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Abstract: In this paper, effect of laser scanning speed and grain size of powder of three different materials
Aluminum 7075, AM100A Magnesium and UNS C85500 yellow brass are investigated. A Gaussian
distribution type laser having 100-watt power and 100 m spot size is used. Simulation is carried out on a
single grain, directly exposed to the laser. The prime goal of this study is to investigate the effect of different
process parameters on temperature distribution in grain and capability of the specified laser to melt and
fuse above mentioned material powder grain. Three different 2D models of 1um, 2pm and 3pm grain sizes
are modeled and simulated with different scanning speed 60, 100, 140, 180 and 220 mm/sec. Results are
demonstrated for thermal distribution on grain along the depth. Center of the lower surface of the grain is
chosen as a focus point and values are recorded and compared. The simulation results are in good agreement
with the experimental work conducted in literature. For 1um grain size melting of aluminum 7075 and

AM100A Magnesium is achieved with all scanning speed except UNS C85500 Yellow Brass.
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Introduction

S elective laser melting is an additive manufacturing
technique in which part is produced layer by
layer using data extracted from the 3D model
through specialized software (Zhang ez al., 2017).
Additive Manufacturing is bottom up manufacturing
approaches opposed to subtractive manufacturing
usually known as top down manufacturing approach
to producing parts (Bingheng ez a/., 2013; Li ez al.,
2013). This process does not require any specialized
tools or jig and fixtures like conventional machining
operations. Hence, making this approach economical
to produce customized and even more complex parts
(Zhang et al.,2017). Advancement in laser technology

and development of high-power lasers made it possible
to create customize and high-performance parts using
this technology. Due to numerous advantages and
manufacturing flexibility, this approach is widely used
in many industries, such as an automobile, aerospace,
military and medical industries (Caiazzo ef al. 2013;

Wang, 2014; Yan ez al., 2015).

Selective laser melting process belongs to additive
manufacturing process which use high power laser
to melt powder grains and fuse them together to
create complex geometries. This technique is used
in 3D metal printers to print complex geometries.
Power of laser, grain size, scanning speed and material
properties have great influence on the melting process
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of powder grains. Hence, effects the strength of 3D
printed finished part.

In past, a lot of research work is done in this area
to investigate selective laser melting process. For
example, simulation and experimental work have been
carried out to study the effect of laser parameters on
steel properties (Syarifah ez a/., 2012). Quality of the
part produced during selective laser melting strongly
depends upon operating temperature, which is
usually controlled by processing variables (Song ez al.,
2012). High scanning speed increase length of melt
pool. However, depth and width of the pool reduce
(Hussein e al., 2013). Quality of the selective laser
melted part is directly related to the density achieved
after melting and solidification process. During
solidification, gaseous bubbles traps in the melted
pool and decrease the quality of the part. Previously,
researchers have investigated that with an optimized
linear energy density of 17.5 kJ/m, bubbles trapped in
the melted pool is removed and up-to 96% density of
the powder after laser processing is achieved (Dai ez

al.,2014).

A lot of simulations and experiments have been done
to study energy input through laser into powder
grains for different process variables by comparing
melting pools depth and width, and temperature
distribution in the layer (Riedlbauer ez a/., 2014).
The size (depth and width) of the melt pool varies
from the start of the track to the end of the track.
Similarly, the size changes from track to track. After
few tracks the condition becomes stable and the size
of melt pool becomes constant (Foroozmehr ez al.,

2016).

Other researchers in past, worked on thermal
simulation of different materials (specifically steel)
to investigate the surface heating of powder grain for
different process parameters (Li e# a/., 2004; Yilbas
et al. 2007). Though, researchers have focused their
studies on ceramic coatings (Singh ez al, 1996;

Peligrad ez al.,2001).

