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Abstract: Selective laser melting (SLM) is an additive manufacturing technique. It allows elements
with very complex geometry to be produced using metallic powders. A geometry of manufacturing
elements is based only on 3D computer-aided design (CAD) data. The metal powder is melted
selectively layer by layer using an ytterbium laser. This paper contains the results of porosity and
microhardness analysis made on specimens manufactured during a specially prepared process.
Final analysis helped to discover connections between changing hatching distance, exposure speed
and porosity. There were no significant differences in microhardness and porosity measurement
results in the planes perpendicular and parallel to the machine building platform surface.
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1. Introduction

In recent years an intensive development of additive manufacturing technology (AM) has been
observed. This innovative technology is often called “3D printing”. It became one of the leading
automated production technologies and it seems to be as important as subtractive manufacturing,
plastic forming or casting [1]. Selective laser melting (SLM) is one of the most popular additive
manufacturing techniques. It is based on selective fusion of metallic powders using an ytterbium
laser, where the manufacturing process is based on a “powder bed”. During the last 10 years it has
become one of the most developed AM technologies [2-9]. Regarding other additive manufacturing
techniques, selective laser melting is characterized by:

e High-dimensional accuracy of the manufactured elements;
e  Relatively low anisotropy of mechanical properties;

e A significant number of available materials;

e  Low porosity of the manufactured elements.

The SLM process is based on low granulation powder (1545 pm). The building job can be
modified by changing different parameters which indirectly and/or directly affect the quality of the
melted area. The possibilities to modify the manufacturing process in the SLM technique has created
the possibility to conduct scientific research at many scientific and industry facilities [10-19]. One of
the most common topics is the analysis of the process parameters which influence on the mechanical
properties of manufactured elements [20-30]. In this paper, the influence of manufacturing process
parameters on the porosity and microhardness of the additive manufactured elements was determined.

The modified parameters were:
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e Laser power;
e  Exposure velocity;
e Hatching distance.

Based on the research conducted, final conclusions were formulated and further research
directions were defined.
2. Material

In this study, grade 316L austenitic steel (1.4404) was used. The material has been sourced by
the SLM Solutions Group AG, Estlandring 4, 23560 Liibeck, Germany. Its density was 7.92 g/cm?3.
The chemical composition of the analyzed steel is shown in Table 1.

Table 1. Chemical composition of 316L steel.

C Mn Si P S N Cr Mo Ni

wt. %

max. max. max. max. max. max.

0.03 2.00 0.75 0.04 0.03 0.10 16.00-18.00  2.00-3.00 10.00-14.00

The material was manufactured using an argon atomization process. The powder particles (shown
on Figure 1) have spherical or nearly spherical shapes with a particle size range between 15 um to
45 um. Also, satellite particles could be observed.

WD11mm S$45

(b)
Figure 1. 316L powder scanning electron microscope (SEM) micrographs with (a) 50 um scale and
(b) 10 pm scale.

3. Experiments

Porosity and microhardness tests were carried out on specimens with the same geometry.
Specimens had the form of cubes with a side length of 10 mm. These test parts were designed
in such a way as to assure analysis of the distribution of mechanical properties in two different
planes. The first was a plane parallel to the building platform surface, and the second one was a plane
perpendicular to the platform surface.

The aforementioned planes are showed in Figure 2. As “xy” was named the plane parallel to the
building platform surface, which is also normal to the direction of element growth (Z axis). The plane
perpendicular to the building platform surface, which is also tangent to the direction of element growth
(Z axis), is marked with “yz”.
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Figure 2. 3D model of a cubic sample, where: x—plane parallel to the building platform surface,
y—plane perpendicular to the building platform surface, hd (hatching distance)—distance between the
exposure vectors, Z—direction of growth (element building).

For each sample, different sets of process parameters were used, which are summarized in Table 2.
Modified parameters were components of Equation (1) which affects the additive manufacturing
energy density.

NEAE Lo (W,
mm3 | e [0 -1y [mm]-[;[mm]

1)
where:

e Lp—laser power [W];

e  ¢,—exposure velocity [mm/s];
e  hy—hatching distance [mm];

e  Ji—layer thickness [mm].

