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Process parameters in laser-based powder bed fusion (LBPF) play a vital role in the part quality. In the
current study, the influence of different novel scan strategies on residual stress, porosities, microstruc-
ture, and crystallographic texture has been investigated for complex L-shape parts made from nickel-
based superalloy Inconel 718 (IN718). Four different novel scanning strategies representing total fill,
re-melting, and two different sectional scanning strategies, were investigated using neutron diffraction,
neutron imaging, and scanning electron microscopy techniques. These results were compared with the
corresponding results for an L-shape sample printed with the conventional strategy used for achieving
high density and more uniform crystallographic texture. Among these investigated novel strategies,
the re-melting strategy yielded approximately a 25% reduction in surface residual stress in comparison
to the reference sample. The other two sectional scanning strategies revealed porosities at the interfaces
of the sections and due to these lower levels of residual stress were also observed. Also, variation in crys-
tallographic texture was observed with different scan strategies.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive manufacturing (AM) of metal parts has now seen a
drastic increase in application in various sectors. It has been
adopted in various fields such as the automotive, aerospace, med-
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ical sector, etc. to produce fully functional parts with complex
geometries. In the context of metal AM, laser-based powder bed
fusion (LPBF) is one of the common methods to produce high-
end parts. Particularly, for the components made out of Ni-based
superalloys, high-quality in terms of surface roughness, dimen-
sional tolerance, etc. is often achieved by the use of the LPBF tech-
nique [1,2]. However, this method is based on selective melting of
powder in the powder bed according to the geometry of the part,
and the melting and cooling process generates stresses known as
residual stresses (RS) [3]. RS formation is linked to the manufactur-
ing process itself, so it cannot be completely avoided, and, if left
unchecked, they might lead to cracking or warping of the parts
during the print process [3–5]. This warping phenomenon can even
lead to the failure of the re-coater system as the part rises from the
powder bed. Finally, these RS are known to affect the fatigue life
either by reducing or increasing it, depending upon the type of
stress. Tensile RS at the surface will assist the surface crack open-
ing and provide an extra driving force for the crack to grow, thus
reducing the fatigue life [6–9]. In contrast, compressive RS will
have a positive impact on the fatigue life by increasing the thresh-
old to crack initiation, and even preventing cracks to grow and
thereby preventing or delaying failures [7,8,10,11]. So, it is desired
to have either compressive RS at the surface or at least a low level
of tensile RS at the surface.

In the process of manufacturing parts with the LPBF method,
the printing parameters are interlinked with each other so finding
a good combination is important for ensuring the part quality.
There have been multiple studies dedicated to the understanding
of process parameters’ influence on the outcome of the product
in terms of part characteristics such as surface roughness, density,
microstructure, texture, and residual stresses [12–18]. In terms of
RS, fine-tuning the scanning strategy, laser power, build orienta-
tion, etc., has been employed and it has been established that a
scanning strategy with shorter scan vectors as used in the island
or chessboard scan strategy tends to produce parts with lower
stresses [3,19]. It has been reported by Y. Liu et al. [17] that using
very small islands of dimension 2 � 2 mm when printing can lead
to extensive micro-cracks. Others have shown that using a differ-
ent kinds of non-standard scanning strategies such as fractal scan
can be beneficial for printing non-weldable superalloys that are
prone to cracking during printing [13]. In particular, it has been
observed that the use of a re-scanning/re-melting sequence, where
an already printed layer is irradiated again without any new layer
of powder being laid on can be beneficial in the reduction of the RS.
Shiomi et al. [20] have shown that using a re-scanning technique
where the already printed layer is again irradiated with laser for
each layer using 1.5 times the usual printing energy relieves the
residual stress by about 55% for 316L stainless steel. Yasa et al.
[21] have reported that the re-scanning during printing can
improve the density and reduce the surface roughness as well. It
has been also reported that using the same laser scan pattern or
the same laser spot size but higher speed for the re-scanning
resulted in higher residual stresses when printing Ti-6Al-4 V, indi-
cating and thus a lower scan speed is needed to relieve the residual
stresses [22]. Similarly, another study by H. Ali et al. [23] on Ti-6Al-
4 V has revealed that using a 90� alternative scanning strategy can
lead to lower RS, while an increase in chessboard size increased the
RS. They have also reported that re-scanning with 150 % energy
density reduced the RS but has an adverse impact on the mechan-
ical properties due to oxide formation during the re-scanning.
Recently, J. H. Park et al. [24] have reported that using 5% of the
energy density used for normal fabrication for re-scanning every
layer reduced the RS for IN718. Clearly, to manufacture high-
value complex components, fine-tuning of the process parameters
depending upon geometry and the material being used is required.
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So far from the literature, to reduce the RS in as-built condition,
short scan vectors, island or chess pattern scan strategy, and re-
scanning/re-working are utilized. However, these processing tech-
niques are either done on a smaller component such as cubes/bars
or the standard tensile testing components meant for mechanical
evaluations. These kinds of parts are easier to print and can be used
as starting points for other analyses. However, due to the simple
geometry and small sample dimensions, they are not necessarily
a representative of real-life components being used. As a result, a
systematic study of different scanning strategies on a real-life size
component is missing. To make a bridge between simpler geome-
try and more complex geometry, and to investigate other scan
strategies that have not been evaluated yet, are the primary goals
of the current work. Four different non-common scanning strate-
gies were applied to print L-shaped IN718 samples with the LPBF
technique, and their influence on the residual stresses, microstruc-
ture, and texture was investigated. The L-shaped geometry was
used in an earlier study on part orientation influence on RS, which
revealed the highest tensile residual stresses when built in vertical
orientation [25]. Thus, in the current work, the vertical print orien-
tation was selected (See Fig. 1) for manufacturing the samples. For
the RS analysis, the neutron diffraction method is utilized and the
measured locations and setup are identical to previous work [25].
This was done to have a consistent and reliable workflow which
removed any other factors influencing the RS except the scanning
strategy being used. As a non-standard printing process can lead
to different microstructures, scanning electron microscopy and
neutron imaging techniques were also utilized to characterize
the microstructure and assess defects inside the part. Finally, a
simplified FE model for predicting residual stress was adapted to
increase understanding of the re-melting effect on residual stress.
2. Sample preparation

