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ABSTRACT

Selective laser melting (SLM) 3D product is capable of producing varied surfaces such as top, core and bottom
surface depending on the product dimensions and building orientation. Each surface may have differences in
physical and mechanical properties such as surface roughness, microhardness, and microstructure. Therefore, this
study examined the effects of SLM processing parameters as well as volumetric energy density (VED) on surface
roughness, microhardness and microstructure on different 3D product surfaces. In this study, a sample of titanium
alloy cube (Ti6AI4V) with different surfaces of up skin 1 (US1), up skin 2 (US2), core skin (CS) and down skin (DS)
are printed on a 30° building orientation printed through the SLM process. There are nine sets of parameters printed
based on the Taguchi experimental design method. All printed cube samples were heat treated to remove the residual
stresses generated during the printing process. The effect of processing parameters on micro hardness as well as
microstructure on each surface has been studied. This study found that SLM printed Ti6Al4V produced almost
identical surface quality for different surfaces of the cubic samples. Surface roughness of US2 ranging between 15.38
um and 26.22 um, while DS is slightly rougher with surface roughness in the range of 16.05 um and 27.64 um.
Microhardness in the nine processing sets however was found to have a bigger difference in values of 387 = 10 HV
(US2) and 362 = 10 HV (DS). In general, US2 surfaces were found to have high microhardness compared to the DS
surfaces due to the formation of long, straight needle-like martensitic microstructure.
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INTRODUCTION

Selective laser melting (SLM) is one of the most widely
used additive manufacturing processes (AM) for metal
materials, based on powder melting. It can be defined as
the process by which 3D components can be produced by
selectively scanning and fusing powder beds in a coating
manner. SLM provides many advantages over conventional
processes such as the ability to create complex geometry
with internal cavities or features without die or specific
tools, reducing lead time from design to test, reducing the
need for installation, and the connectivity process resulting
in less production costs (Nie et al. 2018; Syed et al. 2019).
With the use of high energy laser beam to melt powders,
this process also allows for high performance and high
thermal properties metallic materials to be manufactured
through rapid prototyping (Mohammed et al. 2019). High
performing metals parts such as titanium alloy, Ti6Al4V
have been commonly manufactured through SLM (Do &
Li2016; Louw & Pistorius 2019; Tarik Hasib et al. 2021).
Ti6Al4V is a titanium alloy with superior strength, high
corrosion resistance and good biocompatibility while being
lightweight (Bartolomeu et al. 2022; Chunxiang et al. 2011;
Maskery etal. 2015; Xu et al. 2015). This makes the metal,
an apt choice for applications in marine, bio-implants and
aerospace industries (Sarker et al. 2019; Wanying et al.
2017).

However, the main disadvantages of this process
include the uniform quality of the specimens produced in
terms of mechanical properties, production rates,
dimensional accuracy that cause surface finish requirements
and surface quality problems (Kumar & Ramamurty 2020).
Surface quality is an important engineering aspect of the
parts produced as it has a significant impact on the
performance and durability of the parts. Many properties
of parts such as wear, corrosion, fatigue depend on surface
quality (Jamhari et al. 2023; Mohammed et al. 2019).

SLM involves heating and melting of powder with
laser beam and rapid solidification of liquid material to
form the desired component. There are several important
physical phenomena for the process, such as the absorption
of powder from laser irradiation, the phenomenon of roller
that interfere with the formation of continuous melting,
and the thermal fluctuations experienced by the material
during the process which can lead to high residual stress,
crack formation and component failure (Amirjan & Sakiani
2019; Andreacola et al. 2021; Jiang et al. 2020; Li et al.
2020; Rae 2019). In SLM, laser power (P), scanning speed
(V), hatching distance (D), and layer thickness (T) are
common process parameters that are customized to
optimize the process (Buhairi et al. 2022). The volumetric
energy density formula results from the relationship of
these variables as shown in Equation (1).
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Together with the absorption of powder into laser ir-
radiation, these parameters affect the volumetric energy
density available to heat and melting the powder. When
heating and melting occur, heat and heat capacity should
be considered. It depends on the material and is propor-
tional to the mass to be melted. Insufficient energy, usu-
ally a combination of low laser power, high scanning
speed, and large layer thickness, often results in balling
due to lack of melting pool with previous layers (Mazlan
et al. 2023). However, high lasers and low scanning
speeds can result in extensive material evaporation and
keyhole effects (Martin et al. 2019; Wen et al. 2018). In
addition, poor hatching distances often result in porosity
due to the adjacent melting line is not fully integrated
(Derahman et al. 2018). Moreover, vaporization in SLM
often results in condensation of the solvent in the laser
window, interfering with laser energy transmission.
Therefore, the combination of appropriate laser power,
scanning speed, hatching distance, and coating thickness
is crucial for SLM processing to successfully build full
density parts. This study aims to study the effects of pro-
cessing parameters as well as energy density on the sur-
face roughness, microhardness and microstructure of tita-
nium alloy printed using SLM.

