o
r
g
/
m
a
n
u
f
a
c
t
u
r
i
n
g
s
c
i
e
n
c
e
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
4
/
5
/
0
5
1
0
0
6
/
6
7
7
6
8
5
6
/
m
a
n
u
_
1
4
4
_
5
_
0
5
1
0
0
6
.
p
d
f
 
b
y
 
C
h
a
l
m
e
r
s
 
U
n
i
v
e
r
s
i
t
y
 
o
f
 
T
e
c
h
n
o
l
o
g
y
 
u
s
e
r
 
o
n
 
2
2
 
A
p
r
i
l
 
2
0
2
6



3.1 Powder Material. Powder of 316 L is used as the refer-
ence material. It is an austenitic stainless steel offering superior
corrosion resistance and is a preferred material for elevated
temperature-based applications. Table 1 provides the chemical
composition [19]. Typical particle size distribution data from a
powder manufacturer (GKN Hoeganaes, New Jersey, USA)
has been used as the reference for generating a set of particle
size distribution variants [19]. The characteristic sizes of the
reference distribution are x10= 16.3 µm, x16= 21.0 µm, x50=
34.6 µm, x84= 47.9 µm, x90= 50.9 µm, and x99= 67.4 µm. The
standard deviation of the distribution has been estimated to be
σdiv= 13.5 µm. Here, the x10 and x90 values correspond to parti-
cle size diameter that accounts for 10% and 90% of the powder
PSD, respectively. For simplicity, Gaussian normal distributions
are used for generating the required distribution functions for the
powder bed simulations in DEM.

3.2 Design of Experiments. The DoE method was opted in
this study. Four input factors, namely, particle mean size, standard
deviation, laser power, and hatch spacing were of interest. Laser
scan speed and beam diameter were kept constant at 1000 mm/s
and 0.05 mm, respectively. The nominal layer thickness was
chosen to be 67.4 µm (x99). Table 2 provides details of the factors
and their levels. A full factorial design was considered with four
factors, each at two levels as specified in Table 2. The center
points (reference points) were not considered in formulating the
full factorial design. However, four runs at the center points were
made for comparison.
Table 3 provides the details of the DoE configuration. The cumu-

lative distribution and the frequency distribution of the particles for
the simulation runs presented in Table 3 are shown in Fig. 5. For
example, the dashed curve for the runs R9–12 in Fig. 5 represents
the PSD configuration employed for the simulation runs R9–R12
(Table 3) along with the details of the mean particle size and the
standard deviation values.

3.3 Discrete Element Method Case Configuration. Powder
particles were generated in a domain above the intended bed and

were allowed to free fall and settle (see Fig. 6). It must be noted
that this configuration does not consider a recoater system for
spreading the powder on the build platform. This is because the
effect of a specific recoater (hard or soft) as a source of variation
can be avoided.
Therefore, a free-fall approach was employed to generate the sto-

chastic nature of the powder distribution. In the free-fall approach,
the mass rate, insertion rate, generator domain volume, and target
particle size distribution configuration are critical for the formation
of the powder bed. The particles are instantiated at random positions
in a generator domain with a specified mass rate. The insert fre-
quency controls how often particles are generated. In this article,
an insertion frequency of 100 Hz was used. The generator algorithm
keeps track of the generated mass in each particle size class and con-
trols for continuously maintaining the size distribution target. The
total simulation time was 1 s where the particles were created
from 0 to 0.5 s, and in the remaining 0.5 s, the particles were
allowed to settle down and become still.
Material model parameters and simulation settings are provided

in Table 4. The powder PSD is set according to a truncated
normal distribution with mean and standard deviation values
according to the DoE setup in Table 3. A general illustration of dif-
ferent powder packing configurations that could be generated is pro-
vided in Fig. 7.

3.4 Computational Fluid Dynamics. The parameter values
for 316 L used in CFD simulation were obtained from Refs.
[20,21] and are tabulated in Table 5. Same material (316 L) was
chosen for the substrate as well. The size of computational
domain was set to 1 mm×0.3mm×0.4 mm (Fig. 8). A continuous
heat source model with Gaussian distribution was employed. As
mentioned earlier, the intended beam diameter was 0.05 mm
(D4σ). Two tracks were melted with each track length measuring
0.8 mm. The computational mesh was dynamically refined to
enhance the resolution of the metal surface, parameter value unit
where the finest mesh size used was 6.25 µm. A constant time-step
density (ρ) of 7269 kg/m3 of 0.1 µs was used in simulations.
Figure 9 illustrates the CFD simulation of the melt pool.