Samples for this study were built from Inconel 718 (IN718)
using an SLM 125 HL (SLM Solutions Group AG, Germany) machine
equipped with a soft rubber re-coater system. The material used
for the printing was gas atomized Inconel 718 powder with a par-
ticle size range of 10–45 mm provided by the machine manufac-
turer. In this study, L-shaped samples as shown in Fig. 1 were
printed using four different scanning techniques, one reference,
and three tuned strategies, as shown by Table 1. In total 8 samples
were printed, 2 for each scanning strategy. One sample from each
scanning strategy was used for neutron diffraction measurement
and the other for preparing the stress-free reference samples and
for microstructure studies as well. The layer thickness was kept
constant at 30 mm per layer, and the build plate temperature was
set to 200� C. The build plate was made of SS 316L, and Argon
4.8 was used as protective gas.
2.1. Scanning strategies

To have a comparative study, a reference strategy optimized for
high density and low crystallographic texture was selected. The
strategy involves a stripe scanning pattern (hatching) with parallel
scanning vectors with a specific hatching distance and 67� rotation
of the stripe pattern between two adjacent layers to reduce the
residual stresses in the printed part (see Fig. 1). Similarly, for the
outer region of the part, a border scan is applied that frames the
printed layer. This often consists of a single laser scan but could
consist of two or more. The purpose of the border scan is to ensure
a good surface finish and a geometrical accuracy of the printed
part, and a fill contour scan is applied in the transition region
between the border and the hatching region to ensure a good tran-
sition and eliminate pores that could arise in the overlap. The sam-



Fig. 1. Schematic illustration of the scanning Strategies used. Reference Strategy: Border/Contour fill/hatching with scan vector rotated every layer, Total fill strategy for L1
where the sample is printed by offsetting the border from outside to inside (in the direction of the arrow) and no rotation of scan vectors between the layers; Re-melting
strategy: additional laser scanning is done at every 3rd layer with same scanning parameters as of reference strategy(green dotted line shows the additional laser pass);
Sectional Strategy I and II for L3 and L4: sample is divided into separate sections and are printed in sequence of 1, 2 and 3. Here R1 and R2 represents the interface between
the sections. For details about different terms refer to the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Process parameters for printing.

Parameters Samples

Reference sample
L0

L1 L2 L3/L4

Hatching/Border/Fill contour Same parameters of
hatching for reference
strategy implemented
without any stripe pattern
and fill contour and the
entire part printed with
offsetting the borders

Same parameters as
reference sample with
re-melting done every 3rd
layer.

Same parameters as
reference sample without
fill contour being used. Part
is divided into different
sections for different
printing sequences.

Laser power (W) 200/100/125
Laser speed (mm/s) 900/450/450
Hatching distance (mm) 0.12/0.08/0.08
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ple printed using this strategy will be referred to as reference sam-
ple (L0) hereafter. The general setup for the printing and the laser
parameter for hatching, border scan, and contour scan are pre-
sented in Table 1 and a simplified sketch of scanning strategies
used can be seen in Fig. 1.

A total fill strategy where the same parameter for laser power
and speed as of hatching sequence for the reference strategy but
without any stripe pattern and rotation of scan vectors for subse-
quent layers was applied to print sample 1 (L1). Here the entire
layer was printed by utilizing a border scan and offsetting the bor-
ders where the laser moved from the outside surface toward the
bulk (see Fig. 1). Here no fill contour scan was implemented and
offset between the border was also set to match the hatching dis-
tance used in the reference strategy. It is to be noted that each bor-
der was printed separately, and it is not a continuous vector.

To reduce the stresses generated during the printing and also to
obtain a more uniform microstructure, the re-melting strategy
reported earlier in [21] was applied herein when printing Sample
2 (L2) using the reference strategy. The re-melting here means to
have a laser scan on top of an already solidified layer without
depositing a new layer of powder. This can be seen as an in-situ
heat treatment, as the extra laser pass will result in a temperature
3

increment of the cooled-down layers. For the current investigation,
it was done for every 3rd printed layer. The choice of re-melting
every 3rd layer is to reduce the lead time for the printing, as re-
melting after every layer as in [21] will almost double the time
to print the component in contrast with printing without the re-
melting. The re-melting scan as shown in Fig. 1 by green dotted
line was applied only in the hatching region and used the same
process parameters as the printing.

To study the influence of different thermal histories due to dif-
ferent lateral cooling on the surface residual stress, the sectional
strategy I and II were applied for samples 3 and 4 (L3 and L4). Both
of these strategies are modifications of the reference strategy
where the laser was forced to print a layer in different sections
rather than in one continuous stripe pattern as shown in Fig. 1.
These two strategies divided the layers into the 3 separate sections
and the laser was programmed such that for each layer, the laser
scanned either the outermost section or the innermost section first.
The order of sections printed by the laser is shown in Fig. 1 for both
L3 and L4 samples where the sections with label number 1 were
printed first and with the label number 3 at last. A printed layer
in L3 would experience a thermal gradient with higher tempera-
ture in the core but vice versa for a printed layer in L4.
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3. Experimental methods

3.1. Measurements of residual stresses

For the measurements of bulk RS, the neutron diffraction tech-
nique was utilized. The principle of using neutron diffraction is
well known [26] and relies on using a particular set of (hkl) lattice
distance as an internal strain gauge, whose change due to RS can be
measured with the help of neutrons. The interplanar distance, dhkl
is measured using Braggs law of diffraction as shown in Eq.1.

k ¼ 2dhklsinhhkl ð1Þ
where

k- wavelength of the radiation used.
dhkl – inter-planer distance measured using hkl planes.
h- incident angle for the radiation
The measured inter-atomic distances are then converted into

strains with the help of the interplanar distance for the same
(hkl) plane measured in a stress-free sample:

e ¼ ðdhkl � dhkl
0 Þ

dhkl
0

ð2Þ

where
e – elastic strain, d- measured interplanar distance,
d0 – interplanar distance for stress-free sample Strains in three

orthogonal directions are often obtained and are converted into
corresponding nominal residual stress components by using
Hooke’s law assuming elastic isotropy as:

rij ¼ Ehkl

1þ mhkl
eij þ mhkl

1� 2mhkl
eqqdij

� �
ð3Þ

where
rij – stress calculated for a particular direction, Ehkl- Elastic coef-

ficient for (hkl) plane
mhkl- Poisson’s ratio for (hkl) plane
Fig. 2. Measured cross-sections and poin
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For the experimental evaluation of the RS, the engineering
diffractometer KOWARI [27] at the Australian Nuclear Science
and Technology Organization (ANSTO) was utilized.