METHODOLOGY

MATERIALS SELECTION

The raw material used in this study was Ti6Al4V grade 23
powder which has very low inter-space for SLM process.
Apreliminary characterisation of the Ti6A14V powder used
has been reported in a previous literature (Foudzi et al.
2022). The powder has a chemical composition containing
90% titanium, 6% aluminum, 4% vanadium, 0.25% iron
and 0.2% oxygen. Particle size of the powder used ranges
from 30um to 70pm in spherical shape.

SAMPLE PREPARATION

This study employed the SLM 280HL printing machine to
produce 1cm?Ti6Al4V cubic samples. Table 1 shows each
processing parameter used to print the cubic samples with
three levels showing three different values. Note that the
layer height remains constant for all printing processes at
a value of 0.03 mm. Nine sets of parameters were



developed from the default machine processing parameters
with the use the Taguchi method. Past papers have reported
a success in using this DOE method to reduce sample cost
and generate a robust parameter set (Arifin et al. 2017;
Omoniyi et al. 2021). Table 2 shows the different energy
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density values for each set of parameters. Energy density
is calculated using Equation (1). The SLM process is
performed in the following ranges: laser power (225 - 325
W), scan speed (800 - 1400 mm / s), hatching distance
(0.10 - 0.14 mm), and layer height (0.03 mm).

TABLE 1. Factors (processing parameters) at different levels for the Taguchi method

Factor

Laser power (W)
Layer height (mm)

Hatching distance (mm)

Scanning speed (mm/s)

Stage
0 1
225 275
0.03 0.03
0.10 0.12
800 1100

TABLE 2. Processing parameters and energy density on all sets of parameters (P1 - P9)

Hatching Scanning Energy

Parameter Laser  Layer

sets power height

W) (mm)
P1 225 0.03
P2 275 0.03
P3 325 0.03
P4 325 0.03
P5 225 0.03
P6 275 0.03
P7 275 0.03
P8 325 0.03
P9 225 0.03

distance speed  density
(mm)  (mm/s)
0.10 800 93.75
0.12 1100 69.44
0.14 1400 55.27
0.10 1100 98.50
0.12 1400 44.64
0.14 800 81.85
0.10 1400 65.48
0.12 800 112.85
0.14 1100 48.70

The printing of cube specimens in this study also
follows the building orientation shown in Figure 1. Before
printing, the STL file design was simulated using a software

called Magics where appropriate building orientation was
provided. The simulated build orientation gives the best
build orientation value is 30.

Laser beam
direction

Building
direction

Substrate / Stage

FIGURE 1. Schematic diagram for the cubic sample SLM printed
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The printed cubic samples were heat treated with
annealing process to relieve residual stress from
SLM printing. The annealing process requires the
material above the crystallization temperature for a
specified period before cooling. In this study, the heat
treatment temperature value used was 9350C with a
heating rate of 7.35/minutes and the furnace cooling rate
from 9350C to 700C is 1.802/min.

SURFACE ROUGHNESS TEST

Surface roughness tests were performed using cube
specimens printed through selective laser melting and

the
(a)
Specimen surface—__ _~ needle

results of the study were recorded. The surface roughness
test laboratory was launched in the Universiti Kebangsaan
Malaysia laboratory room and the machine used was the
Veeco Dektak 150 Machine. A total of 18 specimens were
involved in this test and the results of each of the 3 readings
were recorded on the surface of the specimen to obtain a
more accurate average result. A total of 9 sets of parameter
processing have been used to print specimens and study
two surfaces of each set of parameter processing, namely
up-skin 2 (US2) and down-skin (DS).

Profiler

SLM printed specimen

Direction of
profiler needle

(b)

Random
reading point-|

~ Laser scan track

Cubic specimen surface

FIGURE 2. Schematic diagram for surface roughness measurements. (a) Profiler needle on specimen surface.
(b) Surface roughness measurements.

