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Abstract: Selective Laser Melting (SLM) is a specific 3D printing technique under Additive Manu-
facturing (AM) metal technologies. SLM is considered to be a precise rapid AM process combined
with a powder bed system for producing customized metal products with a tailored microstructure
and shape. Differences in the printing parameters can lead to differences in the surface as well as
macroscopic mechanical characteristics of the manufactured parts and components. This work aims
at quantifying the effect of the Volumetric Energy Density (VED) used in the SLM processing of
various metals and alloys. Metallic specimens printed with different VED values were subjected to
surface characterization as well as tensile deformation. Their surface roughness, yield stress and
toughness were subsequently used to verify a linear relationship between roughness and VED, and
a linear behavior between yield stress/toughness and VED was proposed. Predictive models were
formulated for estimating the roughness/yield stress/toughness of the produced specimens with
respect to the VED used in their production. The models’ predictions will provide insight into the 3D
printing parameters, thus minimizing the cost and effort of the 3D printing procedure, in applications
where surface quality and strength are important.

Keywords: CoCrMo alloy 75A; stainless steel 316L-A; stainless steel 17-4PH-A; selective laser melting;
SLM; 3D printing; tensile behavior; surface roughness

1. Introduction

Over the past decade, the Selective Laser Melting (SLM) technique, which belongs to
the Additive Manufacturing (AM) metal technologies [1], has emerged as one of the most
robust AM techniques for producing metal parts. It stands out as a prevalent technique
under the umbrella of Powder Bed Fusion (PDF) processes, according to ISO/ASTM
52900-15 standards [1], leading to extensive exploration across various industries for
the manufacturing of complex geometries and advanced design features [2-5]. SLM
offers the versatility of processing a wide range of materials [6], including Al, Ti, Ni,
Co, Cu, and Fe [7,8]. This technique involves a sequential layer-by-layer process, where
the feedstock material in powder form is spread on the build platform, and the laser
beam selectively melts the powder particles in each layer. This process continues until all
layers are melted to form the final 3D-printed part [9-11]. The versatility it provides has
resulted in its widespread adoption in diverse industries, including aerospace [12] and
automotive [13], enabling the production of lightweight and intricate parts with minimized
material waste [14]. Moreover, the medical field extensively utilizes SLM techniques for
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creating patient-specific implants and medical devices, offering customized solutions to
enhance patient outcomes [15-17].

To make efficient use of the SLM technique, it is necessary to have a thorough under-
standing of the optimal printing process parameters for each material in order to achieve
optimized results [18]. The mechanical behavior of the final 3D-printed part is determined
by the 3D printing process and the selected parameters [19,20]. Mechanical behavior can
be assessed through various mechanical tests, such as the tension test [19,21]. Among the
set of parameters, the Volumetric Energy Density (VED) value is particularly crucial and
has a significant impact on mechanical performance [19,22,23]. VED is calculated based
on the laser power (W), scan speed (mm/s), hatching distance (um), and layer thickness
(um) [3,19]. Conducting extensive research is essential to determine the optimal values for
each parameter depending on the print material.

Ghayoor et al. [24] investigated the impact of VED on the microstructure, texture, and
mechanical properties of 304L stainless steel. The results revealed significant differences in
the mechanical properties with varying VED values. Furthermore, a comprehensive review
conducted by Kladovasilakis et al. [9] examined the influence of printing parameters on
the quality of the final metal product. The study emphasized the importance of mechanical
behavior, dimensional accuracy, and surface quality in determining part quality. Surface
quality and dimensional accuracy were found to be greatly affected by build orientation
and component geometry [25]. Moreover, the properties of the powder used in the process
played a crucial role in determining the surface roughness, dimensional accuracy, and
mechanical properties of 3D-printed metal parts. Moreover, Fotovatti et al. [4] emphasized
the relationship between high surface quality and low layer thickness. Pechlivani et al. [19]
examined the mechanical response of 3D-printed Inconel 718 to varying VED values,
observing that mechanical behavior and surface roughness were dependent on VED. The
authors highlighted that optimizing 3D-printed parts depends on the relationship between
VED and mechanical response, as well as surface roughness. Furthermore, the final 3D-
printed part’s quality is influenced by two phenomena: lack of fusion and the keyhole
effect, which are directly related to VED parameters. Lack of fusion occurs when VED is
insufficient to fully melt the feedstock material and the material already built close to the
surface, preventing uniform melting. On the other hand, the keyhole effect arises when
VED is too high, leading to regions with entrapped gases within the 3D-printed part’s
geometry [3,24,26].