The modified parameters were the laser power, the exposure velocity, and the hatching distance.
These specific components had been determined by the optical system and the energy source. It was
caused by the possibility of analyzing the impact of modified parameters in a small range of its changes.
One of the modified parameters was exposure velocity, also known as scanning speed. This determines
the time of the laser exposure on each scanning line. Analysis of the influence of layer thickness on
porosity and microhardness would be difficult to verify in this case for many reasons:

e  Proper calibration of the powder reservoir (recouter);
e Inert gas flow speed;
e  Clearance in the worm gear in the building platform leveling mechanism.

The manufacturing process parameters were changed within £10% of the recommended value
(item 1 in Table 2). The selected range of parameters modification was reached after consultion with
specialists from the SLM Solutions company. In addition, parameters 28-30 (Table 2) differ significantly
from the SLM System manufacturer’s data. The reason for testing these parameters was the good
mechanical property of specimens tested and described in [31]. The specimens (Figure 3) were created
during a single process. The manufacturing file for the machine was prepared using the SLM Metal
Build Processor module in the Magics software (version 19.0). All specimens were manufactured using
316L austenitic steel powder.
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Table 2. Sets of analyzed production parameters.

Parameters Set Lp [W] e, [mm/s] hg [mm] PE [J/mm?3]
1 190 900 0.12 58.64
2 190 990 0.12 53.31
3 190 810 0.12 65.16
4 200 900 0.12 61.73
5 200 990 0.12 56.12
6 200 810 0.12 68.59
7 180 900 0.12 55.56
8 180 990 0.12 50.51
9 180 810 0.12 61.73
10 190 900 0.13 54.13
11 190 990 0.13 49.21
12 190 810 0.13 60.15
13 200 900 0.13 56.98
14 200 990 0.13 51.80
15 200 810 0.13 63.31
16 180 900 0.13 51.28
17 180 990 0.13 46.62
18 180 810 0.13 56.98
19 190 900 0.11 63.97
20 190 990 0.11 58.16
21 190 810 0.11 71.08
22 200 900 0.11 67.34
23 200 990 0.11 61.22
24 200 810 0.11 74.82
25 180 900 0.11 60.61
26 180 990 0.11 55.10
27 180 810 0.11 67.34
28 150 400 0.08 156.25
29 150 700 0.06 119.05
30 120 300 0.08 166.67

Figure 3. SLM 125HLs’ building platform with manufactured specimens.

4. Porosity Analysis Results and Discussion

For each specimen the porosity was analyzed in the central part of the metallographic section.
All visible pores were marked in both analyzed planes. The porosity was determined by images
analyzed using a scanning electron microscope (SEM) (Figure 4).
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Figure 4. Image of visible pores in the plane parallel (a) and perpendicular (b) to building platform
surface (areas of pores marked with the letter “P”).

Porosity quantitative analysis were based on the microstructure images. It was carried out using
a histogram check in GIMP software (version 2.0). The determination of porosity was based on the
calculation of the Equation (2):
L
p[%)] = =£-100% @)
Lc

where:

Ly,—number of pixels in the contoured pores;
Lc—number of pixels of the image entire area.

The porosity analysis allowed to determine the influence of used laser power, hatching distance
and exposure velocity (Figure 5). The analysis includes the groups of parameters in which only one
was different from the parameters tested.

210 0.30 I
£ 1200 0.15 _ o1 020
E 1000 < £
— 200 < = /\ X E 014
2 020 £ Z 800 00 = || g <
= 100 2 S 00 = 2 013 =
g 2 % o 2 010 Z
3 010 S S 400 0.05 © 5012 <4
a- 180 e 2 200 & & &
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Figure 5. The influence of power (a), exposure velocity (b) and hatching distance (c) on porosity in the
parallel (xy) and perpendicular plane (yz) to the building platform surface.

Based on the conducted analysis of the laser power influence graphs, the exposure velocity and
the hatching distance (Figure 5), it can be noted that the power modification has no direct effect on the
porosity changes. However, the influence of the other two parameters is noticeable. During changes to
the exposure velocity in the range of £10%, the porosity changes slightly—0.02%. A significant impact
on the porosity can be seen when the hatching distance changes.

