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Abstract
Many studies have shown that the mechanical properties and geometric accuracy of additive manufacturing parts are dependent
of many factors such as laser energy density, build orientation, and heat transfer histories. Amongst the factors, heat transfer
histories are highly dependent on the geometry of a part, resulting in influencing the mechanical properties and microstructure
evolution due to the repeated heating and cooling process. Heat transfer histories are associated with material thermal properties
which include thermal conductivity, thermal diffusivity, specific heat capacity, and temperature gradient. The objective of this
paper is to understand and observe the microstructure evolution process and microhardness based on variation in geometrical
characteristic of the laser-based powder bed fusion (L-PBF). This paper presents the effect of the geometric factors on the
mechanical properties and geometric accuracy during the L-PBF process, which benefit future process optimisation and model-
ling. In this study, samples with varying wall thickness are fabricated in TI6AL4Vand AlSi10Mg alloys by L-PBF. The samples
are systematically evaluated by the optical microscope and the Vickers hardness tester. Microstructural characterisation of these
samples is further evaluated via scanning electron microscopy. The results show that there is a signification relationship between
material thermal properties, microstructure evolution, and mechanical properties with respect to the variation in wall thickness.
These results can be used to understand the material thermal behaviour in lattice structures with a thin or small-sized feature and
serve as a design guideline to indirectly control the microstructure of a L-PBF part.
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1 Introduction

Additive manufacturing (AM) has shown great potential in
areas such as aerospace, biomedical and marine industries
[1]. AM is a process whereby the material is added layer upon
layer in order to form a 3D model, and this process is
completely different from subtractive manufacturing method-
ologies [2]. Unlike traditional machining, AM provides nu-
merous advantages which complex and customised parts can
be produced easily, reduction in fabrication time, and flexibil-
ity to be used for repair application [3, 4]. Due to these advan-
tages, design for additive manufacturing (DFAM) can be in-
corporated with various materials in traditional design for
manufacturing (DFM).

One of the commonmetal AM processes that has been used
in industrial and prototyping application is laser-based powder
bed fusion (L-PBF). L-PBF is an established powder bed fu-
sion process that utilised a high laser power to melt and fuse
the powder to produce near full density 3D part. During the
process, the powder is deposited by the recoating mechanism,
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and once the layer has completed, the platformwill be lowered
down, and the powder is deposited again for the next layer.
This process is repeated until the AM part is completed. The
materials that are widely used for L-PBF are stainless steel,
TI6AL4V, and AlSi10Mg.

The L-PBF process involves many process factors that may
affect the final quality of the fabricated parts. And extensive
researches have been conducted on the L-PBF process to en-
hance the quality and mechanical properties of the final part
through optimisation of process parameters. The quality of the
L-PBF parts is closely correlated with the geometry of the
melt track and is significantly dependable on four main pa-
rameters: laser power, layer thickness, scanning speed, and
hatch spacing [5–14]. Ahn et al. [5] proposed an experimental
approach to measure the geometry of the molten pool and
investigated the correlation between the hatch spacing and
the quality of the L-PBF part (geometrical accuracy and mi-
crohardness). Dadbakhsh et al. [6] identifed the effect of layer
thickness, scanning speed, and laser power on the microstruc-
tural evolution of L-PBF parts and showed that the optimal
process parameters to achieve high quality (better microhard-
ness property) Al matrix composites were low layer thickness,
high laser power, and low scanning speed. This effect was
noticed in the fabrication of Ti6Al4V L-PBF samples. Shi
et al. [9] presented that an ideal molten pool geometry was
achieved by low scanning speed and high laser power, and
layer thickness was a key factor in deciding the degree of
surface roughness. Surface finishing and densification of the
L-PBF part were also dependable on scanning speed and laser
power and this was investigated by Koutiri et al. [7], and the
result showed that the surface roughness increased with lower
scanning speed and decreased with higher laser power.
Yadroitsev et al. [10] showed the correlation between the
hatch spacing parameters and geometric characteristic of the
melt pool. It was concluded that hatch distance would cause
an effect on the geometric characteristics of melt tracks, as
well as surface properties. The research was then continued
to investigate and established the relationship between the L-
PBF process parameters, powder metallurgy, and the geome-
try of single tracks via theoretical approach, Analysis of
Variance (ANOVA). Ozel et al. also presented that the surface
texture relationships between process parameters and
resulting surface characteristics are further quantified as aver-
age track width and track-to-track overlap as related to energy
density [11]. The experiment results concluded that the most
influencial parameter was the laser power, and to achieve bet-
ter quality of the L-PBF parts, it was critical to ensure that the
melted track was stable with high depth penetration [15]. The
interaction of the process parameters will have a combination
effect to the final property of the printed part. For the L-PBF
process, the laser power density (E) can be also another main
factor affecting the solidification process and is a function of
the following important parameters: laser power, scanning

