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Simulation of Volume Energy Density Effect on Roughness in Selective Laser
Melting

Shyang-Jye Chang ', Han-Yun Tsai 2

ABSTRACT

Selective Laser Melting (SLM) is a manufacturing method in which the metal powder is used as a material, and a layer of
powder is deposited with a roller and then melted with a high-energy laser beam to build each layer of a part. The product made by
SLM has a density close to 100% of material. However, its performance in surface quality is not satisfactory. In this study, the finite
element simulation software was used to analyze the manufacturing process parameters and temperature distribution in the single
melting trajectory and multiple melting trajectories SLM process. The simulation results were compared with the experimental
results to verify the influence of temperature distribution on surface roughness. In the single track simulation, the simulation results
meet with the experimental results. At the same laser power, the faster the speed, the lower the energy density, and as the volumetric
energy density decreases, the track width shrinks. In multiple track simulation, the temperature increases as the number of scan track
increases until the maximum temperature, and the thermal accumulation effect is clearly observed in the temperature profile. It was
found in the simulation results that when the maximum temperature is near the melting point of the metal, the surface quality of
the specimen will be better. Therefore, controlling the temperature, that is, controlling the scanning speed and laser power, is very

important when selecting a SLM process parameter.
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1. INTRODUCTION

Additive manufacturing (AM) is popular and widely used in
the industries over the recent years. Additive manufacturing sys-
tems are able to manufacture three-dimensional components and
products directly from raw materials and 3D design data. The lay-
er-by-layer operating process of these systems does not require the
use of tools, molds, or dies [1]. Freedom of design, mass custom-
ization, waste minimization, and the ability to manufacture com-
plex structures, as well as fast prototyping, are the main benefits
of additive manufacturing or 3D printing [2]. According to the
marketing report, with the global additive manufacturing market
in 2018, including hardware, software, materials and services,
stands at $9.3 billion in generated revenues after growing 18%
[3]. Selective Laser Melting (SLM) is a particular rapid prototyp-
ing, 3D printing, or Additive Manufacturing technique designed
to use high power-density laser to melt and fuse metallic powders.
A component is built by selectively melting and fusing powders
within and between layers. The SLM technique is also common-
ly known as direct selective laser sintering, laser fusing, and di-
rect metal laser sintering, and this technique has been proven to
produce near net-shape parts up to 99.9% relative density. This
enables the process to build near full density functional parts and
has viable economic benefits. Recent developments of fiber optics
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and high-power laser have also enabled SLM to process different
metallic materials, such as copper, Aluminum, and tungsten. Sim-
ilarly, this has also opened up research opportunities in SLM of
ceramic and composite materials [4]. Although the SLM process
offers a great advantage in manufacturing complex parts at a high
material utilization rate, it is affected by many factors, such as
laser energy input and scan speed, scan strategy, powder material,
powder size and morphology. The common defects are classified
in three types: porosities, incomplete fusion holes, and cracks [5].

Thermal analysis of laser processes can be used to predict
thermal stresses and microstructures during processing in a com-
pleted part. With the highly advancement of computer science,
thermal analysis becomes more and more diversification, there
are several ways to simulate physics phenomenon, such as FEM
(Finite Element Method) and DEM (Discrete Element Method).
Many researchers had studied in SLM process, such as the resid-
ual stress, thermal effect, particle size distribution, chamber tem-
perature effect. Thermal analysis is the basis for feedback tuning
of laser processing parameters in manufacturing. In many studies,
experimental methods were commonly used to detect and validate
thermal behavior during processing. In recent years, some tem-
perature measuring systems have been implemented to validate
the simulation results.

Laser power, scanning speed, powder layer thickness, parti-
cle size distribution are the major process parameters in SLM pro-
cess. Some researchers have shown the optimization to improve
the as-built surface quality.

