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The present work evaluates the surface roughness of lattice
structures produced in AISI 316L stainless steel, with laser
AISI 316L stainless steel, lattice structures. powder bed fusion (LPBF). To this end, five lattice types were
evaluated, namely cubic (C), truncated octahedron (TO),
truncated cubic (TC), rhombicuboctahedron (RCO) and
rhombitruncated cuboctahedron (RTCO) to determine the

Roughness, laser powder bed fusion,
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3 Open Access average roughness Sq by profilometry. For comparison, the
— . surface roughness of a bulk specimen was also measured.

[ peer Reviewed The average roughness was S;=7.3 um for the bulk specimen,
CCBY for the C and TC arrangements it was around 11 um, while for

configurations RCO, RTCO and TO it was in the range 18-22 um,
meaning that surface roughness increases for more complex
structures. Values of S; around 10-25 um are reported in the
literature for parts fabricated by LPBF for medical implants. If
complex lattice arrangements are required, a study of the
printing parameters is relevant, so as to achieve scaffolds with
improved biomechanical performance.

1. Introduction

Metallic cellular lattices are gaining popularity for use as bone substitutes (Distefano et al.
2023; Nogueira et al. 2024). Cellular lattice structures are a repetition of unit cells, which are
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composed of struts and edges. The manufacturability and the mechanical properties of
cellular lattice structures of different metallic materials and numerous arrangements have
been investigated (Yan et al. 2014; Nogueira et al. 2024; Miranda et al. 2021; Teo et al. 2021),
but some aspects remain unclear. Cellular structures are difficult to fabricate by conventional
technologies due to their complex shape. In this sense, the development of additive
manufacturing (AM) has enabled the production of parts with high complex geometries to be
used in the aerospace and biomedical fields (Yan et al. 2014; Zhao et al. 2016; Teo et al. 2021).

Laser powder bed fusion (LPBF) is an AM process that has the potential of making metallic
complex parts directly from computer-aided design models, without waste of materials, with
minimal use of post-process machining and high reproducibility. However, LPBF has an
inherent relatively high surface roughness due to the layer-by-layer procedure and to the
powder particles that are partially sintered (Shrestha et al. 2019; Teo et al. 2021). The
roughness of the samples fabricated by LPBF is important to address because it affects the
mechanical properties, such as tensile strength and fatigue as well as the corrosion behavior
of the parts (DelRio et al. 2023; Sun et al. 2016; Zhao et al. 2016; Liu et al. 2023). For example,
rough parts can have a lower fatigue life in comparison with smooth surfaces, where the
coarse zones behave as stress concentration locations (Ryu and Nam 1989; Chan et al. 2013).
Also, a high roughness may induce bacterial colonization, which is not desirable in implants
(Teo et al. 2021).

Among the metals that may be fabricated by LPBF is the AISI 316L, which is an austenitic
stainless steel with high strength, corrosion resistance, and biocompatibility, that is used in
medical applications (Shrestha et al. 2019; Liu et al. 2023).

Several works studied the variation of the processing variables of LPBF to obtain the optimal
properties of the fabricated parts (Terris et al. 2019). However, possible correlations of LPBF-
parameters and roughness need to be further explored. Moreover, using the same LPBF-
parameters, it is not clear if the roughness is the same in all parts.

To the best knowledge of the authors, the literature on roughness of lattice structures
fabricated in AISI 316L stainless steel, with laser powder bed fusion (LPBF) is scarce. Only a
study on roughness determination in cellular structures made of triply periodic minimal
surface (TPMS) was found (Qu et al. 2021). However, those types of cellular structures are
different from truss lattices.

In the present work, the roughness of cellular lattice structures fabricated by LPBF with AlISI
316L is evaluated, for different lattice geometries, keeping fixed the manufacturing variables.