To emphasize the representation of the porosity changes, depending on the exposure velocity and
hatching distance, proper diagrams were plotted (Figures 6 and 7).
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Figure 6. Variations of the average porosity in four ranges referenced to modified hatching distance in

particular parameters group.
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Figure 7. Porosity changes related to modified exposure velocity in particular parameters group.

This allows changes in the porosity in all specimens to be noticed and also the highest porosity
peaks in the specimens to be noted. It was also observed that the exposure velocity and the hatching
distance increase enhance the porosity growth (specimens 16 and 17 in Figure 7).

The hatching distance directly affects the porosity of the elements produced using SLM.
The parameter increasing by 10% results in a nearly twice an increase in the proportion of
pores. This phenomenon is caused by an increase in the distance between subsequent melt paths.
This determines a reduction of the number of molten metallic powder particles. It can be observed in
the parallel (xy) and perpendicular (yz) planes to the building platform surface.

A similar case can be observed when analyzing the influence of the exposure velocity, where
porosity increasing with this parameter growth. It was noticed in both analyzed planes. This parameter
does not affect the porosity as much as the change of the hatching distance, but with 10% change in the
exposure velocity it is noticeable. Figures 6 and 7 show changes in porosity related to the modification
of the hatching distance and the exposure velocity for all specimens. Noteworthy are the porosity
peaks for specimens 16 and 17, where both the exposure velocity and the hatching distance have
been increased.

Specimens manufactured using the unusual parameters proposed in [31] did not reveal better
porosity and microhardness. These settings (marked in Section 4 in Figure 7) gave very similar
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properties to the rest of the manufactured elements. The main feature of the settings from the study [31]
was the significantly smaller hatching. Lowering this value negatively affects the process’s efficiency.

5. Microhardness Analysis Results and Discussion

The microhardness analysis was carried out on the same specimens used in porosity research.
For each of the planes, a different configuration of the distribution of measurement points was adopted.

In the plane parallel to the building platform (“xy” in Figure 2), the influence of the linear exposure
method on microhardness changes in five parallel rows was checked (Figure 8).

min 3a (1000 pm)

min 3a (1000 pm)

Figure 8. Distribution of the measurement points on a plane parallel to the building platform surface.

In the plane perpendicular to the building platform surface (“yz” in Figure 2), the effect of layers
solidification (along Z axis) on microhardness changes in three parallel rows was checked (Figure 9).
Similar to the porosity research, the influence of the laser power, the exposure velocity and the hatching
distance (Figure 10) on the microhardness distribution in the specimens was determined. Also, in the
case of microhardness analysis, the groups of parameters in which only one of the tested parameters
changed were the laser power, the exposure velocity, and the hatching distance.

400um

Figure 9. Distribution of the measurement points on a plane perpendicular to the building
platform surface.

Proper preparation of the microhardness research allowed the lack of direct impact of parameter
changes to be observed. The only observed dependence is the effect of the exposure velocity on
microhardness, where microhardness decreases with the increase of the exposure velocity. However,
itis insignificant and fits within the limits of measurement error. The lack of direct dependence between
microhardness and one of the modified parameters was the reason for further analysis. The diagram
of exposure energy density affect on microhardness was prepared. In sets where the parameters are
changing in the range of +10% from the recommended value, there is a noticeable relationship between
the exposure energy density and the microhardness change (Figure 11).
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Figure 10. The influence of power (a), exposure velocity (b) and hatching distance (c¢) on microhardness
in the parallel (xy) and perpendicular plane (yz) to the building platform surface.
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Figure 11. The influence of exposure energy density on microhardness in particular groups
of parameters.

Microhardness distribution on both of the measured planes helped reveal that in a range of
modification of parameters by +10% of the nominal value, microhardness slightly increases with
the growth of the exposure energy density. Those changes could be connected only with exposure
velocity. As recorded in Figure 11, microhardness changes are related only to the change in the
exposure speed—which affects the exposure energy density. This statement is valid for the range of
parameter changes within £10% of the nominal value of the parameters only. It can be concluded
that the influence of modifying manufacturing parameters on microhardness is not as important as
in the case of porosity. The main reason that there are no significant changes of microhardness when
parameters change is too low a range of changed laser power. In [16] a dependence between laser
power, hardness (HV(5) and exposure time could be noticed.