Yadroitsev [8] analyzed the relation between processing pa-
rameters and surface roughness. With the excess scanning speed,
pores became large and reduced surface quality. Moreover, small-
er layer thickness (40pum -50pum) showed better performance on
surface roughness in each group of experimental conditions. The
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hatch distance should be set up depending on the track width,
which is relevant to surface roughness. Cherry [9] also revealed
the low porosity of specimen is rated to better performance in both
surface roughness and hardness. Surface balling is appeared to
deteriorate surface quality under unfavourable energy densities.
Spierings [10] confirmed that the coarser particle size distribution
generates poor roughness. The minimal surface roughness of the
specimen is appeared in the range of 50-90 J/mm3 under condition
of 30um layer thickness. However, the surface roughness is prone
to be similar in the thicker powder layer(45pum). Mumtaz [11] sur-
veyed processing parameters that affect top and side roughness.
Unfortunately, it cannot acquire the smoothest surface roughness
simultaneously. In the thermal physics of powder, Rombouts [12]
revised that there’s no clear correlation of the extinction coeffi-
cient with the powder material and particle size, and morphology
is revealed, which is in line with the assumption of geometrical
optics. Linear energy density is used by Wei [13] and Hong [14] to
interpret experimental results of single trajectory. Ciurana [15] and
Sabina [16] applied volumetric energy density to characterize sta-
ble single track, and layer thickness is regarded as the parameter
in the formula. Wang [17] use another volumetric energy density
formula to obtain single trajectory’s characteristics. Hussein [18]
used Gaussian distribution as the laser energy density to simulate
the single layer SLM simulation research. Li [19] investigate the
effects of laser power and scan speed on the SLM thermal behav-
ior by using 3D FEM compared with the SLM experiment. Loh
[20] revised that the melt penetration and width increased with
increasing laser power and reduced scan speed. Increasing the la-
ser power increases the total volume of powder molten and vol-
ume of molten powder evaporated. Alkahari [21] found out that
air gap between metal powders particles contributed to low ther-
mal conductivity of metal powder. Antony [22] used a finite ele-
ment-based model of heat transfer to determinate the temperature
distribution in the single powder layer. Foroozmehr [23] considers
powder-to-solid transition together with an effective method to
achieve volume shrinkage and material removal on FE model. Yin
[24] found that the temperature increases with the laser power and
decreases with the scan speed monotonously. The complex rela-
tionship can be found between the temperature and laser spot di-
ameter during the laser single track. Dong [25] first use a Gaussian
relationship to describe the laser intensity distribution across the
beam diameter in selective laser sintering simulation. Trapp [26]
studied the relations of absorptivity of metallic powders by laser
fusion. Rombouts [27] revealed that Oxygen in the atmosphere of
the SLM chamber increases the melt volume formed during SLM
due to exothermic oxidation of Fe. Sih [28] revised a view factor
for the prediction of the thermal conductivity of powder beds at
high temperature that includes a radiation contribution to the con-
ductivity.

Table 1 shows the studies on processing parameters and sur-
face roughness in SLM process. In this study, the finite element
analysis software simulating manufacturing process parameters
were used to observe the temperature distribution single melting
trajectory and multiple melting trajectories. The experimental pa-
rameters were compared with the experimental data to verify the
influence of temperature distribution on surface roughness. In the
FEM model, the laser heating energy is modeled as Gaussian dis-
tribution, and the influence of the particle size distribution and the
laser wavelength is ignored to reduce the computer resource con-
sumption. Through the heat transfer, two-phase flow phase field
module in FEM software, the transition of the transition zone of
the two-phase flow is simulated to analyze the change of the pow-
der layer after melting.

Table1 Studies on processing parameters and surface rough-
ness in SLM process.

Year Author Method/Finding

Smaller layer thickness showed a better

2011  Yadroitsev [8]
performance on surface roughness.

Worse surface roughness appears under

2015 Cherry [9] unfavorable energy density.

Thicker powder layer has the better sur-
2011  Spierings [10] face roughness. Particle size distribution is
indeed a parameter need to be considered.
There’s no clear correlation of the extinc-
2005 Rombouts [12] tion coefficient with the powder material
and particle size.

The melt penetration and width increased
with increasing laser power and reduced
scan speed. Increasing the laser power in-
creases the total volume of powder molten
and volume of molten powder evaporated.

2015 Loh [20]

Using Gaussian distribution as the laser
2013  Husseiin [18] energy to simulate the single layer of SLM
simulation research.
The moving laser heat source acting on the
powder bed was modeled as the Gaussian
distribution of heat flux and was input di-
rectly on the surface of the powder layer.

2014 Li[19]

Using a finite element-based model to de-
termine the temperature distribution in the
single powder layer.

