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ABSTRACT

Purpose: The objective of this study is to comprehensively investigate the printability
characteristics of a selective laser melting (SLM) system, which will be achieved through the
development of a benchmark test part. In addition, the effect of the build location on the
dimensional accuracy and precision of 316 L stainless steel parts produced by SLM was
thoroughly evaluated.

Design/methodology/approach: The benchmark part was designed using Catia CAD
software. Parts were printed using a professional SLM 3D printer and 316L stainless steel
powder as a material.

Findings: The results showed that to achieve exceptional dimensional accuracy in SLM parts,
it is important to select the build location carefully. They also highlighted the critical role of
gas distribution control in improving the precision of layer-by-layer deposition. The thorough
evaluation of dimensional deviations at different build locations showed that optimal results
were consistently achieved at position F within the build cham-ber.

Research limitations/implications: Further studies could investigate other factors
affecting dimensional variations and surface roughness and enhance the comprehension of the
interactions between the process parameters and the building position on the build platform.
Originality/value: The paper outlines the creation and production of a benchmark model
used to assess the maximum capacity of SLM systems in manufacturing parts with ultimate
dimensional precision. The effects of build location on dimensional accuracy are also explored
in the given study.

Keywords: Additive manufacturing, Selective laser melting, 316L, Benchmark artefact,
Dimensional accuracy
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1. Introduction

Additive manufacturing (AM), also known as 3D printing,
is a technology that produces objects by adding material in
layers using data from a computer-aided 3D model, as
opposed to traditional subtractive manufacturing processes
[1]. Additive manufacturing (AM) has numerous benefits,
such as the ability to fabricate intricate geometric shapes while
minimising material waste, accommodating a broad range of
part sizes and offering a variety of fabricating intricate
geometric shapes while minimising material waste,
accommodating a broad range of part sizes, and offering
various material options [2]. Over the past few decades,
additive manufacturing (AM) technology has experienced
rapid expansion and found applications across various sectors,
including medicine, automotive, aerospace, bioengineering,
and other industries. Numerous processes have been devised,
each grounded in distinct principles such as extrusion,
melting, photopolymerisation, and sintering. The processes
offer the advantage of working with an extensive array of
highly precise materials, particularly for intricate geometries
[3], and they enable enhanced design flexibility, frequently
leading to the production of lightweight components [4].

Among the various metal additive manufacturing
processes, Selective Laser Melting stands out as the most
advanced powder bed fusion technique; it has gained
widespread adoption, particularly in biomedical and
aerospace applications [5]. SLM uses a high-power density
laser to selectively melt and fuse metallic powders,
producing near-net-shape parts with nearly full density (up
to 99.9% relative density) [6,7].

Selective Laser Melting allows the fabrication of
individual parts with intricate geometries that match the
mechanical properties of components traditionally
manufactured in large series. The process involves metallic
materials such as steel, aluminium, titanium, and nickel-
based alloys; the building is often filled with nitrogen or
argon gas to establish an inert environment, preventing the
hot metal pieces from undergoing oxidation.

Like other 3D printing techniques, the Selective Laser
Melting (SLM) process comprises a sequence of phases,
from slicing CAD data to removing printed pieces from the
building plate [8].

Design guidelines are critical for increasing the efficiency
and quality of parts manufactured using the SLM process.
The guidelines have evolved in tandem with advances in
manufacturing techniques, and they are now used as an
effective tool for designers to choose a production method
and generate optimal designs. Furthermore, design rules
communicate new process capabilities to designers and
engineers, allowing for a more in-depth exploration of the
manufacturing process.
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Many researchers have advocated using benchmarking
parts, also known as "test artefacts," to improve precision
and assess the capability of AM processes in consistently
producing defect-free parts with intended dimensions [9].
Benchmark artefacts represent models for assessing the
manufacturing process and machine performance. They can
be customised to evaluate resolution, dimensional accuracy,
repeatability, and surface roughness [10,11].

Moreover, establishing design rules tailored for various
AM processes could enhance understanding of the
technologies, providing users with new design freedoms [12].

The build location on the build platform can significantly
impact the dimensional accuracy of SLM printed parts.
Therefore, determining the best build location for SLM's
build plate depends on various factors, including powder and
gas flow distributions [13-16].