As IN718 is an FCC dominant material, the choice of the hkl
reflection was 311 because it is close to the macroscopic behavior,
least affected by the micro-strains, and has high diffraction inten-
sity [28]. A nominal wavelength of 1.5 Å was chosen for the 311
reflection planes as the instrument is optimized for resolution
and flux for this wavelength. A slit size of 2 � 2 mm2 was used
for the incoming and outgoing beams to give a 2 � 2 � 2 mm3

gauge volume and 2h of about 90�was used to have a cube-
shaped gauge volume. Finally, the obtained diffraction peaks were
fitted using a Gaussian peak profile to obtain the lattice strains.

RS was measured at four characteristic cross-sections as shown
in Fig. 2. To avoid any surface effect and any spurious strains due to
partial illumination, the first/last points were measured at least
1.6 mm under the surface. For sample alignment into the diffrac-
tometer, a surface scan was done for all the samples and the sur-
face positions were determined from the change in the intensity
of the diffracted neutron signal. Using this technique for alignment
the position accuracy was in the range of 0.1 mm.

To calculate strains, a special stress-free reference sample was
prepared and measured by neutron diffraction for each built condi-
tion. A 3 mm thick slice was extracted from the mid-thickness of
an identical set of samples by EDM cutting as shown in Fig. 3,
which will relax the RS component in the X-direction. On assump-
tions of elastic isotropy and plane stress condition, the stress-free
interplanar distance can be measured according to the following
equation:

d311
o ¼ d311

xx þ mðd311
yy þ d311

zz � d311
xx Þ

1þ m
ð4Þ

where dxx, dyy dzz- are the interplanar distance measured for the d0

slice.
To match the measurement mesh in the measured samples, d0

slices were measured at the same locations of cross-sections as
ts together with sample dimension.



Fig. 3. d0 sample extraction from the sample.
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for the real sample. The strains were converted to stresses using
the elastic constant values for the 311 plane: E311 = 202 GPa and
m311 = 0.31 after [29].

3.2. Neutron imaging

To ascertain the quality of the parts in terms of size and distri-
bution of porosity and defects, a neutron tomography analysis was
performed at the DINGO beamline, ANSTO [30]. The basic principle
of neutron imaging is described by the Beer-Lambert law [31]. A
beam of neutrons transmitted through a sample is attenuated
depending on the material composition and its path length
through the specimen. Contrarily to X-ray, the neutron cross-
section of elements and isotopes does not feature a linear depen-
dence to the atomic number; the peculiar interaction mechanism
of the neutron associated with its high penetration power can be
exploited to diagnose interior defects in dense material, otherwise
opaque to other nuclear probes. Exemplary studies on the use of
neutron imaging for analyzing defects can be found in [32–34].

The neutron tomography was performed on DINGO by using the
high spatial resolution configuration - with the ratio of collimator-
detector length L to inlet collimator diameter D equals to 1000. The
measurement was performed with a photometric 5-megapixel IRIS
COS sensor camera set with a pixel size of 14.7 lm. The field of
view was 17 � 42 mm2 and 1800 projections were taken with a
step size of 0.1�. Three accumulations within 19 sec exposure time
were used and the actual spatial resolution was approximately 50
mm. Due to their form, two tomographic scans were necessary to
measure most of the sample volume. During each acquisition, the
longitudinal axis of one of the ‘‘arms” of the L-shaped sample
was oriented orthogonally to the incoming beam. Then the sample
was flipped to measure the second ‘‘arm”. This strategy was
adopted since the ‘‘arm” parallel to the beam would present an
angular view where the high attenuation of the sample – due to
the combined thickness andmaterial density – would cause starva-
tion of the neutron beam thus resulting in strong artifacts in the
reconstructed tomography. Nevertheless, for the reason just
explained, it was not possible to obtain sufficient transmission
through the region at the intersection of the two ‘‘arms”. Although
useful for subsequent stitching of the two datasets, this region was
deemed too noisy and excluded for further evaluation on porosity.

The acquired projections were first treated by applying an out-
lier removal filter with a 5-pixel radius and threshold of 250. Then
the accumulations were summed up for each step angle. Flat field
normalization with dose correction and dark current subtraction
was applied. The treated projections were computed to create a
virtual three-dimensional model of the samples via an integrated
ASTRA and TomoPy toolbox [35]. The obtained datasets were
stitched and evaluated using the Avizo 2019.2 software.
5

To enhance the greyscale image quality, anisotropic diffusion
(AD) and unsharp mask (UM) filters were used [36]. AD filter
merges regions of similar grey-scale values and intra-region
smoothing is promoted over edge smoothing. The blurring caused
by the application of the AD filter was reduced by UM filter. The
dataset was subsequently segmented by applying a watershed
transform for sample masking. Separation of the strong pores
was achieved by threshold segmentation while top-hat transform
with a spherical probe of 5 px and a threshold of 2500 was applied
in conjunction to manual selection with a brush of 10-pixel size in
diameter at a magnification of 1:2 to extract weak pores.

3.3. Microstructure study

A microstructure study of all four samples and the reference
sample was done. Specimens for the study were extracted from
the same location for all the samples (See Fig. 1). For the study, a
Hitachi SU70 FEG scanning electron microscope (SEM), equipped
with energy-dispersive X-ray spectroscopy (EDS) and electron
backscatter diffraction (EBSD) system from Oxford Instrument,
was utilized with operating at 20 kV of accelerating voltage. Tex-
ture measurements by EBSD were performed with the scanning
step size of 0.5 mm for near-surface measurements and for the bulk
1 mm step was utilized. Analysis of the texture was done using the
MTEX [37].

3.4. Surface roughness measurements

The surface roughness on the side surface of the samples was
measured using an S-neox 3d optical profiler machine from Senso-
far and a confocal fusion technique. This method combines focus
variation and the confocal technique to obtain high-quality data
over highly complex surfaces, such as in the case of additive man-
ufacturing. The measurements were done according to ISO 4287
standard. Prior to the measurements, the surfaces were cleaned
with ethanol and for each L-shape an area of 2.2 � 1.65 mm2

was measured. Post-processing of measurement data was done
in the software Mountains Map. Denoising and leveling of the
raw data were done. The 0.05 % highest and lowest values were
removed together with filling in of non-measured points. From
the post-processed measurements, the surface roughness values
were extracted.
4. FEM simulation of re-melting

A simplified layer-wise FEM model was used to simulate the
stress development for the sample which was re-melted every
3rd layer. The model implemented here is based on a coupled
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thermo-mechanical model using a combined layer-wise activation
approach using temperature as the load for RS prediction. Here the
re-melting sequence is modeled by prescribing a new temperature
to the already cooled down layer. In the model, a combined layer
can consist of multiple real-size layers and can be changed accord-
ing to the need. Details regarding the material properties, imple-
mentation, and validation of the model in the case of reference
strategy L0 can be found in [25,38]. The schematic of the re-
melting sequence is shown in Fig. 4.