2014 Antony [22]

Considers powder-to-solid transition to-
Foroozmehr gether with an effective method to achieve
[23] volume shrinkage and material removal on

FE model.
The power dependency of the absorptivity
for the powder coated case at high intensi-
ties is qualitatively similar to the flat plate.

2016

2017 Trapp [26]

2. MATERIALS AND METHODS

2.1 Simulation Method

Powder based selective laser melting involves using a direct
laser beam to melt a thin powder layer in the nitrogen chamber
that condenses and solidifies onto a substrate. The process in-
cludes absorption of laser radiation on the metal surface, con-
ductive and convective heat transfer in the metal and the ambient
atmosphere as well as melting, solidification, evaporation and
condensation. The physical phenomena in SLM process is es-
sentially a heat transfer procedure. The path of the beam can be
defined in terms of the beam center on the surface of the powder
layer as a function of time. The thermo-fluid dynamical for SLM
is simulated by using the fluid dynamics and the heat transfer
module of the finite element simulation software package Comsol
Multiphysics.

The relationship between volumetric energy density and
single trajectory must be observed first to obtain the relationship
between surface and volumetric energy density, and then the ap-
propriate combination of volumetric energy density parameters
is obtained. A single-layer laser melting simulation is established
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by appropriate parameters. In order to verify and analyze the re-
lationship between volumetric energy density and surface rough-
ness, three sets of parameters from the experimental data are used
to explore the relationship between temperature distribution and
surface roughness.

2.2 Material Properties

SUS 316L stainless steel is the material used in the model.
The detailed properties [26-28] is in Table 2.

Table 2 SUS 316L material properties.

Melting point Vaporizing point

1700 K 3000 K
Density [kg/m?] 7430 6740
Dynamic viscosity of fluid [pas] ~ 4.37x10? 2.7x10°
Thermal conductivity [W/(m-K)] 35.95 22.25
Heat capacitance [J/(kg'K)] 965 600
Surface tension [N/m] 1.70 1.72

2.3 Model Equations For Additive Manufacturing Pro-
cess
2.3.1 Energy density

This research uses volumetric energy density [15] to inter-
pret experimental results of single trajectory.

P 3
VED=— [J/mm’] (1)

where P is the laser power, v is the scanning speed, ¢ laser
beam diameter and t is the powder layer thickness.

2.3.2 Heat transfer

The heat transfer model for the process is modelled as a
transient heat conduction problem with a moving heat source and
can be written as follows.

aT
Q=pCpE+pCpu-l7T+V-q ©)
q = —kVT 3)

where p is the material density (kg/m3), Cp is the specific
heat capacity (J/kg'K), T is the temperature (K), t is the interac-
tion of time, u is the speed of the fluid, q is the heat flux by con-
duction, k is the thermal conductivity of the material.

2.3.3 Laser heat input

The heating due to laser is treated as a body heat source, the
body heat load within the metal powder plate is given by the fol-
lowing expression.

(x=x0)? (y-w)?

T 20} ].e—Acz 4)

AL‘
Qxy,2)= Qo (1-R) —=—-e
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where QO is the total power input, Rc is the reflection coef-

ficient, Ac is the absorption coefficient, ox, oy are the standard

.. (x=x4)2 (y=yy)?
deviation parameters, - ——+—
e 2%

is the 2D Gaussian dis-

tribution in x-y plane, e-AcZ is the exponential decay due to ab-
sorption.

2.3.4 Laminal flow in SLM simulation

The fluid flow in SLM process is regarded as laminal flow.
The single-phase flow interfaces are based on the Navier-Stokes
equations, which in general form as follows, equation (5) is the
continuity equation and represents conservation of mass, equation
(6) is a vector equation which represents conservation of momen-
tum, equation (7) describes the conservation of energy, formulat-
ed in terms of the temperature [29].

ap _
E+V-(pu)—0 (%)
pg—';+ p(uVYu=v-[—pl+t]+F (6)

arT Ta
pCp<E+ (u~V)T) =—(Vq +1:5— =2
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where p is the density (kg/m3), u is the velocity vector (m/
s), p is pressure (Pa), T is the viscous stress tensor (Pa), F is the
volume force vector (N/m3), Cp is the specific heat capacity at
constant pressure (J/(kg'K)), T is the absolute temperature (K), q
is the heat flux vector (W/m2), Q contains the heat sources (W/
m3), S is the strain-rate tensor:

1 T
$ == (Vu+(Vw") (8)

and the operation “:” denotes a contraction between tensors
defined by

a:b= Z Z P ©

The dynamic viscosity, p (Pa-s), for a Newtonian fluid is
allowed to depend on the thermo-dynamic state but not on the ve-
locity field.