2. Materials and Methods

All cellular samples were designed with the 3D CAD program SolidWorks®. They are
repetitions of unit cells as shown in Figure 1, namely cubic (C), truncated octahedron (TO),
truncated cubic (TC), rhombicuboctahedron (RCO) and rhombitruncated cuboctahedron
(RTCO). All unit cells have the outer dimensions of a cube with a length of 3.5 mm. The cellular
lattice structures were cylinders with a diameter that contains 10-unit cells in accordance with
the standard ISO 13314. The relative density, which is the volume occupied by the material
divided by the volume of the cylinder, was 45 % for all samples.

The specimens were fabricated by LPBF on a Concept Laser M2 Series 5 3D Printer (GE
Additive, New York, USA) using the stainless steel 316L also supplied by the manufacturer. The
printing parameters used were: laser power of 300 W, scanning speed equal to 700 mm/s,
layer thickness of 50 um and laser spot size of 130 um.
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The average roughness Sa over an area of 800x800 um was measured according to I1SO 25178,
using a profilometer (Profilm, Filmetrics) on the struts of the lattice structures. Three
measurements for each sample were taken on surfaces parallel to the base plate of the
profilometer. The measurements were made at the top surface of the fabricated samples. For
comparison, the surface roughness of a bulk specimen was also assessed.

Figure 1: Schematics of unit cells of: a) cubic (C); b) truncated octahedron (TO); c)
truncated cubic (TC); d) rhombicuboctahedron (RCO); e) rhombitruncated
cuboctahedron (RTCO).

3. Results and Discussion

Figure 2 exhibits images of the manufactured samples and the CAD of a unit cell. One may
observe some discrepancies among the designed and the fabricated structures. Figure 3
presents the roughness profiles for all the samples while Table 1 shows their average and
standard deviation data. The average roughness was S,=7.26 um for the bulk specimen, for
the C and TC arrangements it was around 12 um, while for configurations RCO, RTCO and TO
it was in the range 18-22 um. This means that surface roughness increases for more complex
structures.

a) b)
Figure 2: a) Example of a fabricated sample; b) CAD design and c) fabricated lattices
for the structure RTCO with a relative density of 15%.

Structures Bulk C TO TC RCO RTCO
Average Sq (um) 7.26 11.88 | 21.86 11.58 18.43 18.74
stand. dev 0.89 0.13 2.39 1.40 4.61 2.72
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Table 1: Average roughness (S.) for bulk and different lattice structures: cubic (C),
truncated octahedron (TO), truncated cubic (TC), rhombicuboctahedron (RCO),
rhombitruncated cuboctahedron (RTCO).
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e) f)
Figure 3: Roughness profiles of samples: a) bulk, b) cubic (C), c) truncated
octahedron (TO), d) truncated cubic (TC), e) rhombicuboctahedron (RCO), f)
rhombitruncated cuboctahedron (RTCO).

The standard deviation of the roughness measurements is around 12% of the average value
(Table 1). The mechanical properties of 316L stainless steel are affected by the size of the
samples. For example, the yield strength increases with decreasing sample size (Yu et al.
2021). Authors also report that the hardness of the contour area was much higher than that
of the core area (Yu et al. 2021). As the lattice struts are thin, they should present a stronger
effect of the contour, which may affect the hardness, and possibly the roughness as well,
leading to higher values at the struts than in the bulk specimens.

In general, to achieve scaffolds with improved biomechanical performance with complex
lattice arrangements, low values of surface roughness are required to prevent failure, to
promote a smooth interaction between the medical device and the soft tissues of the human
body and to avoid bacterial colonization (Teo et al. 2021; DelRio et al. 2023; Sun et al. 2016;
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Zhao et al. 2016; Liu et al. 2023; Chan et al. 2013). In the literature, values of S, in the range
10-25 um are reported as ideal values for medical devices (Moheimani et al. 2022; Shrestha
et al. 2019; Teo et al. 2021). Roughness values for TPMS lattice structures were achieved in
the range of 2 to 15 um (Qu et al. 2021). The values obtained in the present work fall on the
above-mentioned ranges.