speed, hatch spacing and layer thickness. Some studies have
proved that laser energy density is the most critical parameter
in the L-PBF process as the thermal gradient and solidification
of L-PBF is mainly influenced by the process parameters such
as laser power and scanning speed. Li et al. [16] developed a
3-D finite element model to investigate the thermal behaviour
and heat transfer during the L-PBF process based on two
critical parameters: laser power and scan speed. And the sim-
ulation results were supported by experimental results. The
optimal geometry of L-PBF AlSi10Mg molten pool and the
best metallurgical bonding between layers were obtained at
the laser power of 250W and scanning speed of 200mm/s.
Sing et al. [17] evaluated on the relative density, microhard-
ness and surface roughness of the L-PBF parts based on the
varying of the laser power, scanning speed, as well as energy
density. The result showed that laser power and scanning
speed posed a significant effect on the density. However high
energy density was required to obtain near full dense parts as
sufficient thermal energy was introduced to fully melt the
metal powders. And energy density might not be a good index
to determine the quality of the L-PBF part. Gu et al. [18]
conducted experiments and analysis to determine the influ-
ence of energy density on porosities and microstructure of
the L-PBF parts. It was found out that test coupons fabricated
using the same energy density with different laser powers and
scanning speeds show significantly different degrees of poros-
ity level. Other studies highlighted by Prashanth et al. [19]
suggested energy density could be used as a guideline.
Experimental and simulation results conducted by Criales
et al. were shown that the process parameters (such as laser
power and scanning speed) in laser powder bed fusion (L-
PBF) affected the geometry of the melt pool and the presence
of melt pools of varying size were definitely the key factors in
microstructure characterisation and the calculation of mechan-
ical properties of additively manufactured parts [20–22].
Further studies also showed that L-PBF paremeters (laser
power and scanning speed) might act as a physical metallurgy
method to modify the microstructure of the AM printed parts
which affected the mechanical properties [23–25].

For decades, the researchers working in L-PBF are per-
plexed by the strong anisotropy of samples microstructures
which represent large columnar grains in the building direc-
tions. Some studies [26] focus on promoting the equiaxed
grains and limiting the columnar grains by adjusting the pro-
cess parameters to control the temperature gradient (G) and
solidification velocity (R). However, this method always ac-
companies with lower scanning speed and laser power
resulting in a long building time. Recently, equiaxed solidifi-
cations is greatly promoted by implementing a dense hetero-
geneous nucleation sites via powder surface treatment [27]. In
addition, proper selection of postprocess measures (heat treat-
ment) also can effectively induce the equiaxed grains and
control the anisotropy of the microstructures [28].
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With these, the authors realised that there is no definite
relationship between the process parameters and the quality
of the L-PBF part. The authors believed that geometry accu-
racy should be one of the key focus areas to determine the
quality of the L-PBF part. And the geometry accuracy is de-
pendent on the thermal behaviour in the L-PBF process.