3.5 Structural Mechanics. The temperature and solid/liquid
status of the material at different points are extracted from CFD
simulation to calculate the stress and strain fields and the resulting

Table 1 Chemical composition of 316 L (wt%)

Cr Si Mn Ni Mo Fe C S O N

16.5 0.45 1.2 11 2.2 Bal 0.012 0.029 0.069 0.098

Fig. 4 Sequence of steps in the experimental setup

Table 2 Factors and their levels in the DoE configuration

Label Factor −1 0 +1

X1 Mean particle size, x50 (µm) 21.1 34.6 48.0
X2 Standard deviation, σdev (µm) 2.7 13.5 24.2
X3 Laser power, P (W) 100 150 200
X4 Hatch spacing, Hs (µm) 50 70 90

Table 3 DoE matrix

Runs X1 X2 X3 X4 Runs X1 X2 X3 X4

1 −1 −1 −1 −1 11 +1 −1 +1 −1
2 −1 −1 −1 +1 12 +1 −1 +1 +1
3 −1 −1 +1 −1 13 +1 +1 −1 −1
4 −1 −1 +1 +1 14 +1 +1 −1 +1
5 −1 +1 −1 −1 15 +1 +1 +1 −1
6 −1 +1 −1 +1 16 +1 +1 +1 +1
7 −1 +1 +1 −1 17 0 0 0 0
8 −1 +1 +1 +1 18 0 0 0 0
9 +1 −1 −1 −1 19 0 0 0 0
10 +1 −1 −1 +1 20 0 0 0 0
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Fig. 5 Powder particle size distributions simulated as per the DoE configuration. Cumulative distribution (left), frequency dis-
tribution (center) and respective labelling and legend details (right).

Fig. 6 Snapshot of the filling procedure of the particle bed formation. Particles colored by velocity
(color map unit in m/s).
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displacement. The bottom of the base plate is locked from
translation in z-direction, the point (0, 0, 0) is locked from transla-
tion in x- and y-direction, and finally, the point (1, 0, 0) is locked
from translation in the x-direction.
In Fig. 10, the geometry is depicted when the laser has melted the

track on the right side. Here, only the part of the computational
model that is solid is shown. In a cross section, it is seen how the
equivalent plastic strain (middle) and the von Mises stress
(bottom) are growing as the structure is cooling down. These
fields depend on how the geometry was melted.

4 Results and Discussion
In this section, the outcome from the DEM, CFD, and structural

mechanics simulations are presented and discussed. Table 6 sum-
marizes the results.
Packing density (Y1) was measured as the response from DEM

simulations. From CFD simulations, the mean powder layer thick-
ness before melting (Y2) and the mean melt pool layer thickness
(Y3) were measured as responses. Figure 11 presents a sample
result of the surface map (from R1) and plots showing the Y2
response. Figure 12 presents a sample visualization of layer
height, surface temperature, and melt pool in CFD simulation.
Layer displacement after shrinkage (Y4) and mean layer thickness
after displacement (Y5) were captured from the structural mechan-
ics simulations.

4.1 Discussion. The statistical analysis was performed to
analyze the significance of the sources (X1–X4) on the responses

Table 4 Parameters used in the DEM simulation

Parameter Value Unit

Solid density, ρs 7269 kg/m3

Static friction p-p, µs 0.4 −
Static friction p-w, µs 0.4 −
Rolling friction p-p, µr 0.005 −
Rolling friction p-w, µr 0.005 −
Surface energy p-p, γ Young’s Modulus, E 0.1 200e6 mJ/m2 Pa
Poisson’s ratio, ν 0.294 −
Time-step, dt 8.7e−8 s
Particle insertion frequency 100 Hz

Fig. 7 Illustration of the five different powder particle packing configurations simulation.
Particles colored by radius, unit in m.

Table 5 Parameters used in the CFD simulation

Parameter Value Unit

Density, ρs 7269 kg/m3

Density, ρl 6881 kg/m3

Viscosity, η 0.008 Pa s
Specific heat capacity, Cp(s) 688.6 J/(kg K)
Specific heat capacity, Cp(l) 773.7 J/(kg K)
Thermal conductivity, k(s) 32.17 W/(m K)
Thermal conductivity, k(l) 27.5 W/(m K)
Liquidus temperature, Tl 1723 K
Solidus temperature, Ts 1658 K
Enthalpy of fusion, ΔHf 260 kJ/kg
Boiling point, Tb 3090 K
Enthalpy of vaporization, ΔHv 7406 kJ/kg
Emissivity, ϵ 0.36 K
Surface tension, γ 1.76 N/m