6. Final Conclusions

Analysis of changes in the laser power, exposure velocity and hatching distance allowed
identification of the influence of these parameters on porosity and microhardness of specimens
additive manufactured using the SLM technique. The research allowed the following conclusions to
be drawn:

e  There are no significant differences in microhardness and porosity measurement results in the
planes perpendicular and parallel to the machine building platform surface. The main reason
for the lack of visible changes of microhardness is to the low range of the changed parameters:
laser power and exposure velocity;
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The hatching distance has a significant influence on the porosity of the manufactured elements.
As the hatching distance increases, the microstructure porosity of this element increases;
Exposure velocity changes affect the additive manufactured element’s porosity. Lowering the
exposure velocity cause the porosity to decrease;

The relationship between exposure energy density changes and microhardness was identified.
In the range of +£10% of the nominal value of the parameters, an increase of microhardness
with an increase of the exposure energy density was observed. The microhardness increase is
connected with the combined effect of grain refinement strengthening (Hall-Petch relation) and
grain boundary strengthening [22];

Conducted analyses of porosity and microhardness allowed for the selection of 5 groups of
parameters which will be used to produce specimens for further research.

Author Contributions: Conceptualization was performed by all authors; Methodology, ] K.; K.G.; ].M.; Software,
J.K.; Formal Analysis, L.S.; K.G.; Investigation, J.K.; J.M.; Writing-Original Draft Preparation, J.K.; J.M.;
Writing-Review & Editing, J.K.; Visualization, ] K.; Supervision, L.S.; K.G.; Project Administration, L.S.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sieminski, P; Budzik, G. Additive Manufacturing. 3D Printing. 3D Printers; Warsaw University of Technology
Publishing House: Warsaw, Poland, 2015. (In Polish)

2. Badiru, A.B; Valencia, V.V,; Liu, D. Additive Manufacturing Handbook: Product Development for the Defense
Industry, 1st ed.; CRC Press: Baca Raton, FL, USA, 24 May 2017.

3. Zadpoor, A.A. Frontiers of additively manufactured metallic materials. Materials 2018, 11, 1566. [CrossRef]
[PubMed]

4. Sayeed Ahmed, G.; Algarni, S. Development and FE thermal analysis of a radially grooved brake disc
developed through direct metal laser sintering. Materials 2018, 11, 1211. [CrossRef] [PubMed]

5. Demir, A.G.; Previtali, B. Additive manufacturing of cardiovascular CoCr stents by selective laser melting.
Mater. Des. 2017, 119, 338-350. [CrossRef]

6.  Fousova, M.; Dvorsky, D.; Vronka, M.; Vojtech, D.; Lejcek, P. The use of selective laser melting to increase the
performance of AlSi9Cu3Fe alloy. Materials 2018, 11, 1918. [CrossRef] [PubMed]

7. AlMangour, B.; Grzesiak, D.; Yang, ].M. In-situ formation of novel TiC-particle-reinforced 316L stainless steel
bulk-form composites by selective laser melting. J. Alloy Compd. 2017, 706, 409-418. [CrossRef]

8. Han, X,; Sawada, T.; Schille, C.; Schweizer, E.; Scheideler, L.; Geis-Gerstorfer, ].; Rupp, F.; Spintzyk, S.
Comparative analysis of mechanical properties and metal-ceramic bond strength of Co-Cr dental alloy
fabricated by different manufacturing processes. Materials 2018, 11, 1801. [CrossRef] [PubMed]

9.  Wang, X,; Kustov, S.; Van Humbeeck, J. A short review on the microstructure, transformation behavior and
functional properties of NiTi shape memory alloys fabricated by selective laser melting. Materials 2018,
11, 1683. [CrossRef] [PubMed]

10. Zhong, Y.; Liu, L.; Wikman, S.; Cui, D.; Shen, Z. Intragranular cellular segregation network structure
strengthening 316L stainless steel prepared by selective laser melting. J. Nucl. Mater. 2016, 470,
170-178. [CrossRef]