In the current work at first, a new combined layer ‘n’ with the
size of 10 real layers is activated with activation temperature TA
which is close to the melting point of the material. After time t1
(time for both printing the layer and movement of powder bed
combined) it gets cooled down to temperature T1 via radiation,
conduction, and convection boundary conditions which is well
below TA. In the usual sequence, a new combined layer would be
activated with temperature TA and the sequence would continue.
However, to replicate the re-melting sequence in simplified terms,
a new temperature TRM is given to the already cooled layer ‘n’. This
temperature is applied for time t2 which is based on the time it
takes to re-melt a real layer, and based on the frequency of re-
melting, i.e., whether the re-melting is done for every real layer
or in an interval of layers this will vary. For the current work, the
time t2 will be less than that of t1 as re-melting is done every 3rd
real layer only and for the size of one combined layer (10 real lay-
ers) there will be at least three re-melting sequences involved in
the real process, so t2 is calculated for the 3 re-melting sequences
involved in one combined layer. So, the re-melting sequence in the
combined layer is represented using TRM being applied for time t2
to the already printed layer. During this time, the combined layer
will heat the layers beneath as in a real process. As in real printing,
there will be cooling during the time t3 when a new layer of pow-
der is added onto the top. Here t3 according to the process is smal-
ler than both t1 and t2. The layer would then get cooled down
during this time t3 and reach the temperature of TRM’ which will
be greater than T1 as the time t3 will be noticeably short in compar-
ison to t1. By having an additional pass of laser sequence after
every 3rd layer, the difference in temperature (DT) between
already printed combined layer ‘n’ and new combined layer
‘n + 10 will be lower than in comparison to having directly activated
a new layer after the lower layer is cooled down. This process is
repeated until the entire part is printed. For the simulation, the ini-
tial activation temperature TA = 1500 K and the re-melting temper-
ature TRM = 1000 K and 800 K were used. The additional time t2 for
the re-melting was calculated based on the real laser movement
speed and t3 was also calculated based on the time it took for the
part to move into the powder bed and the re-coater to apply a
new layer of powder. The simulation was done using an 8-node lin-
ear element with reduced integration (C3D8RT) and a minimum of
one element for the height of the combined layer (in build direc-
tion) was used based upon previous work where mesh sensitivity
analysis with various mesh sizes on the computed result was
tested [38]. The total number of nodes were 65234, the FEM anal-
ysis and was done on a workstation equipped with an Intel� Xeon�

V6 quad-core processor. Results from the simulation are extracted
for the same places as measured during the experiment for com-
parison with the experimentally obtained data.
Fig. 4. Schematic of simulation of re-melting sequence. Here TA refers to activation temp
melting TRM’ to temperature of layer after the re-melting is done.
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5. Results

5.1. Neutron imaging and microstructure study

The three-dimensional models of the samples obtained via
computed tomography enabled to visualize and quantify the distri-
bution of internal defects and macro-porosities, above the nominal
spatial resolution of the measurement estimated around 50 lm, in
relationship to different scanning strategies (Fig. 1).

In sample L1 (Fig. 5), the pores appear as a dotted line near the
border, propagating diagonally from the corner into the bulk. The
mode and the average volume of the pores were estimated at
1.53E-04 mm3 and 3.62E-03 mm3, respectively. Porosities as large
as 0.106 mm3 were also detected.

For sample L2, there were no defects that were detected by this
technique. However, both sample L3 in Fig. 6 and sample L4 in
Fig. 7 have shown a lot of small pores. These porosities are mostly
confined to the boundary regions of the sections corresponding to
the sectional scanning strategy. However, there are no detectable
porosities near the surface. The frequency map for the volume of
the pores reveals that most of the pores are below 0.002 mm3

and the average volume of porosities was estimated to be 4.07E-
3 mm3 and 1.28 E-02 mm3 for L3 and L4 respectively.

Considering the spatial resolution threshold imposed by the
neutron tomographic measurement, the analysis of porosities
and defects was complemented by a microstructural study on sac-
rificial samples, and the result in Fig. 8 for the L3 sample also
reveals that most of the porosities are concentrated at the interface
between the sections.

Elongated defects were observed in sample L1 mostly at the
regions where two melt pools overlap each other as shown in
Fig. 9a and small oval and round pores were observed in the L2
sample (Fig. 9b). Average defects size was in the range of 15 mm2,
5 mm2 and 8.5 mm2 for L1, L2, and L0, respectively from analysis
of SEM images on an area of 2.3 � 1 mm2 and applying a threshold
of 2 mm2 for the pores and defect detection. These kinds of porosi-
ties are known to be present in the as-built samples and can be
eliminated by further post-processing.

By further investigating into the microstructure of the samples
it was found that they reveal a typical microstructural feature for
LPBF IN718, namely homogeneously distributed cellular structure
of sub-micron range, see for example Fig. 10 for sample L0. The dif-
ferent scan strategies employed do not seem to impose a signifi-
cant effect as a similar cellar structure was observed in all the
other samples. These cells-like features have a higher concentra-
tion of heavier elements such as Mo and Nb at the cell walls, which
has been confirmed with EDS elemental mapping. These results are
in line with previously reported work for Nickel-based superalloys
[39,40].

Figs. 11–13 presents the Z (BD) direction IPF maps constructed
out of EBSD data for L1, L2, and the reference sample (L0), respec-
tively. Inverse pole figures (IPFs) for all three directions X, Y, and Z
(BD) are also included to reveal the texture components in the
bulk. The BD direction was chosen for IPF map construction as it
is of interest how the grains are oriented with respect to the build-
ing direction. IPF mapping for each sample was done near the edge
and at the bulk of the sample. The grains near the surface are more
erature, T1 to temperature after printing of the layer TRM to temperature used for re-



Fig. 5. Tomographic reconstruction of porosity distribution in sample L1 together with frequency distribution of pores (framed area marked with line pattern has been
excluded due to high noise level). The bar shows the colormap used for the rendering of pores of different volume range.