The solidification process has impact on the microstructure
evolution in the L-PBF process due to different thermal histo-
ries which pose an impact to the final property of the L-PBF
parts. In addition, different process parameters will impact the
geometry of melt pool differently which indirectly cause an
effect on the strength and geometrical characteristics of the
AM printed part as elaborated in Yadroitsev et al.[29]. Arisoy
et al. presented on the influence of scan strategy and process
parameters on microstructure in the aspect of the grain sizes
which was correlated to the mechanical properties of the AM
printed parts [30]. Themechanical properties are often used as a
guideline for material qualification for metal additive
manufacturing. The mechanical properties of materials are
strongly depending on their underlying microstructure hetero-
geneity which includes the phase transformation, morphology
and crystallography. The relationship between mechanical
properties and microstructure is well related to the process pa-
rameters as microstructure is greatly affected by cooling and
solidification rates which can be further optimised with specific
processing parameters. The degree of an achievable quality
optimisation in the AM process depends not only on process
parameter optimisation (e.g., design of experiment), but also on
the influence of the part geometry (e.g., shape and thickness)
which is illustrated by Kok et al. [31]. Material process param-
eters such as material absorptivity and thermal properties have
influential effect on the thermal history in the L-PBF process.
Therefore, many efforts have conducted to study the link

between process parameters, thermal behaviour, and final qual-
ity in L-PBF, and to establish and understand process–struc-
ture–properties relationship. Yan et al. [32] proposed a pro-
cess–structure–property prediction framework for the selective
electron beammelting (SEBM) process. In the proposed frame-
work, the processing materials data can be used to predict the
material response and fatigue life of microstructure will be gen-
erated based on the relevant material response.

In the current research, a framework is introudced to link the
AM process variables and part quality by identifying the pro-
cess–structure–property–performance relationship in the AM
process. In the framework as shown in Fig. 1, the AM process
refers to powders characteristics and process parameters that
affect the microstructure and property of the materials.
Structure refers to the microstructure, grain growth and hetero-
geneity, and it depends mainly on how it is processed. Property
refers to the strength and mechanical characteristic of the part
fabricated by the AMprocess, which is illustrated the behaviour
or reaction of the materials against external stimuli. Lastly,
performance refers to the quality of the AM processed part
and is mainly based on application uses. And material’s perfor-
mance is a function on its properties. Thus, it is important to
establish this relationship and the interrelationship amongst pro-
cessing structure, properties and performance. Many numerical
simulation are established to understand the AM process which
includes temperature field, residual stress and mechanical prop-
erties. However, most models are not well connected and there
is a gap in the understanding of the process–structure–property
relationship. Therefore, this research focuses on understanding
the process–microstructure–geometrical characteristic of the L-
PBF process by experiment validation.

This paper aims to study microstructure evolution and
microhardness based on the variation in the geometrical

Fig. 1 A framework for integrated process–structure–property–performance for the AM process to directly connect process variables and process
strategy
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characteristic of a L-PBF part and understand the link of
the process parameters, thermal conductivity and me-
chanical properties in L-PBF. In this paper, two materials
are selected: TI6AL4V and ALSI10Mg alloys. Due to the
difference in the thermal properties of the two materials,
understanding of relationship between the geometrical ef-
fect and variation in thermal behaviour is required. The
characterisation of mechanical properties and the geomet-
ric accuracy of the AM parts are considered as a function
of variation in wall thickness, and are conducted by mea-
suring the hardness and dimension of a L-PBF part.
Investigation to observe the microstructure of L-PBF
TI6AL4V through scanning electron microscopy are also
conducted.

It is important to establish the correlation between the geo-
metrical characteristics, thermal properties of the materials,
microstructure evolution and mechanical properties of the L-
PBF part. The obtained findings can be used as design guide-
lines in micropart manufacturing such as the design of
microlattice structures and provide a better unstinting of the
L-PBF process capability.

The remainder of the paper is organised as follows.
Section 2 provides details of experimental procedures with
the L-PBF process and materials. Section 3 discusses the re-
sults and analysis of the proposed experiments in terms of wall
thickness. Conclusions, limitations, and future work are pre-
sented in Section 4.