4. Conclusions

Cellular structures of AlISI 316L stainless steel were successfully fabricated by LPBF. One of the
most important properties of the metallic lattices to be used as bone implants is the roughness
of the structure. While for the bulk specimen the average roughness was 7 um, for the lattice
structures it varied between 12 to 22 um, showing a dependence on the geometrical
complexity arrangement. Structures with more intricate geometries were found to have
higher surface roughness. As the control of the sample final properties remain challenging in
the LPBF process, due to the high number of parameters that need to be assessed, the current
work represents an initial step towards the fabrication procedure of metallic cellular
structures with highly complex geometries.

References

Chan, K. S., M. Koike, R. L. Mason, and T. Okabe. 2013. “Fatigue life of titanium alloys
fabricated by additive layer manufacturing techniques for dental implants”.
Metallurgical and  Materials  Transactions A 44, no. 2: 1010-22.
https://doi.org/10.1007/s11661-012-1470-4.

DelRio, F. W., R. M. Khan, M. J. Heiden, P. G. Kotula, P. A. Renner, E. K. Karasz, and M. A.
Melia. 2023. “Porosity, roughness, and passive film morphology influence the corrosion
behavior of 316L stainless steel manufactured by laser powder bed fusion”. Journal of
Manufacturing Processes 102: 654—62. https://doi.org/10.1016/j.jmapro.2023.07.062.

Distefano, F., R. Mineo, and G. Epasto. 2023. “Mechanical behaviour of a novel biomimetic
lattice structure for bone scaffold”. Journal of the Mechanical Behavior of Biomedical
Materials 138: 105656. https://doi.org/10.1016/j.jmbbm.2023.105656.

Liu, J., H. Ma, L. Meng, H. Yang, C. Yang, S. Ruan, D. Ouyang, S. Mei, L. Deng, J. Chen, and Y.
Cao. 2023. “Laser powder bed fusion of 316L stainless steel: Effect of laser polishing on
the surface morphology and corrosion behavior”. Micromachines 14, no. 4: 850.
https://doi.org/10.3390/mi14040850.

Miranda, A., M. Leite, L. Reis, E. Copin, M. F. Vaz, and A. M. Deus. 2021. “Evaluation of the
influence of design in the mechanical properties of honeycomb cores used in composite
panels”. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of
Materials: Design and Applications 235, no. 6: 1325-40.
https://doi.org/10.1177/1464420720985191.

Moheimani, S. K., L. Luliano, and A. Saboori. 2022. “The role of substrate preheating on the
microstructure, roughness, and mechanical performance of AISI 316L produced by
directed energy deposition additive manufacturing”. The International Journal of
Advanced Manufacturing Technology 119, no. 11-12: 7159-74.
https://doi.org/10.1007/s00170-021-08564-4.

Nogueira, P., J. P. G. Magrinho, M. B. Silva, A. M. de Deus, and M. F. Vaz. 2024.
“Compression properties of cellular iron lattice structures used to mimic bone
characteristics”. Proceedings of the Institution of Mechanical Engineers, Part L: Journal

Engineering Manufacturing Letters, 2:1 (2024) 39-44


https://doi.org/10.1007/s11661-012-1470-4
https://doi.org/10.1016/j.jmapro.2023.07.062
https://doi.org/10.1016/j.jmbbm.2023.105656
https://doi.org/10.3390/mi14040850
https://doi.org/10.1177/1464420720985191
https://doi.org/10.1007/s00170-021-08564-4

Evaluation of the roughness of lattice structures of AISI 316L stainless steel produced by laser powder bed fusion
P Nogueira, DC Silva, AP Serro, P Lopes, L Oliveira, JL Alves, L Reis, J Magrinho, C Santos, MJ Carmezim, RA Claudio, AM Deus, MB Silva, MF Vaz

of Materials: Design and Applications, March.
https://doi.org/10.1177/14644207241241799.

Ryu, J., and S. Nam. 1989. “Effect of surface roughness on low-cycle fatigue life of Cr Mo V
steel at 550 °C”. |International Journal of Fatigue 11, no. 6: 433-36.
https://doi.org/10.1016/0142-1123(89)90183-7.