Fig. 6. Tomographic reconstruction of porosity distribution in sample L3 together with frequency distribution of pores (framed area marked with line pattern has been
excluded due to high noise level). The bar shows the colormap used for the rendering of pores of different volume.

Fig. 7. Tomographic reconstruction of porosity distribution in sample L4 together with frequency distribution of pores (framed area marked with line pattern has been
excluded due to high noise level). The bar shows the colormap used for the rendering of pores of different volume range.
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7



Fig. 8. Presence of defects in L3 (a and b) at the interface R1 and R2 between different regions.

Fig. 9. Porosities and defects in the as-built sample a) elongated defects present mostly at the overlap region between the melt pools for the L1 sample, b) small porosities
present with random distribution for the L2 sample.

Fig. 10. a) Typical microstructure with the cell-like structure for L0 sample, b) EDS mapping showing enrichment of Mo and Nb but depletion of Fe at cell boundary region for
L0 sample.
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elongated and irregular along the building direction for samples L1
and L2. But in the standard reference sample L0, the grain elonga-
tion was not so prominent near the surface. Further, for the L1
sample, a fiber texture with the h001i direction parallel to the laser
scan direction (Y-direction for this sample) was developed as indi-
cated by the IPF(Y) in Fig. 11. For the L2 sample, the IPF(Y) in Fig. 12
suggests that the favorable grain growth direction h001i deviates
from the Y direction due to the rotation of the laser for each layer
by 67�, and a weak texture component h011i//BD also formed (IPF
(Z) in Fig. 12). Finally, a weak fiber texture with h011i//BD was
revealed in the reference sample L0 (Fig. 13), indicating preferred
growth only occurs in the BD direction
5.2. Surface roughness

For all the samples there was no substantial difference observed
for the surface roughness. All the samples have Ra values within 4.
09 ± 1.5 mm.
8

5.3. Residual stress

5.3.1. Experimental stress distributions by neutron diffraction
As mentioned earlier the stress-free lattice spacing is calculated

using the plane stress condition and the d0 determined this way
turned out to be constant across cross-sections and within the
experimental uncertainty of �50 l strains. Since the variation of
d0 in different cross-sections was not so significant, an average
value calculated from all measured points for each sample was
used as a reference value for the stress calculations in all the
cross-sections for all the full (uncut) samples. Once the stresses
were calculated, the stress distributions were checked for the force
balanced conditions for the component perpendicular to the cross-
sections. However, the average values of d0 used did not provide
sufficient accuracy in terms of stress (force) balance. This can be
due to the sensitive nature of the d0 due to some local variation
of microstructure which cannot be captured due to the gauge size
used for both the sample measurement and the d0 measurements.



Fig. 11. EBSD mapping of L1 sample with respect to the building direction Z: a– near the edge, b – bulk. Inverse pole figures corresponding to b are plotted below the EBSD
maps.

Fig. 12. EBSD mapping of L2 sample with respect to the building direction Z: a– near the edge, b – bulk. Inverse pole figures corresponding to b are plotted below the EBSD
maps.
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The values of the d0 were iterated for each sample such that the net
average stress in the cross-section is within the margin of error for
the instrument being used i.e., of ±50 MPa while the uncertainty of
the stress value for individual points was �30 MPa. The d0-values
determined this way were found to be slightly different (almost
within range of the experimental uncertainties), the normalized
variation of the d0 values used for different samples with respect
to the d0 value of the L1 sample is presented in Fig. 14.

The major result of the stress measurements is that all samples
showed a similar type of stress distribution, without much differ-
ence regarding the scan strategy. They all have a compression zone
9

in the core of the vertical ‘‘arm” of the L-shape in the longitudinal
(long) direction, which is compensated by the tensile zones on the
surfaces. However, some differences in stress distributions,
depending on the deposition strategy, are discussed below.

5.3.1.1. Reference sample. For the reference sample (L0) stress dis-
tributions are presented in Fig. 15. In this sample very high tensile
stresses (approximately 1000 MPa) near the surface Y = 0 mm (de-
noted as Y0) while relatively high compressive stresses (in the
range of 700–800) in the central region of cross-sections C1 and
C2 were measured in the building direction. For the C3 and C4



Fig. 13. EBSD mapping of the reference sample (L0) with respect to the building direction Z: a – near the edge, b – bulk. Inverse pole figures corresponding to b are plotted
below the EBSD maps.

Fig. 14. Relative normalized variation of d0 used for other samples with respect to
L1 sample, which d0 corresponds to zero (Note: the error bar represents the
experimental accuracy i.e., of 50 m strains).
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cross-sections, the stress component perpendicular to the cross-
section (ry) also reveals a similar stress distribution where the sur-
face at Z = 0 mm (denoted by Z0) shows tensile stress in the range
of 500–550 MPa for C3 and 300 MPa for C4 respectively. Similarly,
the stress distribution in the building direction rz for C3 showed an
elongated compressive zone below the hole in the central region
with lower tensile stress at the lower surface Z0. A more detailed
description of the stress measurement and distribution can be
found in the previous study [25].

5.3.1.2. Printed with total fill strategy. A stress distribution pattern
of tensile stresses at surface and compressive in bulk was revealed
from the experiment for the L1 sample and is shown in Fig. 16. For
the cross-sections C1 and C2, the stresses along the building direc-
tion (rz) near the surface show high tensile values of about
850 MPa for the surface at Y0 but of about 600 MPa for the other
surface at Y=+20 mm (denoted as Y20). At the center of the
cross-section, these stresses are compressive with a magnitude of
around �700 MPa and �800 MPa for C1 and C2, respectively.
The higher amount of compressive stress for the C2 is attributed
to the presence of the hole which acts as a stress concentrator.
10
For the in-plane stresses rx and ry for the C1 and C2 cross-
sections, they are mostly compressive throughout the cross-
section with low tensile stresses near the surfaces.

For the cross-sections, C3 and C4, rz near the surface is low, in
the range of 200 MPa, and in the center of the cross-section shows
compressive values in the order of �600 MPa for C3 but about
�100 MPa for C4. Similarly, ry which is perpendicular to both
cross-sections is tensile in the range of 400 MPa and 200 MPa for
C3 and C4 respectively at the surface and a similar magnitude of
compressive stress for the central regions of the cross-sections.
On the other hand, very low rx was found for both cross-sections.