In this study, the objective is to contribute to a broader understanding of the impact of
VED values in the SLM technique. To achieve this, three metallic materials were examined
as feedstock materials in an SLM 3D Printer: stainless steel 316L-A, stainless steel 17-4PH-A,
and cobalt—chromium-molybdenum alloy. Various parameters were adjusted to ensure
a suitable range of VED values for each material. Through thorough analysis, the aim is
to establish the correlation between VED values, mechanical properties, and roughness in
order to draw conclusions about the possibly linear relationship that exists among these
factors. The novelty of this work lies in the presentation of results for three different
metallic materials and the comparison of the level of the aforementioned linearity present
in each material.

This paper is structured as follows: Section 2 provides the materials and methods used
in the study. Section 3 includes the results of mechanical testing and surface roughness
measurements. Also, the correlation between VED and roughness/mechanical properties
is presented and discussed. Finally, the study concludes in Section 4. A diagram of the
present study is given in Figure 1.



Metals 2023, 13,1776

30f18

Design Methodology design
ISO 527-2-5B specimens (materials & 3D Printing parameters)

ORLAS CREATOR
SUITE / Setting
Parameters on the 3D
Printer / 3D Printing

Mechanical Testing S“;dfag Roughrtlsess

Exploring the Linear Relationships between VED
and Surface Roughness / Mechanical Characteristics

Figure 1. Architectural diagram of the present study.

2. Methodology
2.1. Additive Manufacturing

The ORLAS CREATOR 3D printer (OR Laser, Germany) was employed for manufac-
turing the printed specimens using the SLM technique. The feedstock for the specimens’
manufacture consisted of metallic powder supplied by the Oerlikon company, including
MetcoAdd 75A (a cobalt-chromium-molybdenum-based powder similar to ASTM F75,
ISO 5832-4, and UNS R31538, Nominal Chemistry: Co 28Cr 6Mo) [27], MetcoAdd 316L-A
(an austenitic steel powder with chemistry similar to EN 1.4404 and UNS 5316603, Nom-
inal Chemistry: Fe 18Cr 12Ni 2Mo 0.02C) [28], and MetcoAdd 17-4PH-A (a martensitic,
precipitation-hardening stainless steel powder with chemistry similar to AMS 5643, Nomi-
nal Chemistry: Fe 17Cr 4.5Ni 4Cu 0.3(Nb/Ta) 0.07C) [29]. These powders were examined
for the manufacturing of specimens and were tested for their mechanical properties.

The tested dog-bone-shaped specimens ISO 527-2-5B were designed using SOLIDWORKS®
CAD Software (2022 SP2.0 Professional version) with dimensions of 35 x 6 x 1 mm?3. To
optimize the mechanical properties in the XY direction [24,30], the specimens were printed
vertically. The arrangement of the specimens on the ORLAS CREATOR build platform was
performed through ORLAS SUITE software (Version 6.1.0.13 rc13579), which was also used
to set the 3D printing parameters. The gap between the specimens and the build platform,
serving as a support for required adhesion, was set at 3 mm, while the distance between
the specimens was set at 5 mm.

The VED calculation was determined using the VED formula

_ P 6 3
VED = ———— x10°]/mm 1)
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where P represents the laser power (W), v denotes the scan speed (mm/s), & signifies the
hatching distance (um), and ¢ indicates the layer thickness (um). The hatching distance,
layer thickness, and spot size parameters were kept constant throughout all experiments.
The variation in VED values in this study was achieved solely by adjusting the laser
power and scan speed parameters. An increase in the value of VED could be achieved by
decreasing the scan speed v or by increasing the laser power P.

Table 1 presents a summary of all the parameters used to manufacture the different
specimens, resulting in a wide range of VED values. For each material, three 3D prints were
conducted, resulting in 4 specimens in each print, with a combination of the laser power
and scan speed values (Table 1). In general, an increase in the VED value, as calculated by
Equation (1), can be achieved by either reducing the scan speed (v) or increasing the laser
power (P). In our study, we maintained constant values for hatching distance and layer
thickness parameters. From Table 1, it can be concluded that a lower scan speed (higher
VED value), would be expected to lead to the production of better quality specimens (better
mechanical performance). The same would be expected to be true also for the surface
quality of the speciments, i.e., a lower scan speed should lead to the production of better
surface quality specimens. However, this holds true up to a specific VED value. Beyond
this limit, the surface quality deteriorates because all powder particles have melted, leading
to surface irregularities and increased roughness. Table 1 further demonstrates that the
highest VED value within the considered range is achieved with the lowest scan speed
and the highest laser power. Especially, the findings of the present study are limited to a
specific range of VED values from 80 to 190.476 J/mm?3.