2
r=2pS—§u(V-u)l (10)

2.3.5 Incompressible flow with gravity

For incompressible flow the fluid density is assumed to be
constant, and the gravity is added into the equation.

du

E+p(u-V)u=V-[—pl+K]+F+pg (11)
pv-(u)=0 (12)
K = p(Vu+ (vu)h) (13)
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2.2.6 Two phase flow field

Phase field interfaces use the incompressible formulation of
the Navier-Stokes equations [29]:

du
p5+p(u-v)=v-[—p1+u(Vu+Vu7)]+F;,+Fst+Fm+F (14)

V-u=0 (15)

where Fg is the gravity force which is equal to p g, where
g is the gravity vector, Fext is the volume force which is equal to
&ywve , Fst is the surface tension force for the phase field method
which is implemented as a body force and is equal to (G—%)Wb, G
is the chemical potential (J/m3).

Phase field method is used to track the interface, the follow-
ing equations is added necessary:

ad YA
—+u-Vp=V- =V 16
ot ¢ =z L4 (16)

e 0 fexs

1|J=—V-EZV¢+(¢2—1)¢+(T) Py (17)

where the quantity A (N) is the mixing energy density and
€ (m) is a capillary width that scales with the thickness of the
interface. These two parameters are related to the surface tension
coefficient, 6 (N/m), through the equation

o= 1 (18)

and v is the mobility parameter which is related to & through
y = x&% where y is the mobility tuning parameter (set to 1 by de-
fault). The volume fraction of Fluid 2 is computed as

Vr = min (max([%], 0), 1) (19)

where the min and max operators are used so that the vol-
ume fraction has a lower limit of 0 and an upper limit of 1. The
density is then defined as

p=p1t(p2—p)V (20)

and the dynamic viscosity according to

w=py+ Wy — 1)V @1

where pl and p2 are the densities and pl and p2 are the dy-
namic viscosities of Fluid 1 and Fluid 2, respectively.

The mean curvature (1/m) can be computed by entering the
following expression:

G
=201+ )1 - §)= o

where G is the chemical potential defined as:

z_
e 1)) Jof .

G=x(—v2¢+ 7 %

3. RESULTS
3.1 Analysis and Validation of Single Track Simulation

3.1.1 Temperature distribution varies with time

In the simulation model, powder layer is regarded as a bulk.
There are three parts in this model, the substrate, the powder lay-
er and the gas (shown as Figure.1 (a)). The size of the base plate
is 660 um wide, 360 um long and 60 um high, the size of the
powder layer is 660 um wide, 360 um long and 40 um high, the
size of the nitrogen layer is 660 um wide, 360 um long and 100
um high.

Temperature distribution plays an important role in selective
laser melting process, Figure 1 shows the temperature distribu-
tion at a different time under the scanning speed of 100 mm/s and
laser power of 100W with the laser beam spot 60 pm. The maxi-
mum temperature locates at the center of the laser beam.

con BEEEEN S@EY ~EEEc @@= ®RH- aE

(b) t=0.00165 (c) t=0.0033

(d) t=0.00495

(e) t=0.0066

Temperature distribution at t=0.00165, t=0.0033,
t=0.00495, t=0.0066

Fig. 1

3.1.2 Effect of scanning speed with temperature on man-
ufacturing parts
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For heat transfer analysis in various scanning speed, it is
obviously that in the same laser power, the higher the scanning
speed, the lower the temperature, as shown in Figure 2 and Figure
3. On the other hand, the temperature has the positive ratio with
the VED magnitude, the higher the VED, the lower the tempera-
ture.