In the given paper, we present the design and fabrication
of a Benchmark part to evaluate SLM system capacity in
manufacturing different features with good surface quality.
The goal here is to examine the geometrical performances of
an SLM system by evaluating the dimensional accuracy of
produced items in 316L stainless steel. Moreover, this study
aims to investigate the impact of the build location on the
build platform regarding the dimensional precision of
complex geometries. By avoiding measurement constraints,
the technology will produce a high-quality item that may
even meet the existing tolerances of conventional machining.

2. Materials and methods
2.1. Design of benchmark part

Daniel Thomas was one of the first to develop design
rules for metal additive manufacturing, especially specifically
for the SLM process [17]. His work aimed to assess the SLM
process and identify its geometric limitations.

The design of the benchmark test part followed the
properties outlined by Byun et al. [18], complemented
by adherence to existing ISO geometrical tolerance
requirements [19-28].

It incorporates various sizes (small, medium, large) and
forms of features such as holes, walls, cylinders, etc.,
arranged in all three axes. Our design procedure was
initiated with a thorough analysis of the literature and a
comparison of the most advanced test artefacts.
Subsequently, selecting features in terms of type and size
was based on insights from relevant studies and the
established design rules. Finally, the test part was crafted
based on these considerations.

The test part was created using CAD software, featuring
25 mm x 22.5 mm x 20 mm dimensions.
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As illustrated in Figure 1, the test part comprises a
variety of features, such as holes with diverse shapes
(triangle, circle, square) and varying diameters (0.7 mm, 0.9
mm, 1.1 mm), three wall extrusions of varying dimensions
(0.4 mm, 0.6 mm, 0.8 mm), successive wall cavities ranging
from 0.2 mm to 1 mm, and three cylinders of different sizes
(0.7 mm, 1 mm, 2 mm).

Square notches

Cylindrical gaps

lateral features

(20mm)

features

inclined surfaces

Fig. 1. a) CAD model of benchmark part, b) printed part
2.2. Material

The study used 316L stainless steel metal powder
purchased from E-Plus-3D (Beijing, China) to produce the
parts with SLM. Stainless steel is highly popular among
various industries such as chemical, petrochemical,
pharmaceutical, and home appliance [29].

To gain insight into the properties of the 316 L stainless
steel powder, we employed Scanning Electron Microscopy
(SEM) to examine its morphology and microstructure, which
provided valuable information for various manufacturing
applications. SEM analysis provided comprehensive
insights into the characteristics of the metal powder. As
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shown in Figure 2a, examination of the particle morphology
revealed a predominantly spherical or irregular shape,
consistent with the attributes commonly associated with
metal powders produced through atomisation or equivalent
methods. The assessment of the particle size distribution
revealed a range extending from 25.8 pm to 61.8 pm.
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Fig. 2. Microscopic insights into 316L stainless steel powder:
a) Scanning Electron Microscopy (SEM) morphology
images, b) energy-dispersive X-ray spectrum for chemical

composition analysis
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Table 1.
Chemical composition of 316L stainless steel

Composition, wt.%

C Mn S Si Cr

Ni Mo N O

<0.03 <2 <0.005 <1

16-19

9-13 1.5-3 <0.003 <0.002

Energy-dispersive X-ray Spectroscopy (EDS) was used
to examine the chemical composition of the 316 L stainless-
steel specimen. The examination was performed at an
accelerating voltage of 15 kV and an acquisition duration of
60 s. The EDS spectrum, illustrated in Figure 2b, indicates
the existence of several essential constituents in the 316 L
stainless steel specimen. All those constituents are
summarised in Table 1. The primary constituents confirmed
were iron (Fe) and chromic (Cr), which agree with the alloy
constitution. The weight percentages of Fe and Cr were
determined to be approximately 68% and 17%, respectively.
In addition to iron and chromium, trace amounts of other
elements, including nickel (Ni), molybdenum (Mo), and
manganese (Mn), were detected. Ni and Mo were present at
approximately 12% and 2%, respectively, confirming the
anticipated composition of 316 L stainless steel.

2.3. Printing and post-processing

Parts were printed using a SHINING 3D EP-M250 SLM
3D printer, equipped with a 500 W fibre laser, 70 um spot
size, 8m/s max scan speed, and 262 x 262 x 350 mm? build
volume. Argon gas was introduced into the SLM chamber to
avoid oxidation of the samples while keeping the residual
oxygen level below 1%.