In SLM processes defects formation such as cracks,
porosities, and incomplete fusion holes during
melting and solidification of grains in fusion bed
has been studied in the past (Gong ez al, 2014,
Carter et al., 2015; Read et al., 2015; Zhou et al.,
2015). Researchers have done a lot of simulation
and conducted experiments to understand defect
formation mechanism in selective laser melting

process. New techniques were developed to overcome
the problem and enhance mechanical properties of
3D printed parts (Clijsters ez al., 2014). Quality of
the 3D printed part greatly depends on selecting of
suitable laser power, scanning speed, material, and
grain size. All these parameters have a great effect
on temperature distribution in powder bed (Zeng ez
al., 2012). In many highly developed countries like
Germany, Sweden, China and USA etc. 3D metal
printing with SLM technique is used for aerospace
manufacturing and medical implants (Rahim and
Maidin, 2014; Yadroitsev et al., 2015; Ren et al.,
2016; Bartlett ez a/., 2018). like Lack of laser power
compatibility data with different material made it
difficult to choose appropriate laser for 3D printers
to achieve melting of specific metals and fuse them
together to create 3D parts layer by layer. In this
paper compatibility of 100 watt Nd:Yag continuous
laser with three different materials Aluminum 7075,
AM100A Magnesium and UNS-C85500 is studied.
‘These materials are used commonly in many industries
because of their physical and thermal properties.
Simulations have been done to study temperature
distribution in grain at various scanning speeds and
grain sizes. Also, the relation of process parameters
with temperature is investigated.

Materials and Methods

Effects of different parameters are studied on melting
of powder grain in previous observations. Based
on these studies process variable is identified. The
simulation is designed according to the number of
process variables to collect maximum data which
helps in understanding the behavior of different
process parameters and relationships with each
other. Modeling is done and simulation is performed
15 times for each material with different process
parameters through ANSYS Parametric Design
Language 17.0. Model is validated with experimental

data in literature.

Process parameters

Nd:Yag continuous laser, Gaussian distribution
type laser is used for the analysis. The specified laser
specification is shown in Table 1. The laser is used
as thermal energy source. The moving laser heated
the surface of the grain for specific time according
to the scanning speed. The heat transfer to the grain
increases the temperature and melt it.
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Table 1: Laser specification used for melting (Foroozmehr
et al, 2016).

Laser power 220 Watt
Laser type Gaussian distribution
Spot size 100 pm

'Three different materials shown in Table 2 are chosen
for analysis. These materials have a different melting
temperature, density, thermal conductivity and
specific heat capacity. All these parameters accounts
for the temperature difference in the targeted zone.

In (Jian ez al., 2010; Yin ez al., 2012) the impact of
powder material and scanning speed is investigated.
The study showed that the strength of 3D printed
part highly dependent on the above-mentioned
parameters. In this paper, these process variables are
chosen to study its effect on thermal distribution
across powder grain (Table 3). The effect of chosen
variables on thermal distribution is simulated for
three different values of scanning speeds, grain sizes,
and material properties.

Model development and validation

2D model of 1pm, 2um, and 3pum diameters single
grain is modeled in Mechanical ANSYS Parametric
Design Language 17.0. Grain of the above-mentioned
diameters are modeled for each material. The 2D
shape of the grain is simple. Hence, the free mesh is

created and refined through APDL meshing tool.

Table 2: Properties of materials used in the analysis.

Material Aluminum AM100A  UNS-C85500
7075 Magnesium Yellow brass

Melting tempera- 913 703 1173

ture (K)

Density (Kg/mm3) 0.281 0.17 0.8

Thermal conductiv- 0.13 0.073 0.12

ity (W/mm-K)

Specific heat (J/ 960 990 390

Kg-K)

Table 3: Variables chosen for analysis ( Jian et al., 2010;
Yin et al., 2012).

Powder material

Aluminum 7075, AM100A Magnesium,
UNS-C85500 Yellow Brass

1um, 2pm, 3um
60, 100, 140, 180, 220 mm/sec

Grain size

Scanning speed

'The initial condition is applied to each node except
nodes lies in the upper surface of the model. The
initial temperature of the grain is taken 25 C (Room
temperature). Thermal load of 2200 C (boundary
condition) is applied on the upper surface of 2D grain
model, where the laser is targeted. Heat is generated
on the upper surface of the grain due to thermal load
and flows down with specific rate through conduction
according to material properties. Heat loss through
radiation and convection is assumed to be zero.
Simulation is performed for 45 different cases for three
different materials with different process parameters.

'The simulation is transient and depends on simulation
time (Scanning speed). Hence, time is calculated for
each scanning speed using Equation 1 and shown in
Table 4. Data is recorded for all three materials at a
specified point of the grain shown in Table 5. And
results of each simulation is plotted along the depth
of the grain.