11. Lu, Y; Gan, Y; Lin, J.; Guo, S.; Wu, S.; Lin, J. Effect of laser speeds on the mechanical property and corrosion
resistance of CoCrW alloy fabricated by SLM. Rapid Prototyp. ]. 2017, 23, 28-33. [CrossRef]

12.  Riemer, A.; Leuders, S.; Thone, M.; Richard, H.A.; Troster, T.; Niendorf, T. On the fatigue crack growth
behavior in 316L stainless steel manufactured by selective laser melting. Eng. Fract. Mech. 2014, 120,
15-25. [CrossRef]

13.  Fousova, M.; Vojtech, D.; Doubrava, K.; Daniel, M.; Lin, C.F. Influence of inherent surface and internal defects

on mechanical properties of additively manufactured Ti6Al4V alloy: Comparison between selective laser
melting and electron beam melting. Materials 2018, 11, 537. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ma11091566
http://www.ncbi.nlm.nih.gov/pubmed/30200231
http://dx.doi.org/10.3390/ma11071211
http://www.ncbi.nlm.nih.gov/pubmed/30011868
http://dx.doi.org/10.1016/j.matdes.2017.01.091
http://dx.doi.org/10.3390/ma11101918
http://www.ncbi.nlm.nih.gov/pubmed/30304839
http://dx.doi.org/10.1016/j.jallcom.2017.01.149
http://dx.doi.org/10.3390/ma11101801
http://www.ncbi.nlm.nih.gov/pubmed/30249000
http://dx.doi.org/10.3390/ma11091683
http://www.ncbi.nlm.nih.gov/pubmed/30208641
http://dx.doi.org/10.1016/j.jnucmat.2015.12.034
http://dx.doi.org/10.1108/RPJ-07-2015-0085
http://dx.doi.org/10.1016/j.engfracmech.2014.03.008
http://dx.doi.org/10.3390/ma11040537
http://www.ncbi.nlm.nih.gov/pubmed/29614712

Materials 2018, 11, 2304 10 of 10

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bassoli, E.; Denti, L. Assay of secondary anisotropy in additively manufactured alloys for dental applications.
Materials 2018, 11, 1831. [CrossRef] [PubMed]

AlMangour, B.; Grzesiak, D.; Cheng, J.; Ertas, Y. Thermal behavior of the molten pool, microstructural evolution,
and tribological performance during selective laser melting of TiC/316L stainless steel nanocomposites:
Experimental and simulation methods. . Mater. Process. Technol. 2018, 257, 288-301. [CrossRef]

Metelkova, J.; Kinds, Y.; Kempen, K.; de Formanoir, C.; Witvrouw, A.; Van Hooreweder, B. On the influence
of laser defocusing in Selective Laser Melting of 316L. Addit. Manuf. 2018, 23, 161-169. [CrossRef]

Yasa, E.; Kruth, ].P. Microstructural investigation of selective laser melting 316L stainless steel parts exposed
to laser re-melting. Procedia Eng. 2011, 19, 389-395. [CrossRef]

Sun, J.; Yang, Z.; Yang, Y.; Wang, D. Research on the microstructure and properties of the overhanging
structure formed by selective laser melting. Rapid Prototyp. J. 2017, 23, 904-910. [CrossRef]

Morgan, R.; Sutcliffe, C.J.; O'Neill, W. Density analysis of direct metal laser re-melted 316L stainless steel
cubic primitives. J. Mater. Sci. 2004, 39, 1195-1205. [CrossRef]

Mahmoudi, M.; Elwany, A.; Yadollahi, A.; Thompson, S.M.; Bian, L.; Shamsaei, N. Mechanical properties
and microstructural characterization of selective laser melted 17-4 PH stainless steel. Rapid Prototyp. J. 2017,
23,280-294. [CrossRef]

Delgado, J.; Ciurana, J.; Rodriguez, C.A. Influence of process parameters on part quality and mechanical properties
for DMLS and SLM with iron-based materials. Int. |. Adv. Manuf. Technol. 2012, 60, 601-610. [CrossRef]
Kluczynski, J. Strength Properties Analysis of Additive Manufactured Elements SLM Technology.
In Proceedings of the Knowledge and Innovations materals from the 3rd Young Scientists Conference,
Warsaw, Poland, November 2015.