Fig. 8 Computational domain and the scanning strategy details
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(Y1–Y5), and the results are tabulated in Table 7. The significance
of a source is assessed using the P-value, where a P-value of < 0.05
is considered significant.
From the DEM simulations, the response Y1 was analyzed with

reference to the input sources, the mean particle size (X1), and

standard deviation (X2). Both X1 and X2 were found to be affecting
the packing density. However, X1 was observed to have more sig-
nificant effect on the packing density. Also, it could be observed
from Table 6 that a wider particle size distribution lead to an
increase in packing density, which was significantly smaller.
The response Y2 was analyzed with respect to input sources X1

and X2. No significant effect of X1 and X2 on the mean powder
layer thickness (Y2) was observed from the statistical analysis
based on the number of runs performed.
The response Y3 was analyzed with respect to X1, X2, laser

power (X3), and hatch spacing (X4). From the analysis, it was
observed that X1, X2, X3, and the interaction of X1 and X2 had sig-
nificant effect on the melt pool layer thickness with X1 being the
most significant. A PSD with smaller X1 and X2, i.e., a narrow
PSD resulted in higher melt pool layer thickness. Also, for any
given PSD, the melt pool layer thickness was found to decrease
with an increase in laser power. Increasing the laser power can
cause the neighboring particles along the track to melt, thereby
causing a change in the layer thickness. From Table 6, it can be
observed that Y3 increases with an increase in Y2.
The mean layer displacement (Y4) was analyzed in reference to

all the input sources, X1–X4. Laser power (X3) was found to be the
most significant of all, followed by hatch spacing (X4) and the inter-
action effect of X3 and X4. For any given PSD, higher X3 and
lower X4 produced the maximum deformation.
The final mean layer thickness (Y5) was analyzed in reference

to all the input sources as well. X1, X2, X3, and X4 were all found
to have a significant effect on the final layer thickness. However,
in terms of PSD, a narrow PSD with smaller mean particle size,
X1, and smaller standard deviation resulted in a higher final
mean layer thickness (R1–R4) that is nearest to the chosen
nominal layer thickness value of 67.4 µm (x99). In case of PSD
with a larger mean particle size, X1 resulted in lower final mean
layer thickness.

4.1.1 Effect of Particle Size Distribution on the Effective
Powder Layer Thickness. The powder layer thickness of the sub-
sequent layer also known as the effective powder layer thickness
mainly depends on the layer thickness of the previously solidified
layer and will be larger than the preset nominal thickness.
Figure 13 demonstrates the effective powder layer thickness
(Teff) and final layer thickness (Tf) for the runs R1 and R9. The
estimations are made with the help of final layer thickness (Y5)
measured from structural mechanics simulations. For run R1, the
final layer thickness (Y5) for the first layer was measured to be

Fig. 9 A CFD simulation of the melt pool with a slice of the com-
putational grid

Fig. 10 A thermomechanical simulation coupled to the CFD
simulation. A cross section of equivalent plastic strain (middle)
and Von Mises stress (below)

Table 6 Design of experiments table and response measurement values, all units in microns