The printing process employed specific parameters:
a layer thickness configured at 50 um, with the laser power
set at 150 W and the scan speed at 700 mm/s.

After the SLM fabrication, the components underwent a
thorough sandblasting procedure. The process involved
projecting abrasive particles at high velocity onto the
surfaces of the SLM parts. Sandblasting refines the exterior
texture and removes residual powder particles, resulting in a
smoother and cleaner final product. The further intervention
significantly enhances the aesthetic appeal, surface finish,
and functional properties of parts manufactured through
SLM.

2.4. Experimental methodology

The experimental methodology used in the study
comprised two distinct phases. In the initial phase, a
benchmark component was printed to assess the ability of
our Selective Laser Melting (SLM) system to reproduce all
the specified characteristics and intricacies of the benchmark
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part. The second phase focuses on evaluating the influence
of the building location of the part on the construction plate
on the dimensional precision of the printed components.
Accordingly, nine samples were fabricated on identical
building platforms, each positioned at different locations
denoted as A, B, C, D, E, F, G, H, and I, as illustrated in
Figure 3. All samples were printed using the same set of
process parameters as previously outlined.

Fig. 3. Placement of samples on the building plate in 9
different positions

All features of the test part were measured employing a
digital microscope, and all measurements were performed at
least four times to obtain statistically significant results.

3. Results and discussion
3.1. Dimensional accuracy

Triangular holes

Figure 4a shows the printed triangular holes, which
indicate that the prominence at the point of intersection
between the two oblique geometric lines transforms from a
pointed configuration to a rounded appearance. The
observed phenomenon can be explained by considering the
influence of the melt pool on the sharp region, leading to its
transformation into a spherical shape.

Table 2 presents the measured dimensions of the
triangular holes, and Figure 5a illustrates the average
dimensional deviations from the designed dimensions. The
average deviations indicate that the level of reproducibility
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was within the acceptable range of dimensional error, with a
maximum of 0.0433 mm for part E and a minimum of 0.0047
mm for part F.

Square holes

Figure 4b shows the printed square holes, indicating a
significant alteration in their sharpness at the intersection of
the two perpendicular line edges, from a pointed configuration
to a rounded appearance, which can be explained by the same
phenomenon observed for triangular holes. All nine samples'
dimensions were measured and presented in Table 3. Figure
5b plots the average dimensional deviations from the
nominal dimensions. The average deviation for all samples
is within an acceptable accuracy range, with a minimum
deviation of 0.0147 mm for sample F.

a)

c)

e)

Circular holes

The printed circular orifices are illustrated in Figure 4c.
All the measured dimensions of the tested components are
listed in Table 4. A graph of the average dimensional
deviations is displayed in Figure 5c. It highlights that the
mean deviation for all samples falls within an acceptable
range of precision, as sample F presents the smallest
deviation of 0.0057 mm.

Walls
Wall extrusions

Figure 4d depicts the printed walls, and Table 5 provides
the measurements for all the samples, along with the average
dimensional deviations from their nominal dimensions.
Walls measuring 0.6 mm thickness exhibit superior

Fig. 4. Printed feature: a) triangular holes, b) square holes, c) circular holes, d) wall extrusions, ¢) Wall cavities, f) cylinders
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dimensional accuracy with minimal deviation. Conversely,
walls with thicknesses of 0.4 mm and 0.8 mm were printed
at sizes below and above their nominal dimensions,
respectively. This phenomenon can be attributed to the
molten powder, which may accumulate owing to various
factors, such as temperature fluctuations or inconsistencies
in the printing process, causing a blockage in the recoater
mechanism. As a result, the recoater fails to distribute the
powder layer evenly, leading to uneven material deposition.
The uneven deposition can adversely affect the quality and
accuracy of the printed object, thereby preventing proper
layer formation and causing defects in the final product.

The average dimensional deviations are depicted in
Figure 5d, revealing that the mean deviation for all samples
was within a satisfactory level of precision, with sample F
exhibiting the least deviation of 0.0417 mm.
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Wall cavities

The printed wall cavities are shown in Figure 4e.
Measurements of all test parts are represented in Table 6,
including the average of dimensional deviations from
nominal dimensions. Walls with thicknesses ranging from
0.3 mm to 1 mm were printed with satisfactory dimensional
accuracy. Nevertheless, walls with a thickness of 0.2 mm
were not printed properly, displaying a substantial
dimensional deviation of approximately 57% error, which
can be explained by the same phenomenon discussed
previously.