Lu, Y,; Zhang, Y.; Cong, M,; Li, X.; Xu, W.; Song, L. Microstructures, mechanical and corrosion properties of
the extruded AZ31-xCaO alloys. Materials 2018, 11, 1467. [CrossRef] [PubMed]

Yadollahi, A.; Sjamsaei, N.; Thompson, S.M.; Seely, D.W. Effects of process time interval and heat treatment
on the mechanical and microstructural properties of direct laser deposited 316L stainless steel. Mater. Sci.
Eng. A 2015, 644, 171-183. [CrossRef]

Zhu, Y.; Peng, T,; Jia, G.; Zhang, H.; Xu, S.; Yang, H. Electrical energy consumption and mechanical properties
of selective-laser-melting-produced 316L stainless steel samples using various processing parameters.
J. Clean. Prod. 2019, 208, 77-85. [CrossRef]

Liverani, E.; Toschi, S.; Ceschini, L.; Fortunato, A. Effect of selective laser melting (SLM) process parameters
on microstructure and mechanical properties of 316L austenitic stainless steel. J. Mater. Process. Technol. 2017,
249, 255-263. [CrossRef]

AlMangour, B.; Grzesiak, D.; Borkar, T.; Yang, ].M. Densification behavior, microstructural evolution,
and mechanical properties of TiC/316L stainless steel nanocomposites fabricated by selective laser melting.
Mater. Des. 2018, 138, 119-128. [CrossRef]

Alsalla, HH.; Smith, C.; Hao, L. Effect of build orientation on the surface quality, microstructure and
mechanical properties of selective laser melting 316L stainless steel. Rapid Prototyp. ]. 2018, 24, 9-17. [CrossRef]
Huang, C.; Lin, X.; Yang, H.; Liu, F.; Huang, W. Microstructure and tribological properties of laser forming
repaired 34CrNiMo6 steel. Materials 2018, 11, 1722. [CrossRef] [PubMed]

Biiltmann, J.; Merkt, S.; Hammer, C.; Hinke, C.; Prahl, U. Scalability of the mechanical properties of selective
laser melting produced micro-struts. J. Laser Appl. 2015, 27, S29206. [CrossRef]

Wang, D.; Liu, Y.; Yang, Y.; Xiao, D. Theoretical and experimental study on Surface roughness of 316L stainless
steel metal parts obtained through selective laser melting. Rapid Prototyp. J. 2016, 22, 706-716. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/ma11101831
http://www.ncbi.nlm.nih.gov/pubmed/30261629
http://dx.doi.org/10.1016/j.jmatprotec.2018.01.028
http://dx.doi.org/10.1016/j.addma.2018.08.006
http://dx.doi.org/10.1016/j.proeng.2011.11.130
http://dx.doi.org/10.1108/RPJ-10-2015-0145
http://dx.doi.org/10.1023/B:JMSC.0000013875.62536.fa
http://dx.doi.org/10.1108/RPJ-12-2015-0192
http://dx.doi.org/10.1007/s00170-011-3643-5
http://dx.doi.org/10.3390/ma11081467
http://www.ncbi.nlm.nih.gov/pubmed/30126185
http://dx.doi.org/10.1016/j.msea.2015.07.056
http://dx.doi.org/10.1016/j.jclepro.2018.10.109
http://dx.doi.org/10.1016/j.jmatprotec.2017.05.042
http://dx.doi.org/10.1016/j.matdes.2017.10.039
http://dx.doi.org/10.1108/RPJ-04-2016-0068
http://dx.doi.org/10.3390/ma11091722
http://www.ncbi.nlm.nih.gov/pubmed/30223441
http://dx.doi.org/10.2351/1.4906392
http://dx.doi.org/10.1108/RPJ-06-2015-0078
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material 
	Experiments 
	Porosity Analysis Results and Discussion 
	Microhardness Analysis Results and Discussion 
	Final Conclusions 
	References

