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ABSTRACT
In this research, the effects of Selective Laser Melting (SLM) process parameters comprising laser
power, scan speed, hatch space and scan pattern angle on the formation of porosity and
subsequently density have been analysed. To improve the mechanical properties, post-processes
(heat treatment) must be performed. Therefore, heat treatment was added to the design of
experiment to analyse the effect of this process coupling with SLM process parameters on the
value of density. A comprehensive design set with five levels for each parameter was selected so
Taguchi L25 was used as the design of experiment. The significance of each parameter on
obtained results was examined using statistical analysis (F-Test) and numerical model
(interrogator analysis). The correlation between two process parameters was discussed by using
3D analytical and contour plots and the mechanisms behind these were discussed in depth. The
contribution of this paper is a deep investigation of the relation of process parameters and heat
treatment on density based on the Artificial Neural Network model. Results showed that better
density is obtained with lower scan speed, laser power and scanning pattern angle. Meanwhile,
for heat treatment and hatch space, the best density was obtained in their optimum range.
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1. Introduction

Laser Powder Bed Fusion (LPBF) is one of the most
common techniques of metal additive manufacturing
(AM). This method has been successfully applied to a
wide range of metals including steels, titanium alloys,
aluminium alloys and nickel-based alloys with high flexi-
bility in dimension and shape of the products. In particu-
lar, Ti-6Al-4 V alloy has been extensively used and
practiced by the SLM technique for different applications
(Gibson, Kvan, and Wai Ming 2002; Gibson, Rosen, and
Stucker 2015; Yadroitsev and Yadroitsava 2015; Khora-
sani, Gibson, Asadnia et al. 2018; Sillars et al. 2018). Like
other manufacturing techniques, the desire is to
achieve optimum properties of the manufactured part
through the correct adjustment of the processing
parameters.

Although SLM is highly capable of manufacturing
materials with high relative density, printing material
without any porosity at all still is a challenge. Formation
of the pores during the SLM process seems to be highly
dependent on the flow of the melt, melting pool and its

solidification rate (Qiu et al. 2015; Du Plessis et al. 2018)
so the processing parameters that affect the size,
depth and temperature of the melting pool are the key
elements in controlling porosity.

It has been reported that for any specific power, the
variation range of scan speed is limited due to balling
effect (Averyanova, Bertrand, and Verquin 2011; Qiu
et al. 2015). Unsuitable selection of laser power and
scan speed causes instability of the melt flow that
results in the formation of pores. It is believed that Mar-
angoni convection and recoil pressure are the root
causes of the instability of melt flow and pool (Khorasani,
Gibson, and Ghaderi 2018). Investigating the influence of
a wide range of processing parameters on the formation
of pores, relative density and mechanical properties of
SLM Ti-6Al-4 V alloy showed that mechanical properties
are highly dependent on the printing orientation (Simo-
nelli, Tse, and Tuck 2014; Sutton et al. 2017). Teng et al.
(2017) investigated porosity and cracking related
defects as well as lack of fusion. The temperature gradi-
ent causes some metal to convert into the vapour state,
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which is trapped and forms a bubble, also known as a
keyhole. One study showed that the keyhole defects
are highly dependent on the speed of the laser and
emphasizes that higher scan speeds reduce keyhole
defects. This is related to the reduction of energy
density and subsequently melting pool temperature,
which are the source of vapor and keyhole (Teng et al.
2017).

Analysis of microstructure, layer-by-layer, showed
major anisotropy of Young’s modulus and modest aniso-
tropy of othermechanical properties (Jhabvala et al. 2010;
Dadbakhsh, Hao, and Sewell 2012; Long et al. 2018). This
can be related to the irregular orientation of the grains in
different directions. Part layout directly affects the main
variables, which are temperature distribution and
cooling rate. These two factors, along with the gas flow,
greatly affect the occurrence of defects such as porosity
in SLM parts. Delamination is directly proportional to
temperature distribution and gas flow. To reduce the
chance of delamination, the temperature distribution
should be kept relatively constant. It was observed that
there is a stronger bond and fewer pores between
layers when the gas flow is perpendicular compared to
when the gas flow is parallel to the part. However, this is
highly related to the shape of the sample.