2 Experimental procedures

2.1 The L-PBF process

For this research, test samples were printed via the L-PBF
process with a maximum power of 400W. The L-PBF ma-
chine used in this work is SLM250HL (SLMSolutions Group
AG, Lübeck, Germany). A dual laser system was employed,
where the laser had a Gaussian profile for power inputs below
400 W and a top-hat profile for inputs up to 1 kW. The fo-
cused spot size was ~80 μm when the employed laser power
was below 400W. During the fabrication process, recoater
deposited powders across the build platform as it moved for-
ward and backward. A laser beam scaned upon each layer of
powders according to the stereolithography (STL) file. The
build platform would move down with the lifting device by
the designed thickness after each scan. A new layer of powder
was then deposited by the recoater. This process repeated until
the 3D object was fabricated. The materials were supplied by
TLS Technik GmbH & Co. The compositions of TI6AL4V
and AlSi10Mg powders are shown in Table 1. The powders
have nearly spherical morphology and the powder size ranges
from 20 to 63 μm as shown in Fig. 2. In this experiment, the
process parameters used in the L-PBF process was kept con-
stant for geometry and mechanical properties characterisation
as shown in Table 2. Stripes scanning strategy as shown in
Fig. 3 was used.

Table 1 The powder compositions of the TI6AL4V and AlSi10Mg (Wt.%)

TI6AL4V Al V Fe O N C H TI

6.46 4.24 0.17 0.094 0.01 0.007 0.002 Bal.

AlSi10Mg Si Mg Fe Mn Cu Zn Sn Ni Al

9–10 0.4–0.5 0.84 0.35 0.03 0.25 0.15 0.17 Bal.

Fig. 2 SEM images show the powder morphology of a TI6AL4V and b AlSi10Mg
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2.2 Specimen preparation

To investigate geometry accuracy and mechanical properties
based on the variation in wall thickness types of block sam-
ples, varying wall thickness (0.3 to 3mm) were fabricated as
shown in Fig. 4. The specimens were removed from the plate
by CNC wire cutting machine and cold mounted with slow
curing epoxy (EpoFix). Both TI6AL4V and ALSi10Mg sam-
ples were polished using Struers Tegramin-25 polishing ma-
chine in accordance to the Struers protocol [33, 34]. The sam-
ples were etched using Kroll’s and Keller’s reagent to observe
the microstructure and grain growth of TI6AL4V and
ALSi10Mg L-PBF samples respectively [35].

2.3 Geometrical accuracy and microhardness
characterisation

Geometrical measurements in term of wall thickness and di-
ameters were conducted at least five times using an
OLYMPUS SZX7 optical microscope. Macrostructures and
microstructures were investigated on the surface of the sam-
ples using a ZEISS Axioskop 2 MAT optical microscope and
a Jeol JSM 5600-LV scanning electron microscope.

To determine the mechanical properties, vickers microhard-
ness tests were conducted on the L-PBF-printed samples using
a microhardness tester. The microhardness tests were conduct-
ed using a load of 300 g with 15 s hold time. The Vickers

hardness test is mostly used for small parts and thin sections
to measure the hardness of the materials which is suitable for
the proposed research. Five test values were measured at dif-
ferent location along the direction of the wall as shown in Fig. 5.
The mean value of the microhardness for each sample was
obtained by averaging the measured test values.

3 Result and discussion

3.1 Geometrical accuracy due to variation in wall
thickness

To understand the effect of the build geometry between the
two materials with different thermal properties, the micro-
structure was studied along the X–Z plane. The results of the
geometrical accuracy analysis with the variation in wall thick-
ness of Ti–6Al–4V and AlSi10Mg were presented in Fig. 6,
respectively.

Experimental result shows that wall thickness of 0.08 mm
is unachievable and the minimum thickness to be achieved in
the L-PBF process using Ti–6Al–4V is 0.2 mm. It is because a
single scan path is generated within 0.08 mm wall thickness
and the minimum wall thickness produced by a single laser
scan is 0.2 mm. In a plot on the left side of Fig. 6(a), the
fabricated wall thickness in Ti–6Al–4V are averagely larger
than the designed wall thickness. This is mainly due to the
high thermal energy input as mentioned in Yadroitsev et al.
[10] and Thijs et al. [36], and high thermal energy is often
associated with high power and low scanning speed. Figures 7
and 8 show the single L-PBF track width with various laser
powers and scanning speeds. It is shown that variations in
laser power and scanning speed produced different behaviour
of the single track as shown in Fig. 9. The width of the single-
track increases with the increasing of the laser power and
decreasing of the scanning speed. With a high laser energy
density, a huge volume of powder is involved in the track
transformation; capillary and thermocapillary flows (the
Marangoni effect) can significantly affect the geometry (in-
creased width) of the track and its continuity. Furthermore,
distortion was observed at low scanning speed as it requires
a lot of energy to maintain the thermal change in the melted
powder, the pressure produced by the vapour recoil causes
distortion of the melted tracks as shown in Fig. 9. Whereas
in the case of low laser energy density, there is a lack of laser
energy and time to melt the metal powders which cause the