Runs Powder bed X1 X2 X3 X4 Y1 Y2 Y3 Y4 Y5

1 PB1 −1 −1 −1 −1 0.5522 53.1076 49.1498 5.0856 53.3759
2 PB1 −1 −1 −1 +1 0.5522 53.1076 49.5909 5.1383 53.1075
3 PB2 −1 −1 +1 −1 0.5521 53.7565 46.3849 14.7482 60.543
4 PB2 −1 −1 +1 +1 0.5521 53.7565 46.9136 11.35 57.3954
5 PB3 −1 +1 −1 −1 0.5651 43.9863 30.4398 5.8747 35.2372
6 PB3 −1 +1 −1 +1 0.5651 43.9863 32.009 5.3124 35.7481
7 PB4 −1 +1 +1 −1 0.5684 49.7114 29.2887 17.2088 45.4065
8 PB4 −1 +1 +1 +1 0.5684 49.7114 29.6487 12.7126 41.8453
9 PB5 +1 −1 −1 −1 0.5735 37.6448 28.5291 6.0085 33.6244
10 PB5 +1 −1 −1 +1 0.5735 37.6448 29.7874 5.8972 34.0807
11 PB6 +1 −1 +1 −1 0.5752 45.1844 24.774 18.096 42.108
12 PB6 +1 −1 +1 +1 0.5752 45.1844 25.0484 13.2268 37.9345
13 PB7 +1 +1 −1 −1 0.5838 42.2659 32.0396 5.7657 36.7493
14 PB7 +1 +1 −1 +1 0.5838 42.2659 32.5127 5.3705 36.4885
15 PB8 +1 +1 +1 −1 0.5862 51.5537 27.5715 17.1439 43.6121
16 PB8 +1 +1 +1 +1 0.5862 51.5537 27.679 12.9157 40.2364
17 PB9 0 0 0 0 0.5709 41.0798 29.5882 11.9276 41.1862
18 PB10 0 0 0 0 0.5767 39.5343 28.8132 12.5604 40.9652
19 PB11 0 0 0 0 0.5624 40.7313 29.2121 12.4783 41.2332
20 PB12 0 0 0 0 0.5700 40.0916 29.5908 12.0801 41.4156
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53.38 µm and is approximately 79% of the nominal layer thickness
of the first layer, 67.4 µm. Therefore, lowering the build platform
by nominal layer settings of 67.4 µm will cause the effective
powder layer thickness of the second layer to be 81.42 µm.
Assuming the final layer thickness of each layer will be approxi-
mately 79% of their respective effective powder layer thickness,
the final layer thickness is estimated to reach a stable value of
67.4 µm after building about seven layers. Similarly in R9, the
final layer thickness, Y5 for the first layer was measured to be
33.62 µm and is approximately 50% of the nominal layer thickness
of 67.4 µm. The effective powder layer thickness of the second
layer can be estimated to be 101.18 µm. Assuming the final
layer thickness of each layer will be approximately 50% of their
respective effective powder layer thickness, the final layer thick-
ness will reach a stable value of 67.4 µm after building about 13
layers.
Regardless of the PSD configuration in R1 and R9, the solidified

final layer thickness stabilizes after initial set of layers. However, it
is interesting to observe the differences between the effective
powder layer thickness (Te f f) and final layer thickness (Tf),
which can be traced back to the PSD configuration, i.e., the mean
particle size and the standard deviation.
The effect of layer thickness variation in the initial stages of the

print could be negated by considering the support structures, which
after the build would be cut off as also discussed in Ref. [22]. This,
however, may affect the processing strategy adapted such as the ori-
entation of the build geometry, the overall processing time required
in the presence or absence of the support structures, and the number
of layers required. Also, the variation in layer thickness may be con-
sidered negligible based on whether the geometric features in the
build is macroscopic or microscopic in nature.
While the layer thickness stabilizes after a set of initial layers, the

layer surface variation within the layer caused by the PSD as shown

in Fig. 11 may affect the powder distribution in the subsequent layers.
This may get further aggravated due to the residual distortion.

4.1.2 Effect of Particle Size Distribution on Residual Stress
State. The effect of hatch spacing and the PSD configuration in

Fig. 11 From R1, (a) surface contour plot with magnified region highlighting the melted area
and (b) mean layer thickness plot along the melt track

Fig. 12 Visualization of runs R1 andR16 as an example showing
(a) layer height, (b) surface temperature, and (c) active melt pool
from end of CFD simulations
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terms of particle size and standard deviation settings on the resulting
stress state in the contact region of the melted tracks and the build
platform is shown in Fig. 14. For example, in R1, owning to the
smaller mean particle size and standard deviation settings in the
PSD configuration and low hatch spacing settings, the two melt
tracks fuse together with the fusion of powder particles more
evident on the right side of the powder bed (as shown). This
occurs because the laser heat source transits from the first track to
the second track as per the scanning path. The distinctive gap of
the track boundaries on the left side of the powder bed (as
shown) could mean an unmelted zone, which is more clearly
visible in R2. The higher hatch spacing in R2 results in a gap
between the melted tracks and leads to partial melting or unmelted
powder particles and porosity.
Contrary to runs R1 and R2, the runs R13 and R14 have a wider

PSD configuration in terms of mean particle size and standard
deviation settings. The effect of such a configuration is evident in
the color mapping of the stress state along the boundaries of the
melted zone and the track boundaries. Larger mean particle size
with lower power settings and higher hatch spacing settings cause
partial melting of the powder particles between the melting tracks
as clearly shown in Figs. 12 and 14.
It is also important to note from the earlier discussed observations

that the different PSD configurations and hatch spacing settings also
affects the melt track width. This is due to the nature of powder dis-
tribution, which influences the powder availability along the melt
track. Variation in powder availability can lead to inconsistent
melt track widths and cause remelting of already solidified melt
tracks or the layers beneath, thereby influencing the residual stress
state and deformation. The magnitude of residual stresses could
vary in a multilayer, multitrack build, which in turn could affect
the geometric dimensions after the build is cut off from the build
platform.