5.3.1.3. Printed with re-melting strategy. The stress distribution for
the measured cross-sections for sample L2 can be seen in Fig. 17.
A similar stress distribution to that observed in sample L1 can also
be seen here. However, in terms of the magnitude for rz for C1 and
C2, this sample has lower levels of tensile stresses in comparison to
the L1 sample with a stress magnitude close to 700 MPa. In the
central region, compressive stresses with a magnitude of
�600 MPa and �800 MPa were observed for C1 and C2 respec-
tively. Here also, the in-plane stresses rx and ry present mostly
lower compressive stresses in the center of the cross-sections with
a lower magnitude of the tensile stress closer to the surface.

The stresses in the building direction (rz) for the cross-sections
C3 and C4 were comparable to those for the L1 sample in terms of
magnitude with a slightly higher tensile stress towards the surface
for the C4 cross-section. The stress ry which is perpendicular to the
cross-sections C3 and C4 showed tensile stress in the range of
400 MPa and 200 MPa respectively near the surface and a similar
magnitude of compressive stress is also observed for the central
region for these cross-sections. A larger elongated zone of com-
pressive stress with lower magnitude in the central region of the
C3 below the hole for the L2 sample was observed in contrast to
a smaller compressive zone as seen in the L1 sample.

5.3.1.4. Printed with sectional scanning. The stress maps for the
cross-sections measured are shown in Figs. 18 and 19. The general
tendency of tensile stress at the surface and compressive stress in
the bulk is seen here as well. However, the magnitudes are gener-



Fig. 15. Stress distribution in reference sample for various cross-sections. Adopted from [23].
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ally smaller than L1 and L2 in all cross-sections. The neutron imag-
ing and SEM examination revealed the formation of defects and
porosities while printing (See Figs. 6–8). As these defects and
porosities may lower the values of RS due to the relaxation caused
by the formation of these defects while printing, thus the lower RS
values in L3 and L4 can be partly attributed to the formation of
printing defects.

5.3.2. Simulation results
From the simplified simulations for the re-melting strategy

with 1000 K and 800 K as re-melting temperature, the stress distri-
bution in the building direction are extracted for C1-C3 cross-
sections measured and are presented in Fig. 20 together with
experimentally measured data. The stress distribution is very close
to the measured ones in the case of the sample with a re-melting
temperature of 1000 K with a slightly higher magnitude in the cen-
tral regions than the measured ones as seen in Fig. 20 a and c. For
the simulation done with 800 K the magnitude of the stresses pre-
dicted are higher than for the simulation with 1000 K and mea-
sured values. The increment in RS predicted with lower re-
melting temperature is connected to the increased temperature
gradient (DT) between the layers. Thus, a re-melting sequence
with either a higher number of layers between the re-melting or
a sequence with a low energy density that can lead to the genera-
tion of lower re-melting temperature is likely to have a higher
magnitude of the RS when compared to a sequence where a higher
temperature is generated during the re-melting. From these
results, it is evident that the simplified model can capture the
reduction in tensile RS due to the implementation of the re-
11
melting strategy when done with appropriate re-melting
temperature.

6. Discussion

6.1. Microstructure and texture

Sample L1 had a distinctive microstructure where the clear cen-
tral melt pool section was visible, as shown in Fig. 21a as well as in
Fig. 11. As there was no scan path off-setting and rotation of scan
direction between layers, the melt-pools tend to align vertically,
and this alignment leads to epitaxial growth of the thin columnar
grains from the center of the melt pool in the BD. These columnar
growths from the bottom of the melt pool were driven by the high
heat dissipation being along the center of the melt pool and along
BD and have been reported in earlier works as well [41–43]. As the
maximum heat flow direction in the melt pool was perpendicular
to the melt pool boundaries, the side branches also grow in the
direction perpendicular to the melt pool boundaries. As no rotation
of laser was involved between the layers, the continuous growth
was mostly not hindered, but in some regions, it was observed to
have a slight deviation which could be due to a slight variation
in laser scan track as well as due to lateral movement of the liq-
uid–solid interface as reported earlier [42].

During laser movement, the primary heat flow direction is from
the front of the laser to the back, and for the FCC crystal, h001i is
the preferred grain growth direction. Therefore, for sample L1, a
relatively strong h001i fiber texture formed along the laser scan
direction (Y), which is in agreement with earlier works [41,44–



Fig. 16. Stress distribution L1 for various cross-sections.
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46]. The dendritic grains grown from the center of the melt-pool
contributed to a weak concentration of h001i grains parallel to
BD, while the dendritic grains from the side of the melt pool (indi-
cated by the blue arrow in Fig. 21 (c)) which were growing
in h001i directions along the scan direction (Y), grew diagonally
in respect to the BD, leading to somewhat elevated h011i intensity
in BD [47], as IPF (Z) in Fig. 11 revealed. On the other hand, for the
L0 sample, the melt pools do not align on top of each other due to
the rotation of the laser path, therefore, only the h011i//BD fiber
texture was obtained. As for sample L2, the re-melting strategy
appeared to have induced the additional weak texture component
in the Y-direction. It is not clear how the component is formed, and
further studies will be needed to understand the growth process
that leads to the preferred orientation along the Y-direction. It
has to be noted that Young’s modulus for directionally solidi-
fied h001i nickel single crystal is about 60% of its value in the poly-
crystalline (isotropic) Nickel [48] and these kinds of strong
crystallographic textures often affect the mechanical properties
such as the ductility, yield strength, etc. Previous works
[41,49,50] have clearly shown that texture is one of the factors to
influence the mechanical property.

The total fill strategy (L1) can also be utilized in making tailored
microstructure to create a favorable texture considering the direc-
tion where the loads are most critical in a real-life scenario by
proper selection of the building direction. Similarly for the sample
L2, due to shift and rotation of scan vectors with each layer the
melt pool seems to be disoriented as seen in Fig. 21b and this hin-
ders the columnar growth from the bottom of the melt pool and is
also revealed by EBSDmaps (Fig. 12 and Fig. 13). And a similar melt
pool pattern was observed for the reference sample L0 as well.
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These kinds of morphology of melt pools for both the strategy with
rotation and without rotation of the scan vectors have been dis-
cussed by previous researchers and they have also reported similar
conclusions [41]. For the L2 sample near the surface or at the con-
touring region has slightly elongated grains in the building direc-
tion and the reference sample shows more equiaxed grains near
the surface. This can be due to the fact that for each laser re-
melting only the bulk is re-melted but during the process, the
near-surface grains can also get affected by this.