Table 2 Optimised process
parameters for TI6AL4V and
AlSi10Mg alloy samples

Materials Power
(W)

Scanning speed
(mm/s)

Hatch spacing
(mm)

Layer thickness
(mm)

Energy density
(J/mm3)

TI6AL4V 95 125 0.11 0.050 138

AlSi10Mg 180 600 0.13 0.050 46

Fig. 3 Stripes strategy used in L-PBF
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molten pool to become narrower. This instability behaviour
will cause gaps or broken-line feature in-between the melted
track as shown in Figs. 7 and 8.

As for AlSi10Mg, the fabricated wall thickness in
AlSi10Mg are averagely smaller than the designed wall thick-
ness. However, it is observed that there is a higher deviation

Fig. 4 a The Ti-6Al-6V samples as manufactured by L-PBF and b build orientation of the wall thickness fabricated by L-PBF

Fig. 5 Location of measurement
for the study of geometric
accuracy (a) and microhardness
(b) due to variation in wall
thickness

Fig. 6 Geometrical accuracy
comparison of designed and
fabricated a Ti-6Al-4V wall
thickness and b AlSi10Mg wall
thickness
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and inconsistency between fabricated and designedwall thick-
ness in AlSi10Mg compared to Ti–6Al–4V as shown in Fig.
6(b). This is mainly due to the high thermal conductivity of the
AlSi10Mg powder as excessive heat is transferred away from
the melt pool and the formation of oxide layers on the topside
of the melt track causing shrinkage during the L-PBF process.
Studies on the feasibility of fabricating AlSi10Mg parts by L-
PBF have also shown that it is difficult to control as compared
stainless steels and titanium alloys as supported by
Aboulkhair et al. [37]. It is believed that a high laser power
is preferred during the processing of AlSi10Mg with L-PBF,
as this will compensate the high thermal gradient change due
to the high thermal conductivity properties and scanning
speed controls the width of the scan track resulting in geomet-
rical accuracy. Comparison of the geometrical consistency in
1mm thickness between Ti–6Al–4V and AlSi10Mg was
shown in Fig. 10. There are more uneven edges and lumps
along the fabricated wall in AlSi10Mg as compared to Ti–
6Al–4V.

3.2 Microstructure and microhardness due to
variation in wall thickness

Figure 11 (a) shows the Vickers microhardness results from the
6 samples with varying wall thickness of Ti–6Al–4V and
AlSi10Mg. In Ti–6Al–4V, the highest microhardness was
found in the thinnest wall thickness (0.3mm) and microhard-
ness decreased nonlinearly with the wall thickness. This phe-
nomenon can be explained due to the change of cooling rate. In
a thin wall, melt pool is surrounded by powders (like a thermal-
ly isolated condition) and effective energy density (removing
transferred energy from input energy density) is higher than one
in thicker wall. Peak temperature in the centre of melt pool
results to high cooling rate. In more than 1.0 mm thickness,
hardness was found to be stable in the range of 380–390 HV.

To understand the influence of build geometry on micro-
hardness, the microstructure was analysed along the side plane
as shown in Fig. 12. Figure 13 shows α/β phases microstruc-
ture from wall thickness of 0.3 to 3mm. The microstructure of

Fig. 7 Top view of the track width created with various laser powers from 155 to 215W

Fig. 8 Top view of the track width created with various scanning speeds from 350 to 600mm/s
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as-made samples by different wall thickness were generally
similar: the samples had very fine acicular morphology which
can be known as α ′ martensites. The martensitic

microstructure is a result of rapid solidification and cooling
rate in the L-PBF process which are supported by Wauthle
et al. [38] and Zhao et al. [39].