5 Conclusion and Future Work
Additive manufacturing of metals is being vastly adapted within

various industries. Utilizing its potential to the fullest requires
understanding of various factors in the process that contribute to
the build quality. Influence of metal powder characteristics such
as the particle size distribution is one such factor that requires to
be well understood. With this being the objective, the effect of
PSD on the printed geometry was examined in this article.
The robust design method was employed where the stochastic

powder distribution on the powder bed was treated as the noise
factor and the PSD configuration was treated as the control factor.
Their influence on the printed geometry in the form of layer thick-
ness was observed. To perform this study, a simulation method was
presented by integrating DEM, CFD, and structural mechanics-
based simulation platforms. Packing density, powder layer thick-
ness, melt pool layer thickness, layer displacement, and finally,
the solidified layer thickness were measured as responses from
the simulation study.

Table 7 Statistical analysis on the effect of input sources and
their significance on the responses

Y (response) X (source) F-ratio P-value

Packing density (Y1)
Y1 X1(21.1,48) 57.127 0.0001
Y1 X2(2.7,24.2) 22.279 0.0015
Y1 X1*X2 0.529 0.4878

Mean powder layer thickness (Y2)
Y2 X1*X2 2.751 0.1358
Y2 X1(21.1,48) 2.711 0.1383
Y2 X2(2.7,24.2) 0.024 0.8805

Mean melt pool layer thickness (Y3)
Y3 X1(21.1,48) 21.835 0.0000
Y3 X1*X2 57.665 0.0000
Y3 X2(2.7,24.2) 29.680 0.0004
Y3 X3(100,200) 6.0893 0.0357
Y3 X4(50,90) 0.214 0.6548

Mean layer deformation (Y4)
Y4 X3(100,200) 185.025 0.0000
Y4 X4(50,90) 11.275 0.0084
Y4 X3*X4 8.874 0.0155
Y4 X1(21.1,48) 1.713 0.2230
Y4 X1*X2 1.617 0.2354

Final mean layer thickness (Y5)
Y5 X1(21.1,48) 264.195 0.0000
Y5 X1*X2 248.666 0.0000
Y5 X2(2.7,24.2) 141.010 0.0000
Y5 X3(100,200) 111.931 0.0000
Y5 X3*X4 9.416 0.0134
Y5 X4(50,90) 8.327 0.0180

Fig. 13 Effective powder layer thickness (Teff) and final solidi-
fied layer thickness (Tf) estimated for runs R1 and R9

Fig. 14 Visualization of final stress state in the runs (a) R1, (b) R2, (c) R13, and (d) R14 as an
example from structural simulations
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For the chosen nominal layer thickness (67.4 µm), it was seen
that the mean particle size greatly influenced the layer thickness.
Specifically, a PSD configuration with smaller mean particle size
and smaller standard deviation settings produced results closest to
the preset nominal layer thickness. Also, it was observed that the
particle size distribution configuration influenced the powder avail-
ability, variation in the melt track width, and the resulting stress
buildup at the melted area and build platform interface.
These observations can support in engineering the PSD that is

suitable for the chosen nominal layer thickness. Another option
would be to test a lower nominal layer thickness value for the
same PSD configurations considered in this study. But a lower
nominal layer thickness will increase the build processing time.
Hence, there will be a trade-off between the choice of nominal
layer thickness and the build processing time.
On the basis of the aforementioned findings, the prospect of the

proposed simulation method of integrating simulation tools to
investigate various aspects of the powder bed fusion process
(SLM) was found to be promising. The presented simulation
approach can serve in analyzing the process windows that accounts
for geometric variation aspects of the build.
The outcome of this study will pave way for many future activ-

ities. Performing a multilayer, multitrack melting simulation along
with simulating the effect of build cutoff will enable capturing the
effect of PSD and layer thickness at a larger scale. Also, the
scope will be further expanded as per the robust design methodol-
ogy where various factors will be classified into control factors
and noise factors. Optimizing the control factors such as the build
direction, scanning strategy, and layer thickness support structures
by considering the effect of noise factors such as chemical compo-
sition and stochastic powder distribution due to the recoater system
will be studied. A long-term objective is to consider these
build-level effects while planning part positioning and fixture
design aspects in hybrid manufacturing and postprocessing scenar-
ios. However, to perform all the aforementioned activities, long
simulation times and high cost incurred will have to be handled.
Hence, faster simulation techniques will also be explored.
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