Laser scanning speed and preheating temperature
both have a significant effect on the depth of the
melting pool. Preheating affects the height of the melt
pool whereas scanning speed controls the width of the
track. The preheating controls the contact angle and
depth of the melt pool because adhesion between solid
and molten metal is the cohesive force causing molten
metal to spread out and forms the pores (Yadroitsev
et al. 2013).

The density of powder metal with three different par-
ticle sizes was studied by Spierings, Herres, and Levy
(2011). Finer particles can be melted quickly, resulting
in higher density. On the other hand, larger particles
have a benefit of a greater breaking elongation, which
is equivalent to the conventionally processed material.
The scan velocity is typically determined according to
the particle size distribution since it requires higher
scan speed to melt the finer powder and slower speed
to melt coarser particles. However, if the particle size is
coarse without finer particles filling the gaps, the
overall density of the part decreases and the surface
roughness will increase.

To minimize the occurrence of porosity, the process
parameters such as laser power, scan speed, hatch
space, etc. are required to be optimized based on the geo-
metry of the part, mechanical properties and chemical
composition of the material. Moreover, the process par-
ameters should be selected in proportion to each other.

Lack of comprehensive investigation on density was
found in the literature that ties process parameters to
density by discussing the rheology of the melting pool.
Most of the literature revolved around small data sets
which suffer from Gaussian errors and therefore an exten-
sive study is needed to show the relationship between
process parameters and the density of printed parts.

In this research, based on Taguchi L25 Design of Exper-
iment (DoE), 25 samples with five repetitions were printed
and evaluated for density measurement to show the
effect of process parameters on the density. To improve
mechanical properties, different standard heat treatments
such as mill annealing, stress relieving, alpha-beta and
beta annealing, were carried out. The effect of heat treat-
ment coupled with process parameters produced interest-
ing results, which are statistically explained. In the next
step, the whole process was modelled using artificial
neural networks (ANNs) and the interaction of each two
process parameters on density is discussed through
both ANN and statistical methods.

2. Experimental set-up

2.1. Powder material and SLM operation

Based on ASTM E8 and E8M, samples (using the smallest
size) were printed using an SLM 125HL (SLM Solutions
GmbH, Lubeck, Germany), equipped with YLR-Fiber-
Laser. Parameters which are constant during the build
process are shown in Table 1. Figure 1 shows powdermor-
phology and as-built samples. Samples were printed in X-Y
direction. Layer thickness was selected as 30 µm, min wall
thickness 120 µmandoperationalbeam focuswas100 µm.

Table 1 shows the SLM parameters and specifications.

2.2. Design of experiment

In the case of the full factorial DoE, the total test number
is impossible to be performed in terms of cost and time.
To reduce the test number, Taguchi DoE was used.
Taguchi L25 DoE was used containing five factors and
five levels for each. To analyze each factor

Table 1. Process parameters and levels.

Laser
Power
(W)

Scan
speed
(mm/
min)

Hatch
spacing
(μm)

Scanning pattern
incrementing
angle (°)

Heat treatment
Temperature °C

90 600 65 36 20
95 650 70 40 600
100 700 75 45 750
105 750 80 60 925
110 800 85 75 1050
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independently, an orthogonal array was chosen, and
Table 1 shows the factors and levels.

2.3. Post-processing (Heat treatment)

During SLM, large thermal gradients, associated with
cooling and heating processes, lead to the accumulation
of residual stress and generation of a′ martensitic and
the results are lower ductility and higher tensile strength.
To enhance mechanical properties and machinability,
annealing is recommended (Yasa et al. 2010; Khorasani
et al. 2016; Khorasani, Gibson, Goldberg, Littlefair 2017).
Table 2 shows the heat treatment conditions that were
used in this experiment. The heating and resident time
were each fixed at two hours, with the heating gradient
gradually increasing from ambient to the set tempera-
ture at 4.8–8.6°C/min. To remove the cooling effect, the
cooling rate was kept fixed at 5°C/min across all
samples (Welsch, Boyer, and Collings 1993).

2.4. Density measurement

To measure the value of density, we used electronic
Archimedes densimeter SD-200L with density resolution
of 0.0001 g/cm3 with solid volume and specific gravity of
solid and liquid measurement in one unit. The scale
capacity was 0.01–200 g (https://www.worldoftest.com/
densimeter-sd-200l 2019). We used L25 DOE with five
repetitions so there was a total of 125 samples and two

measurements on each sample. In total, we analyzed
250 measurements to generate a comprehensive model.