The graph displaying the mean dimensional deviations is
presented in Figure Se, demonstrating acceptable accuracy
across all samples. Notably, Sample F had the least
deviation, measuring 0.031 mm.

b) Square holes
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Fig. 5. Plot of the mean dimensional deviations: a) triangular holes, b) square holes, ¢) circular holes, d) wall extrusions, ¢) wall

cavities, f) cylinders
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Table 2.
Measurements of triangular holes

Designed Measured dimensions, mm
Features . .
dimensions, mm A B C D E F G H I

0.7 0.709 0.774 0.742 0.719 0.652 0.704 0.751 0.746 0.713

Triangular
holes 0.9 0.915 0.944 0.929 0.883 0.901 0.908 0.967 0.863 0.962
1.1 1.117 1.131 1.098 1.103 1.019 1.102 1.108 1.159 1.122
Average deviations 0.0137  0.0497 0.0243  0.0130 0.0433  0.0047 0.0420 0.0473  0.0323

Table 3.

Measurements of square holes

Designed Measured dimensions, mm
Features . X
dimensions, mm A B C D E F G H I

0.7 0765 0774 0788 0798 0728  0.707  0.788  0.751  0.784

Sf(i:r: 0.9 092 0971 0943 0996 0944 0927 0976 0906  0.943
1.1 1136 1122 1.117 1164  1.117 111 1131 1.103  1.145

Average deviations 0.0403 0.0557 0.0493 0.0860 0.0297 0.0147 0.0650 0.0200 0.0573

Table 4.

Measurements for circular holes

Designed Measured dimensions, mm
Features . .
dimensions, mm A B C D E F G H 1
] 0.7 0.686 0.723 0.68 0.708 0.694 0.708 0.784 0.723 0.708
C}‘f(;‘:sar 0.9 0868 0915 0854 0877 0877 0896 0845 084 0873
1.1 1.014 1.103 1.023 1.089 1.014 1.095 1.051 1.061 1.075

Average deviations 0.0440  0.0137  0.0477

0.0140  0.0383  0.0057 0.0627  0.0407  0.0200

Table 5.
Measurements of wall extrusions

Designed Measured dimensions, mm
Features . .
dimensions, mm A B C D E F G H 1
I 0.4 0.356 0.31 0.272 0.301 0.319 0.386 0.122 0.328 0.403
Wa' 0.6 0.685 0.676 0.573 0.638 0.61 0.61 0.572 0.704 0.676
extrusions
0.8 0.976 0.967 0.929 0.939 0.9483 0.901 0.91 0.929 1.033

Average deviations 0.1017  0.1110  0.0947

0.0920 0.0798  0.0417 0.1387 0.1017  0.1040

Cylinders

Figure 4f displays the printed cylinders, showing that the
smaller cylinder was printed in an elliptical shape, in
addition to a total distortion for sample H. The deformity can
be due to uneven heat distribution during the printing
process or rapid cooling, resulting in thermal distortions
leading to the cylindrical shape taking on an elliptical form.

Volume 125 Issue 2 February 2024

Table 7 provides a comprehensive overview of the
measurements for all samples, and Figure 5f illustrates the
mean dimensional deviation plot for each sample. Notably,
the mean dimensional deviations fell within an acceptable
range, from 0.321 mm for sample H to 0.0947 mm for
sample F.
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Table 6.
Measurements of wall cavities

Designed Measured dimensions, mm
Features dimensions, mm A B C D E F G H 1
1 1.037 1.065 1.032 1.028 1.037 1.01 1.056 1.037 1.014
0.9 0.906 0.906 0.92 0.943 1.934 0.92 0.91 0.943 0.906
0.8 0.831 0.849 0.821 0.863 0.854 0.802 0.845 0.849 0.845
0.7 0.751 0.765 0.718 0.802 0.76 0.73 0.727 0.732 0.741
c:\\:iiis 0.6 0.643 0.662 0.647 0.709 0.647 0.611 0.671 0.685 0.638
0.5 0.539 0.586 0.558 0.657 0.549 0.521 0.553 0.568 0.544
0.4 0.469 0.474 0.483 0.474 0.464 0.458 0.469 0.488 0.469
0.3 0.361 0.375 0.38 0.408 0.38 0.329 0.352 0.366 0.394
0.2 0.309 0.315 0.309 0.342 0.305 0.301 0.321 0.309 0.314
Average deviations 0.0496  0.0663 0.052  0.0918 0.017  0.0313 0.056 0.0641  0.0517
Table 7.
Measurements of cylinders
Designed Measured dimensions, mm
Features dimensions, mm A B C D E F G H 1
0.7 0.77 0.676 0.676 0.713 0.713 0.704 0.629 - 0.61
Cylinders 1 1.24 1.117 1.136 1.098 1.145 1.02 1.061 1.117 1.051
2 2.535 2.488 2.554 2.432 2.535 2.26 2.328 2.526 2.525
Average deviations 0.2817  0.2097 0.2380 0.1810  0.2310  0.0947 0.1533  0.3215  0.2220