Table 1. 3D printing parameters for the 3D-printed specimens.

Material Batch Po‘],fesre(rW) Sspc:end (szgs) I];?;::rllrclg Th];:li’EZSs SP((:nf)i ze g:::ﬁ::zzsf
(mm/s) (um) (um)

S1 105 630 166.666 40 25 40 4
CoCrMo S2 120 850 141.176 40 25 40 4
S3 120 630 190.476 40 25 40 4
S1 125 1000 125 40 25 40 4
SS316L-A S2 140 1300 107.692 40 25 40 4
S3 140 1000 140 40 25 40 4
S1 110 1200 91.666 40 25 40 4
SS17-4PH-A S2 120 1500 80 40 25 40 4
S3 120 1200 100 40 25 40 4

Within the 3D printer, a tank containing the feedstock material in powder form is
present. This tank moves upwards with a step equal to the layer height, and the powder is
evenly distributed using a rubber coater on the building platform. The laser beam then
follows a predetermined path, melting the metallic powder particles and creating a solid
layer of the final part. Once the melting process is complete, the building platform moves
downwards to allow the new layer of powder to spread over it. This entire process is
repeated for the number of layers required to construct the final part [19].

Within the print chamber, the specimens were positioned in the optimized location in
accordance with the software to ensure the success of the 3D printing process. The distance
between them was strategically considered to avoid failures caused when two parts are
positioned too closely, avoiding the impact of heat generated during the printing of the
neighboring part. The arrangement of the specimens played a crucial role in ensuring the
desired quality and accuracy in the final 3D-printed parts.
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Figure 2 illustrates the steps that constitute the entire process employed for man-
ufacturing the specimens. In the initial phase, denoted as step 1, the specimens were
designed and the parameters were configured within the slicer software. In step 2, the
3D printing process commenced within the ORLAS CREATOR chamber, wherein the
rotational movement of the coater in each layer followed the direction indicated by the
arrow. Finally, in step 3, the printed specimens were prepared to undergo mechanical and
characterization tests.

Step | Step 2

35 mm
“ K}
T | =
e wv =
L I 1] . -
A=

Figure 2. Steps of 3D-printing the specimens using the SLM technique.

Figure 3 illustrates the location of the S2 and S3 specimens on the build platform
during the SLM process. This figure depicts the arrangement of the specimens in each
print, comprising a total of eight specimens, all having the same laser power but with two
different scan speeds.

S3.1
S
S
S2.
S2.4
Same Laser Power (W) P (W) P (W)
Different Laser Speed (mm/s) vl (mm/s) v2 (mm/s)

Figure 3. Distribution of tensile specimens on the build platform.

After detaching the specimens from the build platform, it is necessary to remove
the supporting structures, which, in this particular case, are located on one side of the
specimens, and to clean the specimens of any remaining powder. It was observed that
specimens of the same material exhibited visual differences from each other, which is
attributed to the different VED values. The varying speed and power of the laser during
the melting process resulted in distinct outcomes that are distinguishable both visually and
through mechanical property tests.
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2.2. Surface Characterization

A series of confocal microscopy measurements were performed on the three different
sets of 3D-printed metals, i.e., CoCrMo, SS316L-A, SS17-4PH-A. This was completed to
assess the effect of the VED on surface roughness. The confocal measurements were
executed using a Leica DSM8 confocal microscope (Leica Microsystems, Wetzlar, Germany).
The measurements were taken at three different locations on the surface of each sample, as
shown in the schematic of Figure 4, in order to have roughness data representative of the
whole specimens’ surface.

#1 N~ o’ #2

g R #3  J

7 i N

Figure 4. Specimen surface locations for confocal measurements.

Three magnifications were used, namely x5, x10, and %20, and various roughness
measures were calculated according to ISO25178 (Sq, Ssk, Sku, Sp, Sv, Sz, Sa), from which
Sa was considered to be the most representative one.