3. Results

3.1. Interrogator analysis

Density is related to the overall quality of the printed
parts. In other words, any problem within the process
leads to the generation of defects such as trapped gas,
unstable melting pool, lack of fusion, volcano effect,
cracks, balling, etc. These defects, in general, are called
porosity and affect density. Therefore, analyzing the
process parameters for density can be helpful to charac-
terize the SLM process and finding the optimum process
window. The results were obtained according to our pre-
vious research into the relation of density, hardness,
tensile strength and surface quality of as-built parts
(Khorasani et al. 2019).

To identify the effect of each process parameter on
the value of density, interrogator analysis was carried
out. In order to serve this need, Multivariate Analysis of
Variance (MANOVA) was implemented on the results.
Also, ANN, which is normally used for modelling, was uti-
lized to show the interrogator analysis. Qnet software
with the capability of showing the effect of each input
(process parameters) on outputs (Relative Density) was
used (Vanloocke 1995).

In interrogator analysis, first, an ANN should be
designed, trained and tested. Therefore, according to
the condition of our test, a network with two hidden
layers 5 × 4 × 3 × 1 was selected. Figure 2 shows the
outputs of the network in both train and test, which
proves that the accuracy of the designed network is in
an acceptable range. The chosen number of samples in
train, test and recall/validation were 15, 5 and 5 respect-
ively with 4 × 106 iterations. Analytical results and graphs
were used to verify the proposed ANN model (Khorasani
et al. 2019).

Figure 1. (A) Powder (B) As-built samples.

Table 2. Heat treatment condition (20 means no heat treatment).
Temperature
(C)

Heating
time (min)

Resident
time

Cooling
time (min)

Type of heat
treatment

20 – – – No heat
treatment

600 120 120 120 Stress
relieving

750 120 120 150 Mill annealing
925 120 120 185 Alpha-beta

annealing
1050 120 120 210 Beta annealing
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Figure 3 shows the interrogator analyses for five par-
ameters. Also, MANOVA shows that of all the parameters
interrogated, heat treatment had the highest influence
on the value of density. Some other parameters could
also be seen to influence density, thus highlighting the
challenges of modelling. Analyzing F-tests in Figure 3
(B) shows that the difference in variance for heat treat-
ment is significant, which confirms the ANN interrogator
analysis is correct. The secondary influential factors were
seen to be hatch space and scan speed, which showed
similar impact in both F-Test and interrogator. Finally,
laser power and scan pattern angle were found to be
the least influential on the value of density. The compre-
hensive parametric mapping of relative density in SLMed
Ti alloy based on the experiment and proposed model is
shown in the Appendix.

4. Discussions

4.1. The effect of laser power versus other
parameters on density using analytical and
numerical analysis

We collected analytical graphs from the previous study
(Khorasani et al. 2019) and discuss and compare them

with the results of the proposed ANN. Figure 4 shows
the analytical graphs for laser power versus other
process parameters. These graphs were obtained from
MANOVA. Similarly, Figure 5 shows the effect of laser
versus other parameters based on ANN interrogator
analysis. A similar trend in each sub-figure is observed
and validates both analyses.

Figures 4(A) and 5(A) show that with high scan speed,
less density was obtained. This is related to wettability
and Rayleigh instability. According to Khorasani,
Gibson, and Ghaderi (2018), melting pool temperature
is obtained through Equation (1).

Tmp = C2
l ln ((C1SSHS/LPl5)+ 1)

(1)

Where C1 and C2 are Planck distribution constants and l

is wavelength. In higher scan speed, according to
Equation (1), melting pool temperature decreases and
causes increasing surface tension based on Equation
(2). This phenomenon is called thermocapillary effect
(Berthier 2008; Malkin and Isayev 2017).

g =g0(1+ b(Tmp − T0))

b =− 1
TC − T0

(2a)

Figure 2. Predictions results of designed network (The number of samples for train, test and recall were 15, 5 and 5 respectively).