(b) Laser power 100 W, Scan-
ning speed 200 mm/s
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(d) Laser power 100 W, Scan-
ning speed 400 mm/s

(a) Laser power 100 W, Scan-
ning speed 100 mm/s

Az62010°
a0
o -
7L H
van

(c) Laser power 100 W, Scan-
ning speed 300 mm/s

Fig.2 Temperature distribution of single track simulation
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Fig.3 Maximum temperature varies with scanning speed

3.1.3 Isothermal contour

From Figure 4, with the rising speed, the shape of the iso-
thermal contour gradually turned to bullet like shape. The width
of the isothermal contour decreased as the scanning speed in-
creased. The length of the isothermal contour increased as the
scanning speed increased. The front isothermal contour gradually
tilts with the growing scanning speed, which means that the heat
conducting speed has been gradually caught up by scanning
speed.

(a) Laser power 100 W, Scan-
ning speed 100 mm/s

(b) Laser power 100 W, Scan-
ning speed 200 mm/s

(c) Laser power 100 W, Scan-
ning speed 300 mm/s

(d) Laser power 100 W, Scan-
ning speed 400 mm/s

Fig. 4 Isothermal contour of single track simulation

3.1.4 Single track simulation versus experiment

Figure 5 shows the single track simulation and experiment
results. The track width from simulation is consistent with the
track width from the experiment. The width of single track re-
duced while the scanning speed increased as shown in Figure 5.
The widest single trajectory appears in the model of scanning
speed 100 mm/s which of the VED is 416 J/mm3. The VED de-
creases with the increasing scanning speed, as shown in Figure
6. As Figure 7 shows, with the growing VED, the track width
elevates from 100 pm to 255 pm, in other word, as the scanning
speed increases, the track width decreases.

(a) Track width 255um (Laser  (b) Track width 145um (Laser
power 100 W, Scanning power 100 W, Scanning
speed 100 mm/s) speed 200 mm/s)
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é#:fw“'f i T 7, l J'—W -~ ‘v T ‘- ] ' AR |

(c) Track width 110pum (Laser  (d) Track width 95um (Laser
power 100 W, Scanning power 100 W, Scanning
speed 300 mm/s) speed 400 mm/s)

Fig. 5 Track width of single molten track varies with scan-
ning speed
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Fig. 6 Volumetric energy density varies with scanning speed
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Fig. 7 Width of single track simulation

3.1.5 Effect of scanning speed with enthalpy on manufac-
turing parts

Figure 8 shows the enthalpy in single track model, as the
scanning speed increases, the enthalpy decreases, which means
that the energy inside the manufacturing parts is decreasing due
to the increasing scanning speed. The tendency of the enthalpy in
single track model fits the tendency of the track width, VED, and
maximum temperature in the experiment data.

Enthalpy in single track model

—_ e
— N oo

Enthalpy (J/mg)
oo
[= 0 -]

=
ok

0 100 200 300 400 500
Scanning speed (mm/s)

Fig. 8 Enthalpy in single track model

3.2 Analysis and Validation of Single Layer Simulation

In order to find the relations between the single layer and the
temperature distribution, the width of single molten track must be
found first. Figure 9 Shows the width of the single track obtained
by simulation.

s
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fim

106

] -]
(a) Track width 120pum
o =
g 100 400 400
o0
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¥ a
1
—
(b) Track width 85um
3 Jog 430 s00
¥ -]

(¢) Track width 130pum

Fig. 9 Width of the single track under (a) laser power 150W,
scanning speed 500 mm/s; (b) laser power 150 W,
scanning speed 650 mm/s; (c) laser power 200 W,
scanning speed 500 mm/s.

In the single layer simulation, the overlap ratio is deter-
mined to be 30%, the scan line spacing can be determined when
the track width been found. The scan line spacing and VED of
three parameters are listed in Table 3.
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Table 3 The scan line spacing and VED.

Laser Scanning Track Scan line VED
power speed(mm/s) width(um) spacing (um) (J/mm3)
150 W 500 120.0 84.0 137.93
150 W 650 85.0 59.5 106.10
200 W 500 130.0 91.0 183.91

3.2.1 Temperature distribution varies with Time

Figure 10 shows the simulation result of the single layer,
with increasing molten tracks, the temperature gradually in-
creased to 3.73x103K, which is at the 0.012 s of scanning time,
the total scanning time is 0.022 s. The reason that the temperature
stops raising is that the rate of energy obtained from the laser and
the rate of energy lost from conduction, convection and radiation
achieve to a balance state.