2.3. Mechanical Characterization

A series of tensile tests was performed on the three kinds of 3D-printed metals at hand.
Three different specimens of each metal were tested under uniaxial tensile loading.

The experimental procedure included positioning each specimen between the grips of
the testing machine, Instron model 5969 (Instron, Norwood, MA, USA), and the application
of the uniaxial tensile load through the employed electric jack by imposing a relatively slow
uniaxial displacement rate (0.5 mm/min) [31]. During the experiment, the variation of the
applied load (F) and the axial deformation (Al) of each sample were recorded until failure,
utilizing a load cell with a maximum load capacity of 10 kN and a clip-on extensometer,
respectively. The above-mentioned testing methodology complies with the corresponding
standard EN 10002-1:2001 [32].

Subsequently, the stress (0)—strain (¢) curves of the tested specimens were calculated
using the obtained laboratory measurements and the following relations:

F
o= T,Agrass =bxt ()
gross
Al
€= ®3)
I

where F is the applied load, b, t are the width and thickness of the specimens, Al is the axial
deformation, and [y the specimen’s initial length (distance between the grips).

3. Results and Discussion
3.1. Confocal Microscopy Measurements

According to the methodology outlined in Section 2.2., the confocal measurements
conducted on the surface of the printed specimens revealed varying values of Sa for
each specimen and across different locations. The Sa values are shown in Tables 2—4 for
the different 3D-printed metals. Representative confocal measurements are shown in
Figures 5-7.
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Table 2. Sa measurements of CoCrMo specimens at different locations and magnifications.

CoCrMo Sa (um)

Magnification x5 Location #1 Location #2 Location #3
Specimen 1 8.395 6.698 5.597
Specimen 2 7.208 7.170 5.765
Specimen 3 6.410 6.855 5313
Specimen 4 7.838 7.468 6.133

Mean 7.463 7.048 5.702
Magnification x10 Location #1 Location #2 Location #3
Specimen 1 6.069 7.556 5.835
Specimen 2 6.182 6.062 5.720
Specimen 3 5.423 5.428 5.578
Specimen 4 6.065 6.505 6.422

Mean 6.065 6.388 5.888

Magnification x20 Location #1 Location #2 Location #3
Specimen 1 6.211 7.538 5.584
Specimen 2 5.738 5.682 4.881
Specimen 3 5.342 6.181 5.202
Specimen 4 7.013 5913 6.695
Mean 6.076 6.328 5.591

Table 3. Sa measurements of SS316L-A specimens at different locations and magnifications.

SS316L-A Sa (um)

Magnification x5 Location #1 Location #2 Location #3
Specimen 1 7.281 7.385 6.063
Specimen 2 7.207 7.489 6.080
Specimen 3 6.545 6.788 5.546
Specimen 4 7.342 7.846 5.754

Mean 7.094 7.385 5.861
Magnification x10 Location #1 Location #2 Location #3
Specimen 1 6.632 7.045 7.226
Specimen 2 6.172 6.210 6.840
Specimen 3 7.156 7.089 7.482
Specimen 4 7.238 8.887 7.698

Mean 6.800 7.308 7.312
Magnification x20 Location #1 Location #2 Location #3
Specimen 1 6.414 7.058 7.270
Specimen 2 7.795 7.100 7.484
Specimen 3 7.000 6.982 6.628
Specimen 4 7.015 9.973 6.819

Mean 7.056 7.778 7.050
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Table 4. Sa measurements of SS17-4PH-A specimens at different locations and magnifications.

SS17-4PH-A Sa (um)
Magnification x5 Location #1 Location #2 Location #3
Specimen 1 7.318 6.940 6.234
Specimen 2 6.482 6.517 5.668
Specimen 3 6.443 6.549 5.162
Specimen 4 6.500 6.680 6.040
Mean 6.686 6.671 5.776
Magnification x10 Location #1 Location #2 Location #3
Specimen 1 6.788 7.144 6.830
Specimen 2 6.154 6.551 6.772
Specimen 3 9.197 6.610 6.331
Specimen 4 6.657 7.224 7.337
Mean 7.199 6.882 6.818
Magnification x20 Location #1 Location #2 Location #3
Specimen 1 7.036 7.769 7.227
Specimen 2 6.233 6.922 6.596
Specimen 3 7.112 7.801 7.580
Specimen 4 6.864 7.337 7.304
Mean 6.811 7.460 7177
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Figure 5. Confocal measurements of CoCrMo at x5 magnification. Top left: photo; top right: 3D
map; bottom: line profile.
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Figure 6. Confocal measurements of SS316L-A at x5 magnification. Top left: photo; top right: 3D
map; bottom: line profile.
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Figure 7. Confocal measurements of S517-4PH-A at x5 magnification. Top left: photo; top right: 3D
map; bottom: line profile.
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Table 2 presents all the Sa measurements obtained from three different locations of
each specimen printed with CoCrMo material. Lower measurement values were observed
in locations #1 and #2 for CoCrMo confocal microscopy measurements compared to location
#3. This difference in values is evident not only in the mean but also in each individual
specimen’s measurements.