6.2. Porosity development in sample L3 and L4 and neutron imaging

The samples L0, L1, and L2 have a very low amount of porosi-
ties and the size of these defects were less than 20 mm. How-
ever, samples L3 and L4 had a lot of defects and porosities
developed during printing especially at the interface between
printed sections. Since the printing strategies adopted in the
manufacture of the samples are not conventional, some adjust-
ments were necessary to make the printing possible: the L3
and L4 samples were divided into different sections and the sec-
tions were printed also in a different order. The optimization of
the overlap region between the sections which was done on
small samples was not sufficient. This demonstrates that not
only the printing parameters such as the laser power, the speed,
the hatching sequence but also the way the hatching is done
have a big impact on the density. The lack of proper implemen-
tation of all these variables can cause the development of
defects. Specifically, the porosity observed in samples L3 and
L4 can be due to low energy input as suggested by Carter et.al
[51]. It should be noted that the detected porosity/defects are



Fig. 17. Stress distribution L2 for various cross-sections.
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bigger than 50 mm because of the spatial resolution limit of the
neutron imaging technique.

6.3. Residual stresses

One of the primary mechanisms for the formation of the RS
in LPBF parts is due to the inherent large temperature gradients
DT present between the layers. A stress distribution profile of
tensile RS near the surface and compressive RS in the center
of the cross-section is observed in the direction perpendicular
to the scan direction for all the samples investigated. This kind
of stress distribution pattern is commonly observed in LPBF
samples and is driven by the solidification shrinkage mechanism
(SSM) and temperature gradient mechanism (TGM) as described
by Mercelis and Kruth [3]. However, the magnitude of the stres-
ses can vary with different scanning strategies as LPBF processes
typically have a very high rate of cooling, and a slight difference
in time between layers can either increase or decrease DT which
in turn will affect the RS magnitude being developed as dis-
cussed in Section 4.

Based on the experimental results the total fill strategy (L1)
seems to lower the magnitude of tensile stresses in the building
direction near the surface when compared to the reference sample
(L0) (see Fig. 15 and Fig. 16). As the movement of the laser in this
scanning strategy is without any rotation of the scan vectors, it
takes less time for the laser to reach the same place in the new
layer as in the already printed layer. This leads to a slightly lower
temperature difference between the layers as the laser track in an
already printed layer will still have some retained heat when a new
laser scan in the new layer is done.
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Similarly, for the strategy of re-melting, every 3rd layer
revealed promising results in terms of reduction of surface RS by
approximately 25 % in comparison to the reference sample (L0)
(see Figs. 15 and 17). Here the re-melting was done with the same
power, speed, and scan strategy as used for printing the layers. Re-
melting of the samples after every 3rd layer causes the tempera-
ture of the already printed layers to increase before the new layer
is printed as shown in Fig. 4 and this lowers the thermal gradient
between the layers thus lowering the RS magnitude. A more
detailed analysis of the effect of the re-melting will be given later
with help of modeling of the RS generation process.

The sectional strategy for samples L3 and L4 leads to very low
tensile stresses in the vicinity of 400 MPa near the surface in the
building direction (Figs. 18 and 19) however these samples also
contain a lot of porosities (see Figs. 6 and 7), and these will affect
the mechanical properties negatively as these big porosities will
lead to lower stiffness so it will not be able to retain high mechan-
ical loads. Also, they will act as stress concentrators and together
with tensile RS will further decrease the load retaining capability.
For LPBF using scan strategies optimized for obtaining high den-
sity, some level of porosity is present, and these defects are in
the range of a few microns, and they are generally distributed
throughout the sample. These small size porosities scattered in
the bulk have generally been reported to have negligible influence
on the mechanical properties [52,53]. Thus, the effect of the lower
RS will be overshadowed by the lower density and lower stiffness
presented due to the high amount of porosity.

To have a detailed comparison of the stress magnitude and dis-
tribution, the stress component perpendicular to the cross-section
measured on a line through the center of the cross-sections at



Fig. 18. Stress distribution L3 for various cross-sections.
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X = 0 mm is plotted in Fig. 22. From the plots it can be observed
that for L1 and L2 sample, stresses near the surface Y0 (close to
length 0 mm) in the building direction (rz) in both the cross-
sections C1 and C2 are lower than in the reference sample L0 by
approximately 200 MPa and 300 MPa for L1 and L2 respectively.
However, this stress distribution gradually changes and no signifi-
cant difference between L1/L2 and L0 was observed on the other
side at Y20 (at length 20 mm) (see Fig. 22a and b) for C1 and C2
sections and the L1 sample exhibits higher compressive stress in
the bulk than all the samples. Similarly, for rz in the L3 and L4 sam-
ples the magnitude of tensile stress near the surfaces and compres-
sive stresses in the bulk are very low in comparison to all other
samples except for the points that are close to the hole in the C2
cross-section.

Further looking to the ry magnitude for C3 cross-section, all the
samples have approximately 120 MPa lower tensile stresses near
the surface with L2 and L3 having slightly higher compression than
in the L0 sample and L4 having lower compressive stress in the
bulk than in L0 (see Fig. 22c). Whereas the L1 sample exhibits high
compressive stress than L0 and the magnitude increases along
with the height. Likewise, for the C4 cross-section all the measured
samples have lower tensile stress for ry at the surface with L1
being least in the magnitude of 150 MPa and then L4, L2, L3, and
L0 in increasing order (see Fig. 22d). As observed in the C3 cross-
section here also the L1 sample has higher compressive stress in
the bulk which is followed by the L2 sample and both the L3 and
L4 samples have lower compressive stress than L0 in the bulk.