Table 4: Simulation time.

Material  Scanning speed Simulation Grain size
(mm/sec) time (sec) (pm)
Aluminum 60 0.016 1,2and3
7075 100 0.01
140 0.0071
180 0.0055
220 0.0045
AMI100A 60 0.016
Magnesium 1 0.01
140 0.0071
180 0.0055
220 0.0045
UNS 60 0.016
C85500 100 0.01
Yellow Brass 140 0.0071
180 0.0055
220 0.0045

Simulation time is calculated using Equation 1

(Zhang et al., 2017):

T=v/d ..(1)

“d”is the diameter of the laser beam in mm. Whereas
“v”is scanning speed in mm/sec and “T “is total time
of simulation. Simulation time express the duration

of grain expose to the laser beam. As the scanning
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speed increases the simulation time decrease. While
greater spot size of the laser increases the simulation
time.

Figure 1 depicts simulation steps during SLM
process. The grey grain is taken in focus to understand
simulation time. Simulation time is associated with
laser scanning speed. Both parameters are inversely
proportional to each other. Increase in scanning speed
leads to decrease grain exposure time to the laser
beam. In this study, scanning speed is converted into
simulation time and the laser is assumed to be at rest.

Figure 1: Shows the simulation setup (a) step 1/16 (b) step 8/16 (c)
step 16/16.

Initially the model is used to validate (Yan ez a/.,
2015) work, which shows good agreement between
the simulation results and experimentally published
results. The model is later on used to investigate
relation between the process parameters for the
mentioned three alloys. The results show good
agreement between experimental and simulation
results for the given parameters (v = 20, 30, 50, 80,
110 and 140 mm/sec, d = 0.05 mm) (Bartlett et al.,
2018) (Figure 3).

Figure 2: (a) Peak temperature and temperature distribution in
nickel (b) Peak temperature and temperature distribution in tungsten.

Further, at 110 mm/sec scanning speed simulation
shows 3283°C maximum temperature in the powder

bed surface (Figure 2). However, melting temperature
of tungsten and nickel is 3420°C and 1453°C,
respectively. Hence, complete melting of tungsten
is not achieved which is a major component and
accounts for 90% of the total percentage.

3 = # ' 2 S
Figure 3: Comparison of curves achieved in (Zhang et al., 2010)
and the current study.

Figure 4 shows the microstructure of the fabricated
partwith 100-wattlaser power,0.05 mm laser diameter
and 110 mm/sec scanning speed. The presence of un-
melted cellular shape tungsten particles uncovered
that the temperature has not reached the melting
temperature of tungsten. Therefore, the simulated
maximum temperature of 3283°C could represent the
experimental study.

il

Figure 4: SEM samples at vertical section at v = 110mm/sec, d =
0.05 mm, p = 100 watt (Yan et al., 2015).

Results and Discussion

Figure 5 shows nodal temperature distribution of 1um
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diameter powder grain for Aluminum 7075 alloy. The
grain is exposed to the laser beam for 0.016 seconds
(60 mm/sec scanning speed). The whole simulation
is divided into 16 steps. Step size is defined on the
bases of time. Each step has 1 milliseconds duration.
Small step size helps better understand the heat flow
and temperature distribution in grain. In simulation,
1 milliseconds duration is enough to understand
temperature behavior. Figure 5 shows last step results
of the simulation, through which melted area of
the grain can be observed. In SLM process melting
occurs when the temperature increases and meet the
melting point of the grain material. Melted portion of
the grain flows down and mixed with neighbor grain
and fuse together.

Figure 5: Temperature distribution on lum powder grain of
Aluminum 7075 at 60 mm/sec scanning speed.

'The temperature value is recorded at a targeted point
which is located on the very lower surface of the grain.
For successful melting of grain, the temperature at
this point must exceed melting temperature of the
material. Figure 6 shows temperature at focus point
for 1pm grain and scanning speed of 60, 100,140,
180 and 220 mm/sec. From 1 mm/sec up to 180
mm/sec temperature in the focused region is above
the melting point of all three materials, which will
lead to melt down the grain in powder bed during
SLM process and fuse them together to form 3D
parts. While for UNS-C85500 yellow brass at 220
mm/sec temperature is less than its melting point.
However, the temperature exceeded form its melting
point for aluminum 7075 and AM100A magnesium

at same scanning speed. Due to different thermal and

physical properties of the materials, the temperature
difference can be seen.