In Table 3, all the Sa measurements obtained from three different locations of each
specimen printed with SS316L-A material are presented. Notably, for the specimens of this
material in location #3, the smallest Sa measurement is observed only with a magnification
of x5.

Finally, Table 4 presents the Sa measurements of the SS17-4PH-A-printed specimens.
Notably, for this material, there are no significant differences in the means of the Sa
measurements among different locations (#1, #2, #3).

Figures 5 and 6 present illustrations of the Sa confocal measurements of CoCrMo
and SS316L-A at x5 magnification. Both figures provide valuable insights to enhance the
understanding of the uniformity in Sa values. To further enhance Sa uniformity, different
VED values can be explored, as they affect the presence of molten and unmolten powder
particles on the specimen’s surface and the quality of the melting process [33].

In S517-4PH-A specimens, when observing the 3D map in Figure 7, the greatest
uniformity in Sa values is observed compared to the other two materials. This is also
confirmed by the smaller fluctuations presented in the line profile.

Table 2 reveals that the value of Sa exhibited variations across different magnifications.
In this work, the roughness at the lowest magnification (x5) was used, since it was consid-
ered to be more appropriate for the (macroscopic) applications for which the specimens
were 3D-printed. The mean value of Sa (from the measurements at x5 magnification of
each specimen) vs. the VED with which the specimens were produced is given in Table 5.

Table 5. Values of the mean Sa at x5 magnification as well as the VED for the three metals.

CoCrMo SS316L-A SS17-4PH-A
Mean Sa VED Mean Sa VED Mean Sa VED
(um) (J/mm3) (um) (J/mm3) (um) (J/mm?3)
6.714 166.667 6.925 125.000 6.222 91.667
6.193 141.176 6.293 107.692 6.052 80.000
7.146 190.476 6.990 140.000 6.407 100.000

3.2. Quantification of the VED Effect on Surface Characteristics

In a recent study [19], the effect of the VED on the surface characteristics of Inconel
specimens was assessed, and a linear behavior of the form Saeq, = 0.043-VED 4 9 was
reported. The validity of this linear behavior is tested herein for the cases of the CoCr-,
5S316L-, and S517-4PH-3D-printed metals. The mean Sa values were plotted against the
respective VED and a linear fitting was applied, as shown in Figure 8.

From Figure 8§, it can be seen that for CoCr, SS316L, and SS17-4PH, as well as for
Inconel [19], a linear relation can be formulated between the mean Sa value and its VED, of
the form

Samean = a-VED + b 4)

where the various parameter values are given in Table 6.
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Figure 8. Plot of the mean Sa vs. VED for the three 3D-printed specimens.

Table 6. Parameters of the mean Sa vs. the VED relation for the 3D-printed specimens.

Material a b

CrCoMo 0.0194 3.4692

SS316L-A 0.0220 4.0065
SS17-4PH-A 0.0175 4.6381
Inconel [11] 0.0430 9.0000

3.3. Tensile Deformation Measurements

In order to conduct the experiment according to the methodology described in
Section 2.3, obtaining the dimensions of all tested specimens is crucial. This requirement is
essential to efficiently use the testing machine and comply with the relevant standard for
tensile measurements. All tested specimens” dimensions were measured using a digital
caliper, and their geometrical characteristics are given in Table 7.

Table 7. List of all examined specimens and their measured dimensions.

Material Batch Specimen "\(Ii;i::)b Thi(:::;e)ss t Gri}laos (Dmils:;mce
1 2.07 1.05 23
S1 2 2.05 1.02 23
3 2.05 1.06 21
1 2.03 1.02 21
CoCrMo S2 2 2.00 1.00 19
3 2.04 1.03 28
1 2.07 1.07 19
S3 2 1.92 0.93 20
3 1.95 0.94 19
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Table 7. Cont.