The simplified model for predicting the RS with a re-melting
strategy when done with appropriate re-melting temperature
gives results close to the measured ones (see Fig. 20). The model
is also able to capture the stress relaxation caused by the applica-
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tion of re-melting temperature. Fig. 23a and b show the stress
evolution near the base plate in building direction (rz) for ele-
ments at the center i.e., at X = 0, Y = 5, and Z = 4 (mm) and also
at the surface at X = 0, Y = 0, Z = 4 for the reference strategy and
re-melting strategy (using 1000 K as re-melting temperature)
respectively. The stress evolution plots reveal that there was
stress relaxation when the re-melting temperature was applied
compared to the reference strategy. This led to lower stresses
being built up during the process and during the final cooling
process the stress level further decreased. However, the effect
of re-melting starts to fade away as more and more layers were
deposited on top of the current layer. This effect of the applica-
tion of re-melting temperature is more prominent in the element
at the surface because it gets cooler faster than the inside ele-
ment thus the change in stress levels when the re-melting tem-
perature is added is also higher.

The deviation in the prediction of the magnitude of stresses can
be linked to the simplified nature of the model which does not con-
sider the complex phenomenon that happens in the real printing
process when the already solidified layer is melted again. Also,
here 10 real-size layers are taken into one combined layer and
the time for the re-melting is also multiplied by three times, as
in 10 layers it will have at least 3 re-melting sequences. This is
one of the simplest ways to model the process and the model
can be further improved by either making 3 real-size layers into
one combined layer or by simulating the real process with real
laser movement. An increment in complexity will further increase
the demand in computation time and resources and it is not within
the scope of the current work. Nonetheless, due to the simplicity of
the model, it can be incorporated into the design and optimization
process of the components at relative ease.



Fig. 19. Stress distribution L4 for various cross-sections.

Fig. 20. Results from simulation for the re-melting strategy for building direction (rz) using different re-melting temperatures and measured results for re-melted sample
(L2).
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These results for the reduction in RS are in agreement with the
previous study for IN718 where re-melting every layer with 20%,
10% and 5 % of the energy density used for printing the layers
15
was used and it was found out that using 5% of energy density
was successful in lowering the RS and the others resulted in a sim-
ilar value of RS as no re-melting was applied [24].



Fig. 21. Variation in laser tracks and melt pools for L1 (a), L2 (b) and (c) simplified sketch for the crystallographic texture formation.

Fig. 22. Comparison of stress distribution between the investigated samples and reference sample along the center of the cross-section. a:rz for C1 cross-section, b:rz for C2
cross-section, c: ry for C3 cross-section. d: ry for C4 cross-section.

Fig. 23. Stress evolution with time for selected element at a distance of 4 mm away from the base plate a) for a reference sample. (Adapted from [38]), b) the re-melted
sample with temperature 1000 K for re-melting used.
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Another mechanism that can lead to lower RS is local annealing
of the layers as they are re-melted. Laser re-melting is done in the
bulk section only to keep the shape of the sample intact and keep
away any extra powder that can get mixed from the powder bed
into the re-melting zone. This act will cause the development of
compressive stress in the in-plane direction of the cross-section
as the outer layer of the border will resist the flow of the material
as they are already solid. This kind of phenomenon can be utilized
in a positive aspect by selecting the proper orientation based on
the primary loading direction of the component. For example, in
the case of the L-shape component, if the primary loading direction
is in the Y direction and it is printed in the vertical orientation as
presented here then it will have better mechanical properties, as
the ry for the cross-section perpendicular to the loading direction
(in this case C3 and C4) are primarily in compression with much
smaller tensile stress at the surface.

It should be noted that one limitation with employing the re-
melting strategy is the increase of time for building a part due to
the additional re-scans. However, by adjusting the speed and
16
power for both the primary printing and the re-melting sequence,
the process can likely be further refined such that there will be no
increase in the total time needed to print the part.

As for the sectional scanning strategies, both inside-out and
outside-in strategies lead to a lower magnitude of stresses when
compared to the reference sample and no major difference was
observed between these two strategies. The levels of stress are like
that of the L2 sample. These two samples have porosities at the
interface between the regions, which can contribute to the
observed low RS through stress relaxation and reduced stiffness
and density. In order to visualize the true effects of the sectional
strategies, further refinement of process parameters is needed to
obtain denser parts with fewer defects.
7. Conclusions

Different types of scanning strategies were utilized to assess the
influence on the RS state for as-built L-shaped components with
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respect to a sample printed with a reference strategy optimized for
high-density material production. Together with RS measurements
using neutron diffraction, the influence of scanning strategies on
microstructure and quality of parts in terms of the defects, texture,
and surface roughness was also evaluated. Further, one of the
printing strategies was modeled using a simplified FE-model based
on a layer-wise activation process to analyze variation in stress
generation due to the re-melting technique, and results were com-
pared to the experimentally obtained ones. Based on the results
the following conclusions can be drawn:

1. The total fill strategy showed a slight reduction in RS magnitude
with a similar distribution profile in comparison to the refer-
ence sample (L0) but has a microstructure with a more promi-
nent h001i fiber crystallographic texture in the scan direction
which can lead to anisotropic mechanical properties.

2. The re-melting strategy can be beneficial in the reduction of the
RS in as-built components due to the reduction in temperature
gradient between the layers. The strategy with re-scanning
every third layer reduced the maximum tensile residual stres-
ses by approximately 25% when compared to the reference
sample. In addition, this printing strategy also resulted in a
more uniform microstructure without any significant crystallo-
graphic texture and high part density (average pore size of
about 5 mm). In line with the experimental work, the simulation
also confirmed that a lower temperature gradient between the
layers will lower the magnitude of the RS being generated dur-
ing the manufacturing process. Thus, a re-melting strategy is a
better option in terms of reducing residual stress and to main-
tain a uniform microstructure.

3. The samples printed with sectional strategies of either inside-
out or outside-in showed the lowest RS levels among all the
samples, but they contain a lot of cracks and
porosities > 50 mm at the interface between the sections as
revealed by neutron imaging results. These large defects will
make these components not functional for mechanical applica-
tions. Thus, the observed partial stress relaxation is due to a
higher density of defects and cannot be considered as a way
for improvement of the overall mechanical properties. Further
investigation on the process parameters for the overlap region
between the layer is necessary to eliminate the defects and
porosities. Also, for the quality control of components with
complex shapes, large dimensions, and high-density materials
especially if they are printed using non-standard parameters,
neutron imaging can be utilized.

4. Since the layer thickness, and processing parameters for the
outer surface were comparable for the specimens L2 (re-
melting), L3/L4 (sectional printing strategy), no significant vari-
ation in surface roughness was observed between the studied
specimens. Whereas for the total fill strategy (L1), higher speed
and laser power were used for the surfaces but the differences
in the surface roughness were still not significant in comparison
to other samples.
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