Figure 3. (A) Interrogator analyse (B) F-Test.
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g = g0 1− (Tmp − T0)
TC − T0

( )
(2b)

Where g∗ is constant for each liquid, TC is critical temp-
erature, T0 is a reference value for temperature
C1 and C2 are Plank distribution constants, SS is scan
speed, HS is hatch space, LP is laser power and l is wave-
length. (The indexes of S, L and G are representative of
solid, liquid and gas interfaces). Therefore, the value of
gSL + gLG becomes bigger and according to Equation
(3), the chance of generation of droplets increases (Ber-
thier 2008; Malkin and Isayev 2017; Khorasani, Gibson,
and Ghaderi 2018). Surface tension is defined for triple
contact line on the surface during printing process
based on different interfaces includinggSG, gSL, gLG.
When the temperature of melting pool decreases, the
surface tension in contact line with liquid becomes
bigger; so, the value of gSL, gLG increase compared to
surface tension in solid and gas interface (gSG). This is
the condition of formation of droplets and is the
driving factor of Rayleigh instability.

S = gSG − (gSL + gLG)
If S . 0 ⇒ Film appears
If S , 0 ⇒ Droplet appears

(3)

The results are low wettability and a higher chance of
balling, which is known to be a common defect in
metal AM and increases pores and reduces density

(Tian et al. 2017; Khorasani, Gibson, and Ghaderi 2018).
Figure 4(A) shows that with lower laser power, less
density is obtained. However, this figure has some fluctu-
ations, which in turn causes fluctuations in density.
Figure 5(A) is more linear in terms of variations and
shows that increasing laser power improves density.
Laser power and scan speed play important roles in
energy density and in some areas of this diagram by
increasing both factors the energy density reduces.
Therefore, due to lack of fusion, lower density was
obtained. Figure 4(C) and (D) have less fluctuations due
to the lower effect of scanning pattern angle and
absence of heat treatment below 600°C.

When using lower laser power according to Equation
(1), less energy is transferred to the samples and the
melting pool temperature decreases. The results are
big pores that are often called lack of fusion (Figure 6),
and density decreases (Kok et al. 2015; Calignano
2018). Figure 5(A) proved that the scan speed is more
influential on the density.

Figures 4 and 5(B) illustrate that with lower laser
power, less density was obtained down to 95%, which
is also explained as a lack of fusion and energy. With
hatch space, the density trend is different. Small hatch
space starts with lower density associated with high
overlap. By increasing hatch space, density improves to
an optimum value and then decreases. In the overlap
area, the material is mushy and the value of micro-flow

Figure 4. Interaction of laser power versus other parameters (analytical graphs) (Khorasani et al. 2019).
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motion due to high viscosity is zero. Therefore, no Mar-
angoni’s convection is happening and heat penetration
increases with the chance of formation of keyholes.
Figure 6 shows large pores due to lack of energy
density in the bulk of the sample.

Lower density for high hatch space can be related to
higher energy dispersion in a wider area that leads to
lower remelting of the subsequent layer. Figures 4 and
5(C) shows that the pattern angle affects the density.
Increasing pattern angle leads to decreasing density.
The reason is related to higher overlap between sub-
sequent layers. In other words, lower pattern angles
experience higher thermal penetration of subsequent
layers. More re-melting therefore happens and keyholes
that were generated on overlap areas will disappear or
become smaller. The result is increasing density and
improvement in the quality of printed parts.

Figures 4 and 5(D) shows the small variation of density
before 600°C (mill annealing), which is related to the

selected temperatures for heat treatment (there was no
heat treatment between 20°C and 600°C). These figures
show that with heat treatment up to 700°C, or without
heat treatment, the best density was obtained. This can
be related to the formation of a′ due to the high
cooling rate (Murr et al. 2009; Khorasani et al. 2016; Khor-
asani, Gibson, Goldberg, and Littlefair 2017; Khorasani,
Gibson, and Ghaderi 2018). This phase disappears in
mill annealing and stress relieving. Furthermore, due to
the lower mass of a′, density improves. Over this
range, the density shows to have a reduction specifically
for temperature above 1000°C. At this temperature, as
shown in Figure 7, micro flow might be occurring on
the surface that is associated with temperature concen-
tration and lower mass due to balling and residual par-
ticles (Khorasani et al. 2016; Khorasani, Gibson,
Goldberg, Masoud Movahedi et al. 2017; Khorasani,
Gibson, Goldberg, and Littlefair 2017).