Material Batch Specimen Mﬁ:il)b Thi(:;r;(;ss t Gri}l)os (Dmirs:?nce
1 1.92 0.90 20
S1 2 2.05 1.02 23
3 1.93 0.93 19
1 1.94 0.93 20
SS316L-A 52 2 1.95 091 20
3 1.89 0.93 20
1 1.93 0.90 21
S3 2 1.92 0.93 20
3 1.95 0.94 19
1 2.20 1.17 23
S1 2 2.13 1.15 20
3 2.20 1.19 20
1 2.17 1.15 22
SS17-4PH-A 52 2 2.17 1.16 21
3 2.20 1.15 20
1 221 1.18 24
S3 2 2.16 1.17 20
3 2.17 1.16 19

Typical stress—strain curves for the three types of 3D-printed metals at hand, as
depicted in Figures 9-11. The obtained curves are used to calculate the modulus of elasticity
(E), the yield stress (0y), the strain at yield (¢), the tensile strength (¢;,), and the strain at
maximum stress (¢,,). These properties are given in Table 8 for each tested specimen.
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Figure 9. Stress—strain response of the experimentally tested 3D-printed CoCrMo specimens.
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Figure 11. Stress—strain response of the experimentally tested 3D-printed SS17-4PH-A specimens.

Table 8. Mechanical properties of the 3D-printed metals.

Material Batch Specimen E (MPa) oy (MPa) &y (mm/mm) o, (MPa) &, (mm/mm)

1 123,571 703.01 0.0057 899.48 0.0232

2 141,030 632.37 0.0045 893.46 0.0192

S1 3 92,071 693.30 0.0075 906.44 0.0325

average 118,891 676.23 0.0059 899.79 0.025

deviation +17% +5% +21% +1% +22%
1 119,252 679.68 0.0057 845.31 0.0177

2 230,902 666.35 0.0066 913.40 0.0374

CoCrMo S2 3 207,308 649.90 0.0063 915.14 0.0335
average 185,820 665.31 0.0062 891.29 0.030

deviation +26% +2% +6% +4% +29%

1 133,283 653.44 0.0049 928.32 0.0369

2 201,262 857.37 0.0043 1061.11 0.0386

S3 3 116,622 869.14 0.0075 1124.65 0.0412

average 150,389 793.32 0.0055 1038.03 0.039

deviation +24% +12% +25% +8% +5%
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Table 8. Cont.

Material Batch Specimen E (MPa) oy (MPa) &y (mm/mm) o, (MPa) &, (mm/mm)
1 118,713 658.86 0.0056 778.63 0.1898
2 85,153 513.69 0.0060 605.17 0.1573
S1 3 61,997 611.78 0.0099 728.80 0.1867
average 88,621 594.78 0.0072 704.20 0.178
deviation +26% +10% +27% +10% +8%
1 85,635 587.46 0.0069 689.30 0.1753
2 70,456 622.83 0.0088 710.11 0.1824
SS316L-A S2 3 66,349 611.74 0.0092 706.88 0.1783
average 74,147 607.34 0.0083 702.09 0.179
deviation +11% +2% +12% +1% +2%
1 110,083 661.91 0.0060 757.13 0.1196
2 87,681 648.84 0.0074 741.08 0.2013
S3 3 93,181 679.38 0.0073 781.58 0.2231
average 96,982 663.38 0.0069 759.93 0.181
deviation +10% +2% +9% +2% +25%
1 113,286 740.40 0.0065 859.06 0.0304
2 83,734 839.85 0.0100 912.45 0.0400
S1 3 112,212 777.63 0.0069 843.53 0.0191
average 103,077 785.96 0.0078 871.68 0.030
deviation +13% +5% +20% +3% +29%
1 113,168 542.38 0.0048 815.84 0.0160
2 107,638 727.12 0.0068 808.25 0.0178
SS17-4PH-A S2 3 110,626 563.08 0.0051 797.15 0.0132
average 110,477 610.86 0.0055 807.08 0.016
deviation +2% +14% +16% +1% +12%
1 80,180 519.57 0.0065 890.91 0.0434
2 110,732 471.72 0.0043 890.03 0.0564
S3 3 83,278 829.58 0.0100 910.37 0.0513
average 91,397 606.95 0.0069 897.10 0.050
deviation +15% +26% +34% +1% +11%