MICROHARDNESS TEST

Microhardness tests were conducted on the cubic samples
using the Micro-Vickers Zwick, ZHVp machine according
to the ASTM E384-11 standard in the Universiti
Kebangsaan Malaysia laboratory room. A dwell time of 15
seconds with load of HV0.3 were applied during the
microhardness test. Nine (9) random points were measured
on each surface and averaged to obtain the most accurate
microhardness results in this study.

MICROSTRUCTURE ANALYSIS

Microstructure analysis was performed on 9 sets of
specimens. The surface of each specimen were prepared

through grinding with SiC paper, polishing with diamond
suspensions and etching using Keller’s reagent with etching
time of 10 seconds. The microstructure images were
observed using an optical microscope, Mitutoyo. This
microstructure analysis focused on the alpha, a and beta,
B phases that form martensites that will determine the
mechanical properties of the specimen.

RESULTS AND DISCUSSION

SURFACE ROUGHNESS TEST

Based on the results obtained from the surface roughness
laboratory for up-skin 2 (US2), it is found that most



specimens have a surface roughness of less than 20 um
except P2, P7 and P8 specimens. Where the P8 specimen
had the highest roughness of 26.22 pm while the lowest
Ra value was the P9 specimen of 15.38 um based on the
the data obtained through laboratory testing. Meanwhile,
it is found that down-skin (DS) have a surface roughness
in the range of 16.05 pm and 27.64 pm in which specimen
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P9 has the smoothest and P8 has the roughest surface
respectively. DS has a slightly higher than US2 due to the
presence of support structure which was cut from the
surface. Support structure is used for heat management
during SLM printing. The effects of energy density on
surface roughness obtained in this study can be observed
in Figure 3.

* Up-skin 2 (US2)
+ Down skin [D5) Ps
28 & up-skin 1 {us1) *
— ®» core skin [CS) X
g P7 P2
w 23 L
g " p1 P4
c P3 P6 ¥
§ s x °
3 18 P9 x :
o »* *
g x
‘{:n A A A A
5 13 Ao . .
] 2
L] . e
8
40 50 60 70 a0 90 100 110 120
Energy Density (J/mmA3)

FIGURE 3. Graph surface roughness test for up-skin 1 (US1), up-skin 2 (US2), core skin (CS) and down skin (DS)

TABLE 3. Selected specimen processing parameter

Set Laser Layer Hatching Scanning Energy
power height distance speed density
(W)  (mm) (mm) (mm/s)  (J/mm?)

325 0.03 800 112.85

225 0.03 0.14 1100 48.70

Table 3 compares selected processing parameters
where both specimens are a set of P8 and P9 specimen
processing parameters that give the highest and lowest Ra
values respectively. Compared to the processing parameters
between the P8 and P9 specimens, the significant
differences are the scanning speed and energy density
parameters. Based on a recent study by Aufa et al. (2022),
spattering in significant metal melting pools will occur
when laser power is emitted at low scanning speeds. The
effect of this spattering phenomenon has given the P8
specimen a rougher surface. In general, it can be concluded
that with a laser power range of 225-275W and a scanning
speed range of 1100mm/s can produce optimum surface
roughness.

MICROHARDNESS TEST

Figure 4 shows the results obtained from the microhardness
measurements of US2 and DS compared to their respective
SLM printing energy density. Note that the results for
upskin 1 (US 1) and core skin (CS) has been reported in a
previous study (Foudzi et al. 2021). It is found that the P6
specimen had the highest hardness value of 404.1HV on
average while the P1 specimen was the lowest of 370.0HV
on average and the P5 specimen had a moderate hardness
value among all specimens, 386.9HV. Meanwhile,
microhardness measurements on DS specimens found that
the P9 specimen had the highest hardness value of 378.0HV
on average while the P3 specimen was the lowest of
327.0HV on average and the P5 specimen had a moderate
hardness value among all specimens, 362.3HV.
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A set of P1 and P6 specimen processing parameters
that provide the lowest and highest HV values for the up-
skin 2 (US2), while the P3 and P9 specimen processing
parameters provide the lowest and highest HV values for
the down skin (DS). Compared to the processing parameters

between the P1 and P6 specimens, the significant
differences are the hatching distance parameters and laser
power. High hatching and laser power can produce the
highest micro hardness specimens. Table 4 tabulates these
four processing parameters for selected specimens.