Figure 6: The temperature at the focus point of 1um diameter grain.

As temperature increases from 60 mm/sec to 220
mm/sec the difference between the values increases.
At alow scanning, speed grain exposes to the laser for
a long time and due to low depth of the grain, heat
conducts immediately and the difference between the
values is small. However, short time of exposure does
not allow the heat to conduct efficiently and little
amount of heat flows to the lower surface of the grain.
Values difference at high scanning speeds depends
upon the thermal and physical properties of materials.

Figure 7: The temperature at the focus point of 2um diameter grain.

For 2um grain diameter temperature and scanning
speed relation are shown in Figure 7. The temperature
at the lower surface of the aluminum 7075 and
AMI100A magnesium grain surpassed its melting
point till approximately 70 mm/sec. Above this
scanning speed, the temperature for both alloys is
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less than its melting point. However, the simulation
predicted temperature less than the melting

temperature of UNS-C85500 yellow brass at 60 mm/

sec and above this scanning speed at targeted region.

Figure 8 shows temperature for all three alloys at a
different speed and 3um grain size. For all scanning
speed, melting temperature is not achieved at the
lower surface of the grain. Hence, complete melting
of the grain is not achieved. Melting temperature
for aluminum 7075, AMI100A magnesium and
UNS-C85500 yellow brass is 913 K, 703 K, and 1173
K, respectively.

Figure 8: The temperature at the focus point of Sum diameter grain.

Table 5: Temperature at a targeted point.
Scanning Grain Aluminum AM100A Mag- UNS

speed size  (Degree  nesium (Degree C85500 Yel-

(mm/s) (pm) Celsius) Celsius) low (Degree
Celsius)

60 2139 2131 2098

100 1969 1908 1827

140 1 1797 1614 1504

180 1570 1356 1235

220 1352 1137 1016

60 1195 1091 945

100 682 584 480

140 2 393 323 253

180 240 190 143

220 157 121 88

60 410 315 264

100 137 103 72

140 3 38 39 25

180 13 17 10

220 5 8 5

The graphs shown in both Figures 7 and 8 have
the same behavior. When scanning speed increases
the temperature and difference between all three
materials at targeted point decrease. However, at low
scanning speed and high exposure duration of grain to
the laser, maximum heat is allowed to conduct along
the depth of the grain. Due to high (2pm and 3pm)
thickness, minimum heat flows through the depth
of grain. Physical and thermal properties account
for the temperature difference. When initially laser
falls on the grain, the surface exposed to laser absorb
energy and increase the temperature of the area. At
this time temperature difference between upper and
lower surface is maximum. And heat flows from the
top surface to bottom surface with the maximum
rate. However, the rate of heat flow decreases when
temperature difference drops. So, for high scanning
speed little amount of energy transfers to the bottom
and difference of temperature at targeted region
declines.

Conclusions and Recommendations

Thermal simulation of different sizes of grain for
different materials and scanning speeds is carried out
and following are the major conclusions.

1. Scanning speed and temperature have inversely
proportional. At low scanning speed, the grain
surface exposed to the laser for long duration and
laser energy input to the grain is high which tends
to increase temperature.

2. 'The specified laser is capable to print 3D parts
using Aluminum 7075 and AM100A Magnesium
powder with scanning speed ranges from 1 mm/
sec to 220 mm/sec for grain diameter of lum.
While UNS C85500 yellow brass powder can be
used with scanning speed from 1 to 180 mm/sec.

3. For 2um grain size, the laser is capable to melt
Aluminum 7075 and AMI100A Magnesium
powder only with 60 mm/sec and below this
scanning speed up-to 1 mm/sec. While melting
of UNS C85500 yellow brass powder cannot be
achieved with an identified laser for any scanning
speed.

4. With grain size of 3um, the laser does not have
the capability to melt Aluminum 7075, AM100A
Magnesium and UNS C85500 yellow brass
powder even for the lowest scanning speed i.e. 60
mm/sec.
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