3.2. The effect of build location on dimensional
deviation

Extensive investigation is required to explore the
influence of build location on the dimensional accuracy of
Selective Laser Melting (SLM) components. This study
aimed to uncover the impact of the spatial arrangement of
components during the additive manufacturing process on
the resulting dimensional discrepancies. The subsequent
discussion presents an analysis of the obtained outcomes,
emphasising the crucial insights gained into attaining
optimal dimensional accuracy through prudent build
location selection.

The results derived from the measurements of all nine
test parts produced at different build positions showed a
consistently acceptable range of dimensional deviation and,
therefore, remarkable dimensional accuracy. Systematically
exploring different build plate positions, each contributing
to different thermal and environmental conditions during
printing, provided reassuring results. It can be attributed to
effective gas distribution management, as shown in Figure 6.

RESEARCH PAPER

TRy

.~ Flow gas

.-~ Exhaust gas

Fig. 6. Schematic of the distribution of gas flow within the
build chamber

The figure illustrates the uniform gas distribution within the
build chamber, which is crucial for temperature regulation,
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minimising residual stresses, ensuring powder bed stability,
and optimising the gas atmosphere. The implemented gas
flow strategy improved layer-by-layer deposition precision
by preventing overheating, promoting uniform cooling, and
reducing hotspots.

Average deviations for all features
0,140

0,117

0,120

0,100

0079 0,080 0079 0080

0,076

0,080

0,060

Mean deviations (mm)

0,040

0,032

0,020

0,000

Fig. 7. Plot of mean deviations of all features for all samples

The mean deviations of all features for each sample
across the nine build locations have been calculated and
visually represented in Figure 7. Based on the graph, it is
evident that location F within the building plate is the best
option for our case and for achieving the maximum
dimensional accuracy. We suggest that position F offers
superior temperature control, which minimises thermal
distortions and ensures the uniform solidification of metal
powders. Moreover, a stable powder bed is maintained
because of its location, which prevents agglomeration and
encourages uniform layer deposition. The efficient gas flow
dynamics at position F create an environment that minimises
the powder's residual stresses, hotspots, and irregularities.

4. Conclusions

The study offers valuable insights into the dimensional
accuracy of components produced using Selective Laser
Melting (SLM) and how the location of the build affects the
final product. A test part was developed to measure the
dimensional precision of the manufactured components,
focusing on aspects such as the walls, cylinders, openings,
and hollow spaces.

The observed transformation in the geometrical shape of
the sharp features, such as the shift from pointed to rounded
configurations in triangular and square holes and variations
in wall thickness, can be related to the impact of the melt
pool. It highlights the significance of understanding the
thermal dynamics and powder distribution during additive
manufacturing.

Volume 125 Issue 2 February 2024

The measured dimensions of printed features of all
samples have shown an acceptable dimensional deviation
compared to nominal dimensions. The effective gas flow
distribution within the build chamber can explain this
notable dimensional accuracy.

A comprehensive analysis of the mean deviations of all
features for each sample across the nine build locations
consistently identified position F within the build platform
as the optimum location for achieving minimum
dimensional deviations between the printed features and
designed dimensions.

The research emphasises the important role of choosing
the build location on the build plate to attain exceptional
dimensional accuracy for Selective Laser Melting (SLM)
parts. It underlines the crucial role of efficient gas
distribution management in enhancing the accuracy of layer-
by-layer deposition. Future investigations could further
explore additional factors influencing the dimensional
accuracy of SLM parts and improve understanding of the
complex interplay between process parameters and build
location.
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