3.4. Quantification of the VED Effect on Mechanical Characteristics

Upon conducting the mechanical tests as outlined in the methodology outlined in
Section 2.3, conclusions can be drawn regarding how the tensile measurements of the
specimens are related to the VED. In the context of mechanical properties, yield stress
is the limit of the elastic region and toughness (hardness) is the energy per unit volume
transferred to the material through mechanical loading and calculated as the area under
the stress—strain curve. It is worth noting that roughness is a surface attribute, whereas
toughness is a mechanical property.

Considering the connection that should exist between the VED and the mechanical
characteristics of the 3D-printed metals at hand, a relation was sought between the VED
and yield stress, as well as between the VED and toughness (calculated as the integral
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under the stress—strain curve until the point of maximum stress). The plots of (a) yield
stress vs. VED, and (b) toughness vs. VED, for each metal are given in Figures 12 and 13.
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Figure 12. Plot of the mean yield stress vs. VED for the three 3D-printed specimens.
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Figure 13. Plot of the mean toughness vs. VED for the three 3D-printed specimens.

As a first approximation, a linear relation between the mean yield stress as well as
the mean toughness with the VED was sought. From Figures 12 and 13, linear relations of
the form

oy =cVED +d )

Toughness = e-VED + f (6)

can be formulated, with the various parameter values given in Table 9.

By appropriately controlling the VED during the printing process, Equations (5) and (6)
can provide an approximate value for the yield stress and toughness, as well as the surface
quality, of the printed specimens. This will aid manufacturers in producing specimens of
better quality, minimizing the effort and loss of material.
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Table 9. Parameters of the linear relations between the yield stress and the VED and the toughness
and the VED for the three printed specimens.

Material c d e f

CoCrMo 2.5711 284.54 0.257 —17.402

SS316L-A 1.6718 414.14 0.3786 76.967
SS17-4PH-A 0.6328 601.64 1.5077 —112.24

4. Conclusions

The present study investigates the correlation between the VED, surface roughness,
and mechanical properties in 3D-printed stainless steel 316L-A, stainless steel 17-4PH-A,
and CoCrMo alloy, fabricated via SLM. Different VED values were achieved by adjusting
the 3D printing parameters of laser power and laser speed, allowing conclusions to be
drawn about their effect on their mechanical performance. A linear relation between VED
and surface roughness, first proposed in [19] for Inconel-printed specimens, was verified
herein for the case of SS316L-A, SS17-4PH-A, and CoCrMo alloy specimens. The first
conclusion is that, by increasing the VED, surface roughness also increases linearly, thus
leading to printed specimens with reduced surface quality. While this work offers valuable
insights into the optimization of the SLM process based on the VED values, it is crucial to
consider that surface roughness, yield stress, and toughness also exhibit linear changes. As
a first approximation, a linear relation was also deduced and proposed herein, between
the VED and the specimens’ yield stress and toughness. This indicates that, by increasing
the VED value, at least within the 80-190 J/mm?3 range, the specimens’ yield stress as well
as their toughness increases. Of course, more VED values need to be employed in order
for the exact relation (linear or non-linear) between the VED and yield stress/toughness
to be established. The experiments demonstrate that increasing the VED value negatively
affects surface quality, but improves mechanical performance (yield stress and toughness).
This observation is supported by the examination of how the VED influences mechanical
performance and surface roughness across the three different materials. Nevertheless,
further experiments are needed to calculate the exact non-linear relation between the VED
and toughness or yield stress in these as well as in other metallic materials utilized by
the SLM technique, taking into account their structural and morphological characteristics.
The exact relationship would necessitate the use of VED values much different from those
examined in the present work, which are around the VED value suggested by the 3D
printer’s manufacturer for each material. This issue will be addressed in future research.

This work provides a means for predicting the quality of 3D-printed metal and alloy
specimens in terms of their surface roughness and mechanical properties, which can be
utilized by fabricators to make an optimized selection between the needed surface quality
and the expected mechanical strength. By leveraging this approach, the need for 3D-
printing physical samples to assess mechanical parameters is eliminated, along with the
reduction in costs and time associated with the 3D printing process. This is especially
pronounced in applications where surface quality and strength are of crucial significance.
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