500 B Up-skin 2 (US2) P6
* Down skin (DS)
Core skin [C5)
—_ Up-skin 1 {US1)
2 i P1
o P5
8 P9 P3 o
T 400 n -
T o " a
é - m | % X o %
= X X X %
2 350
x
300
40 50 60 70 80 90 100 110 120

Energy Density (J/mm~3)

FIGURE 4. Graph microhardness test for up-skin 1 (US1), up-skin 2 (US2), core skin (CS) and down skin (DS

TABLE 4. Selected specimen processing parameter

No  Laser power (W) Layer height (mm) Hatching distance (mm) Scanning speed Energy density
(mm/s) (J/mm3)

P1 225 0.03 0.10 800 93.75

P3 325 0.03 0.14 1400 55.27

P6 275 0.03 0.14 800 81.85

P9 225 0.03 0.14 1100 48.70

Furthermore, for the down skin study compared to the
processing parameters between the P3 and P9 specimens,
significant differences were laser power parameters and
scanning speed. 325W laser power and 1400 mm/s
scanning speed produce the lowest microhardness of the
specimen. In general, it can be concluded that with a laser
power range of 225-275W and a scanning speed range of
1100-1400mm/s can produce optimal microhardness.

MICROSTRUCTURE ANALYSIS

Based on the observations of the microstructure diagram
in Figure 5 of specimens P2 (a,b), P7 (¢,d), and P6 (e,f),

the structure can be attributed to the obtained microhardness
values. For the P6 specimen in which the highest
microhardness value, it is found that the B phase is more
apparent than that of other specimens. This specimen also
has a good martensite between the B phase and a phase
where the martensite is needle-like and straight (90).
Whereas poor martensite distribution can be seen in
specimens P2 (a,b) and P7 (c,d). In addition, it was found
that specimens P3 (g,h), had pores which caused in a lower
microhardness. In general, high micro hardness values can
be obtained if the formation of a tapering, long, and 90
tang martensite is produced.



Martensite

needles

1223

FIGURE 5. Microscope images for specimens P2 (a,b), P7 (c,d), P6 (e,f) and P3 (g,h)

ANALYSIS

SURFACE ROUGHNESS

Based on the previous study by Do & Li (2016) which
investigated the relationship between energy density and
mechanical properties. They reported that the density of
energy is not a dominant parameter for the surface
roughness of the specimen due to the fact that there is no
pattern to be observed while the scanning speed is a
dominant parameter due to the increased scanning speed,
the surface roughness value of the specimen is increased

no matter which surface. Similar results have been shown
in the previous study Sadali et al. (2020) that the spattering
phenomenon has occurred due to high scanning speed and
has caused the specimen surface to be very rough compared
to specimens produced at lower speeds. However, Table 5
compares P8 and P9 specimen processing parameters that
give the highest and lowest Ra values. Compared to the
processing parameters between the P8 and P9 specimens,
the significant differences are the scanning speed
parameters and energy density. Based on a recent study by
(Sadali et al. 2020), spattering in significant metal melting
pools will occur when laser power is emitted at low
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scanning speeds. The effect of this spattering phenomenon
has given the P8 specimen a rougher surface. In general,
it can be concluded that lower laser power can produce
more appropriate and lower surface roughness. Based on
Table 5 this study has shown that laser power is the
dominant parameter, and the scanning speed is not the
dominant parameter because P2 and P9 have a scanning
speed of 1100mm/s and laser power increases from 225 W
(P9) up to 325 W (P8) have resulted in rougher surface
roughness. These recent studies have been a supporter of
this study as both reported a similar pattern showing
increasing laser power would result in rougher surfaces.
As such, this study has determined that the laser power
influences the physical properties of the specimens in the
selective laser melting process with the use of Titanium
Ti6Al4V alloy metal material. In general, it can be
concluded that with a laser power range of 225-275W and
a scanning speed range of 1100mm/s can produce optimum
surface roughness.