Fig. 9 Track width with respect to a laser power and b scanning speed

Fig. 10 Geometrical consistency in 1mm thickness between a Ti–6Al–4V and b AlSi10Mg

Fig. 11 Vickers microhardness of varying a Ti–6Al–4V wall thickness and b AlSi10Mg wall thickness
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However, the size and amount of α′ martensites presence
play an important part in influencing the microhardness. To
clearly quantify the amount of α′ martensites presented in the
microstructure, original SEM images are converted into bina-
ry images and the comparison of microstructure between
0.3mm and 3mm wall thickness was presented in Fig. 14. It
is observed that there are more α′ martensites present in
0.3mm as compared to 3mm and this is mainly due to the
discrepancies in thermal gradient and cooling rate. There is
more scanning path found in 3mm and hence there are higher
temperature within 3mm compared to 0.3mm. This will cause
a decrease in the thermal gradient which result to in the de-
crease in α′ martensites and microhardness. The relationship

Fig. 12 Building orientation of the L-PBF part

Fig. 13 SEM images showing the martensitic microstructure of Ti–6Al–4V wall thickness a 0.3mm, b 0.5mm, c 0.8mm, d 1mm, e 2mm, and f 3mm
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between microhardness and α′ martensites characteristics are
well correlated with previous studies [40–46].

However, in the case of AlSi10Mg, there is no clear effect
between the wall thickness and microhardness as shown in
Fig. 9 (b). The microhardness of L-PBF AlSi10Mg was found
to be (115.5 ± 7.5) Hv. Fast solidification during L-PBF pro-
duced fine microstructure with continuous Si segregation at
the grain boundaries of the α-Al grains as shown in Fig. 15.
The microstructure is much finer in wall thickness of 1mm as
compared to the rest of the wall thickness and this is well
correlated to the microhardness measured in wall thickness
of 1mm.

In the case of Ti–6Al–4V, the result shows that the varia-
tion of thickness leads to the change of microhardness. The
variation of hardness implies that the mechanical properties
can be changed by the thickness. However, this phenomenon
is not observed in AlSi10Mg and this can be understood that
AlSi10Mg has a much higher thermal conductivity than Ti–
6Al–4V. A higher thermal conductivity material will transfer,
and release heat faster and hence provide lower thermal gra-
dient as there is not much heat stored in the material during the
L-PBF process. However, a low thermal conductivity material
will conduct and transfer heat slower which result to a higher
thermal gradient as there is a lot of heat stored in the material
during the process.

4 Conclusion and future works

In this paper, L-PBF printed two different materials, Ti–6Al–
4V and AlSi10Mg, with varying geometric factors were tested
and studied for geometric accuracy and mechanical properties.
We found that, in term of the geometric accuracy, AlSi10Mg
was more difficult to control as compared to Ti–6Al–4V due to
high thermal conductivity properties. Laser power and scanning
speed were the key parameters to control the geometric accura-
cy. The microhardness of the fabricated samples was found that
a directional decreasing trend with increasing wall thickness
and the microhardness value would become constant in the
range of 380–415HV. We attributed this trend to the behaviour
change of the microstructure and the influence of a cooling rate.
In term of the microhardness properties, the variation of thick-
ness in Ti–6Al–4V had a greater effect on the microhardness
due to the lower thermal conductivity properties and higher heat
storage in the material during the L-PBF process.

In the introduced framework for the relationship of the
integrated process–structure–property–performance (PSPP),
the objective is to link the AM process variables and part
quality. Simulation and modelling like complex process are
extremely difficult to understand the relationship, due to the
highly localised and material evolution that often occurs dur-
ing the process. The results from the proposed experiment

Fig. 14 SEM binary images
showing the microstructure of Ti–
6Al–4V wall thickness a 0.3mm
and b 3mm

Fig. 15 SEM images showing the microstructure of AlSi10Mg wall thickness a 0.5mm, b 1mm, and c 3mm
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show the effect and relationship between process parameters,
material property, microstructure and microhardness property.
And the results can be further applied to estimate the perfor-
mance of materials in AM applications. However, the results
are limited to microhardness properties, and there is a need to
incorporate other mechanical tests such as tensile test into the
proposed research. These studies can also be used as design
guideline for lattice structure, as well as small-sized features,
and the capability to control microstructure due to variation of
geometrical factors.
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