SLM is operated under controlled conditions (first
vacuum, then argon). However, small amounts of nitrogen
and oxygen were reported in the bulk of material so the
solution of these elements in titanium may result in
decreasing melting point and is another reason for
increasing micro-flow during heat treatment on 1050°C
(Baufeld, Van der Biest, and Gault 2010; Gorny et al.
2011). Previous research (Khorasani, Gibson, and Ghaderi
2018) showed that in 1050°C heat treatment, the value
of average surface ‘Sa’ greatly increased.

4.2. The effect of scan speed versus other
parameters on density

Figures 8 and 9(A) show that lower density was obtained
for higher scan speed and hatch space. Lack of

Figure 5. Interaction of laser power versus other parameters (numerical graphs) (RD is Relative density).

Figure 6. Lack of fusion and formation of a big pore.
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wettability and energy in this region results in increasing
pores and reduction of density to 95%. Figure 9(A) shows
more linear behaviour due to the numerical solution of
the ANN method. It illustrates that with lower scan
speed and when hatch space increases, density has an
initially raising and then decreasing trend. With higher
scan speed and increasing hatch space density, there is
only a decreasing trend. With the lowest scan speed
and hatch spacing the pressure in the droplet, according
to Equation (4), increases and due to thermocapillary
effect, the surface tension also increases and more burst-
ing happens, which is a fertile ground for porosity in the
subsequent layers (Khorasani, Gibson, and Ghaderi
2018).

P1 = P0 − g
dA
dV

( )
(4)

When increasing hatch space, the energy density is
moved to the optimum area and less overlap leads to
higher density. Above this optimum area, energy
density decreases, and wider hatch spacing leads to

less laser penetration and re-melting, and so lower
density was obtained.

Figures 8 and 9(B) show a similar trend for scan
speed. Besides that, lower density is seen with bigger
pattern angles, which is related to the above-men-
tioned mechanisms. Analytical observation from
Figure 8(B) demonstrates that some density peaks
occurred in the cases of high scan speed and low
pattern angle. This is related to better coverage of over-
laps for former layers that leads to more remelting,
which generates better density. This effect seems to
compensate the lack of wettability in higher scan
speeds. Figures 8 and 9(C) illustrate that better
density was obtained with heat treatment ranging
from 600°C to 800°C. The combination of micro-flow
at higher temperature (>900°C) and lack of wetting
causes decreasing density. Moreover, porosity in
higher scan speed duplicates this chance of micro-
flow and reduces the density to 95%. Figure 9(C)
shows that the effect of heat treatment on density is
stronger than scan speed and this is confirmed by F-
Test and interrogator analysis.

Figure 7. Surface of samples without heat treatment and local melting zone in 1050° heat treatment.

Figure 8. Interaction of scan speed versus other parameters (analytical graphs) (Khorasani et al. 2019).
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4.3. The effect of hatch space versus other
parameters on density

Figures 10 and 11(A) illustrate that the best density was
obtained with hatch space around 70 µm and low
pattern angle. This figure proves that hatch space is a
more influential parameter on density. Another reason
for higher density with lower hatch spacing is related
to the work of adhesion. In solid–liquid interfaces like

melting pool and solidified layer, Young’s law leads to
Young-Dupre’s relation and Equation (5) shows that
work adhesion is directly related to surface tension.

Wa = g(1+ cos u) (5)

where θ is the angle of the tangent to meniscus curve
relative to normal line to the surface of the melt pool.
Based on Planck’s distribution and thermocapillary

Figure 9. Interaction of scan speed versus other parameters (numerical graphs) (RD is Relative density).

Figure 10. Interaction of scan speed versus other parameters (analytical graphs) (Khorasani et al. 2019).
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effect when selecting small hatch space, the surface
tension and work adhesion in hatch to hatch decreases
and this phenomenon leads to decreasing initial
adhesion between solidified layer to melting pool. Fur-
thermore, due to laser pulses, the melt pool becomes
unstable and the gradient of fluid flow has non-zero
values (Equation (6)):

∇u fb = ∂u fb

∂x
î + ∂u fb

∂y
ĵ + ∂u fb

∂z
k̂ = 0 (6)

Where u fb is the speed of fluid. This leads to increasing
waves and incorporation of unmelted powder particles
which may form porosity in subsequent layers.