TABLE 5. Selected specimen processing parameter

No Laser Layer Hatching Scanning  Energy
power height distance speed density

(W)  (mm) (mm) (mm/s) (J/mm3)
P2 275 0.03 0.12 1100 69.44
P8 325 0.03 0.12 800 112.85
P9 225 0.03 0.14 1100 48.70

MICROHARDNESS TEST

Popovich etal. (2016) discussed the mechanical properties
of Titanium Ti6Al4V alloy metal products are highly
dependent on the formation of martensites made from alpha
and beta phases. From this discussion, it is possible to
compare all the parameters by which the parameters have
a significant effect on the formation of martensitic phases.
Meanwhile, Ali et al. (2017) showed that the highest
density was achieved in samples built with 200W laser
power and 100us exposure time, produces components
with minimum defects and density of 99.99%. The study
also conducted a microhardness test on the existing
specimen and reported similar findings with this study. In
that increasing the energy density would increase the value
of the hardness of metal parts. Moreover, it was concluded
that with a laser power range of 225 —275W and a scanning
speed range of 1100 — 1400mm/s can produce optimal
microhardness, and this proves that laser power is the
dominant processing parameter for the mechanical
properties of microhardness.

MICROSTRUCTURE ANALYSIS

Popovich et al. (2015) had also performed microstructure
analysis using variations in heat treatment. It was reported
that beta and alpha martensite formation are key to the
formation of high physical and mechanical properties of
samples. In this regard, comparisons were made between
microstructure analysis and microscopy images in this
study. The well-known martensite has been found to be
sharp, long, and thin, with straight tapered (90 °) showing
excellent properties. Energy density is not a dominant
processing parameter because the energy density is
indirectly proportional to microhardness. The pores that
arise in the specimen will also cause mechanical properties
to be disrupted and become worse. Based on the report by
Saunders (2018), some of the defects that would commonly
occur with unoptimised processing window include lack
of fusion, balling and keyhole formation. Moreover, it was
found that the combination of laser power parameters and
scanning speed should be determined appropriately for
optimal mechanical properties of the specimen. If lower
laser power is used with high scanning speed, then the
melting pool will be smaller. This means that it may
experience less turbulence and produce less spattering as
it hardens faster. The implication is that lower laser energy
may not penetrate deep enough to completely melt the
powder coating and solid metal surface below. This leaves
the powder unmelted under the liquid pool, leading to
excess porosity and melting risk as reported in past study
(Foudzi et al. 2021). This is true in specimens P1 and P3
where this specimen is found in pores.

CONCLUSION

This study has successfully investigated the effect of varied
processing parameters on physical and mechanical
properties of different surfaces for Ti6Al4V printed through
SLM. Based on the results obtained in this study for up-skin
2 (US2), the surface roughness for the varied parameter
sets were in the range of 15.38 um and 26.22 pm obtained
from parameter sets P9 and P8 respectively. Meanwhile,
it is found that down-skin (DS) have a surface roughness
in the range of 16.05 pm and 27.64 pm in which specimen
P9 has the smoothest and P8 has the roughest surface
respectively. The slight difference in surface quality of both
surfaces is attributed to the varied scan speed and energy
density. The effect of spattering phenomenon has given the
P8 specimen a rougher surface. In general, it can be
concluded that with a laser power range of 225-275W and
a scanning speed range of 1100mm/s can produce optimum
surface roughness.



In addition, based on the results obtained from the
microhardness test for US2, it is found that P6 had the
highest hardness of 404.1HV while the P1 was the lowest
with 371.98HV and the P5 had a moderate hardness value
among all parameter sets, 386.87HV. For DS, it is found
that P9 had the highest hardness value of 378.0HV while
P4 was the lowest of 356.8HV and PS5 had a moderate
hardness value among all specimens, 362.3HV. The
difference in hardness of both surfaces was attributed to
the varied energy density due to laser power, scan speed
and hatching distance. This study concluded that with a
laser power range of 225-275W and a scanning speed range
of 1100-1400mm/s can produce optimal microhardness.
Hardness of the SLM-printed Ti6Al4V specimens was also
discussed in relation to their microstructure observations.
It is discussed that high microhardness can be obtained
through the formation of long and needle-like martensite
structure for o and B phases of Ti6AI4V alloy.

This study found that laser power and scanning speed
greatly influenced the physical and mechanical properties
of titanium alloy specimens printed via SLM. Through
careful investigation into surface quality and microhardness,
it is found that these two processing parameters contributed
more than the other processing parameters on the
performance of SLM printed parts. With the aim of
producing a better microstructure with martensite crystal
structure that meets the specific criteria for suitable
application, considerations of the laser power and scanning
speed is an important step.
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