(a) t=0.002 s (b) t=0.008 s

(c)t=0.014 s (d) t=0.0020 s

Fig. 10 Temperature distribution of the single layer under
laser power 200W, scanning speed 500 mm/s, over-
lap ratio 30%

3.2.2 Maximum temperature of the single layer simula-
tion

The maximum temperature varies with time and the sim-
ulation results are plot in Figure 11, Figure 12, Figure 13. The
maximum temperature rises rapidly when the laser starts to heat
the powder layer, and reaches to the temperature around 3200 K,
3100K, 4200K, respectively. The maximum temperature of crests
raises gradually till the equilibrium of the energy balance. The
valley in the plot appears when the laser stops to heat the powder
layer and starts to heat the next scanning track. The SLM spec-
imen under three sets of process parameters and the roughness
measured results are showed in Figure 14. Comparing the simu-
lation and experiment results, it was found that that the maximum
temperature around vaporing temperature of the material has the
better surface roughness. The worst surface quality go with the
distortion of specimen appears when the maximum temperature
exceeds much more than the vaporing temperature. The last crest
in the Figure 11 and 13 are lower than previous crests which is
because the laser beam in the last path is part out of the observing
region, and only parts of energy have been obtained.

(a) =0 s ~t=0.012998 s (b) =0.012998 s~ t=0.025998 s

Fig. 11 Maximum temperature under laser power 150W,
scanning speed S00 mm/s, overlap ratio 30%, (a) t=0
s ~t=0.012998 s, (b) t=0.012998 s ~ t=0.025998 s.

(a) =0 s ~ t=0.0082038 s (b) t=0.082038 s ~ t=0.016409 s

— —~ ~ ~ A~

(c) t=0.016409 s ~ t=0.024615 s

Fig. 12 Maximum temperature under laser power 150W,
scanning speed 650 mm/s, overlap ratio 30%, (a) t=0
s ~t=0.0082038 s, (b) t=0.082038 s ~ t=0.016409 s, (c)
t=0.016409 s ~ t=0.024615 s

(a) =05 ~t=0.012998 s (b) t=0.012998 s ~ t=0.025998 s
Fig. 13 Maximum temperature under laser power 200W,
scanning speed500 mm/s, overlap ratio 30%, (a) t=0

s ~t=0.012998 s, (b) t=0.012998 s ~ t=0.025998 s.

(a)Ra 11.7

(b)Ra 10.6 (c) Surface distortion

Fig. 14 SLM specimen under different process parameters:
(a) laser power 150W, scanning speed 500 mm/s,
overlap ratio 30%, (b) laser power 150W, scanning
speed 650 mm/s, overlap ratio 30%, (c) laser power
200W, scanning speed 500 mm/s, overlap ratio 30%.
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4. DISCUSSION

The investigation of temperature distribution on the surface
roughness of the SLM specimen was presented in this study. The
simulation results were compared with the experimental results of
SLM process. In the single melting track simulation, the results
of track width were consistent with track widths on SLM spec-
imen. In the multiple track simulation, the relationship between
temperature distribution and surface roughness of specimen was
investigated. The main conclusions in this research are summa-
rized as follows:
1.In this study, a finite-element simulation of heat transfer was
applied for the validation of temperature distribution in the sin-
gle powder layer. The FEM simulation is utilized to analyze the
relationship in the process parameters, volumetric energy den-
sity, temperature distribution, track width and surface rough-
ness.

2.The width of single track decreased with the decreasing of
volumetric energy density. With the same laser power, the track
width is narrower as the faster scanning speed. The temperature
is proportional with the VED magnitude, the higher the VED,
the lower the temperature. The iso-contour of temperature
formed to bullet like as VED decreased.

3.The enthalpy deceases with the decreasing scanning speed,
which fits the tendency of the single track width that the lower
VED values, the narrower track width.

4.In multiple track simulation, the temperature increases as the
number of scan track increases until the maximum temperature,
and the thermal accumulation effect is clearly observed in the
temperature profile.

5.The simulation and experiment result shows that the maximum
temperature around vaporing temperature of the material has
the better surface roughness. The worst surface roughness of
specimen appears when the maximum temperature exceeds
much more than the vaporing temperature.

6.According to the multiple track simulation results, the first
track of the model does not reach the temperature around va-
poring point, which might not achieve to the best surface quali-
ty. It is necessary to pre-heat the particle layer before manufac-
turing.
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