Figures 10 and 11(B) show a similar trend of density for
heat treatment versus other process parameters. Mill
annealing gives the best density and in higher tempera-
ture and hatch the density and strength radically
reduces (Facchini et al. 2010; Simonelli, Tse, and Tuck
2014; Cao et al. 2018). Also, this figure shows that increas-
ing hatch space up to a certain point (region 2 Figure 11
(B)) improves density. Larger hatch space makes greater
contact between the melting pool and solidified layer.
Therefore, according to the following equations, surface
energy and subsequently work adhesion increases.

ESL = gSLSC (7)

Et = E1 + E2 = (g1 + g2)SC (8)

Where SC is contact area of melting pool with a solidified
layer, E1 is melting pool energy and E2 is Energy of soli-
dified layer.

The result is a more stable melting pool and higher
density. Higher than a certain amount (region 1 Figure
11(B)) due to a stronger effect of micro-fluid flow,

increasing hatch space generates less density (Welsch,
Boyer, and Collings 1993; Jovanović et al. 2006; Sie-
niawski et al. 2013; Li et al. 2015; Khorasani, Gibson,
and Ghaderi 2018). Larger overlap area is obtained in
smaller hatch space and it is reported that highly over-
lapping areas absorb much energy. For less overlap,
most of the absorbed heat during heat treatment is
spent on the center of the tracks and leads to greater
microflow and reduction of density towards 95%.

Figures 10 and 11(C) show that heat treatment had
the greatest impact on density compared to scan
pattern angle. A similar trend is seen when comparing
this figure with the interaction of hatch space and
pattern angle. However, the area of reduction of
density (region 1) is wider compared to Figure 10(C).
This is related to the higher contribution of hatch
space on density (Figure 4) compared to pattern angle.

5. Conclusions

In this work, the effect of SLM process parameters includ-
ing laser power, scan speed, hatch space and scan
pattern angle on melting pool, porosity and relative
density of Ti-6Al-4V parts was investigated. To improve
mechanical properties, heat treatment is necessary for
SLM parts. Thus, different heat treatments such as mill
annealing, stress relieving, alpha-beta annealing and
beta annealing were carried out and the effect of heat
treatment on density was also analyzed. The results are
summarized as below:

. The most effective parameter on porosity is heat treat-
ment that is confirmed by F-test and interrogator

Figure 11. Interaction of scan speed versus other parameters (numerical graphs) (RD is Relative density).
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analysis. Scan speed and hatch space have almost the
same impact on porosity and the lowest impact is
related to laser power and pattern angle.

. Due to low wettability and Rayleigh instability, when
increasing scan speed, the porosity increases.

. When using lower laser power, the energy density is
smaller and the melting pool temperature decreases.
Large pores that are referred to as lack of fusion is a
result of this phenomenon.

. Smaller hatch space generates lower density and is
related to higher overlap area and by increasing
hatch space density subsequently increases to an
optimum value and then decreases from there. This
behaviour is related to mushy material in the
overlap area and zero gradient of micro-flow motion
due to higher viscosity. Therefore, the absence of Mar-
angoni’s convection leads to higher temperature and
penetration and the chance for the formation of key-
holes increases. The area for lower density in the
highest hatch space is associated with higher energy
dispersion in wider hatch space and less remelting
of the subsequent layers.

. Increasing scan pattern angle causes decreasing
density that is related to lower overlap covered by
bigger pattern angles.

For samples with no heat treatment or up to 700°C,
the best density was achieved. In beta annealing, micro
flow might be occurring on the surface that is associated
with temperature concentration and lower localized
mass due to balling and residual particles.
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Appendix

RD=exp(−19.2161+0.516136(LP)+0.015867(SS)

+0.02075449(HS)+0.04917399(SP)

−0.00071492(HT )−0.004774081(LP2)−0.00002037(SS2)

+0.00012834(HS2)−0.00101588(SP2)−0.000000074(HT2)

−0.000011209(LP×SS)−0.000166742(LP×HS)

+0.000000759(LP×SP)+0.000005795(LP×HT )

−0.000000086(SS×SP)−0.000000015(SS×HT )

+0.000076863(HS×SP)+0.000000977(HS×HT )

+0.000002514(SP×HT )+0.000015163(LP3)

+0.000000009(SS3)−0.000001639(HS3)+0.00000583(SP3)
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