Shrestha, R., J. Simsiriwong, and N. Shamsaei. 2019. “Fatigue behavior of additive
manufactured 316L stainless steel parts: Effects of layer orientation and surface
roughness”. Additive Manufacturing 28: 23-38.
https://doi.org/10.1016/j.addma.2019.04.011.

Sun, Y. Y., S. Gulizia, C. H. Oh, D. Fraser, M. Leary, Y. F. Yang, and M. Qian. 2016. “The
influence of as-built surface conditions on mechanical properties of Ti-6Al-4V additively
manufactured by selective electron beam melting”. JOM 68, no.3: 791-98.
https://doi.org/10.1007/s11837-015-1768-y.

Teo, A. Q. A, L. Yan, A. Chaudhari, and G. K. O’Neill. 2021. “Post-processing and surface
characterization of additively manufactured stainless steel 316L lattice: Implications for
BioMedical use”. Materials 14, no.6: 1376. https://doi.org/10.3390/ma14061376.

Terris, T., O. Andreau, P. Peyre, F. Adamski, I. Koutiri, C. Gorny, and C. Dupuy. 2019.
“Optimization and comparison of porosity rate measurement methods of selective laser
melted metallic parts”. Additive Manufacturing 28: 802-13.
https://doi.org/10.1016/j.addma.2019.05.035.

Qu, S., J. Ding and X. Song. 2021. “Achieving triply periodic minimal surface thin-walled
structures by micro laser powder bed fusion process”. Micromachines 12, no. 6: 705.
https://doi.org/10.3390/mi12060705.

Yu, J,, D. Kim, K. Ha, J. B. Jeon, D. J. Kim, and W. Lee. 2021. “Size effect due to contour laser
scanning in 316L stainless steel produced by laser powder bed fusion”. Journal of
Materials Research and Technology 15: 5554—68.
https://doi.org/10.1016/j.jmrt.2021.11.034.

Yan, C., L. Hao, A. Hussein, P. Young, and D. Raymont. 2014. “Advanced lightweight 316L
stainless steel cellular lattice structures fabricated via selective laser melting”. Materials
& Design 55: 533—41. https://doi.org/10.1016/j.matdes.2013.10.027.

Zhao, S., S.J. Li, W.T. Hou, Y.L. Hao, R. Yang, and R.D.K. Misra. 2016. “The Influence of Cell
Morphology on the compressive fatigue behavior of Ti-6Al-4V meshes fabricated by
electron beam melting.” Journal of the Mechanical Behavior of Biomedical Materials 59:
251-64. https://doi.org/10.1016/j.jmbbm.2016.01.034.

Acknowledgments

This work was supported by Fundacdo para a Ciéncia e a Tecnologia (FCT) through IDMEC,
under LAETA, Project DOI: 10.54499/UIDB/50022/2020 and DOI: 10.54499/UIDP/50022/2020,
through the Gradlmp project, DOI: 10.54499/PTDC/CTM-CTM/3354/2021, CeFEMA Project
No. UIDB/04540/2020, CQE projects DOI: 10.54499/UIDB/00100/2020 and DOI:
10.54499/UIDP/00100/2020, IMS project DOI: 10.54499/LA/P/0056/2020. Diana C. Silva
acknowledges FCT for her Junior Research contract 2022.08560.CEECIND/CP1713/CT0016

https://doi.org/10.54499/2022.08560.CEECIND/CP1713/CT0016 .

Engineering Manufacturing Letters, 2:1 (2024) 39-44 44


https://doi.org/10.1177/14644207241241799
https://doi.org/10.1016/0142-1123(89)90183-7
https://doi.org/10.1016/j.addma.2019.04.011
https://doi.org/10.1007/s11837-015-1768-y
https://doi.org/10.3390/ma14061376
https://doi.org/10.1016/j.addma.2019.05.035
https://doi.org/10.3390/mi12060705
https://doi.org/10.1016/j.jmrt.2021.11.034
https://doi.org/10.1016/j.matdes.2013.10.027
https://doi.org/10.1016/j.jmbbm.2016.01.034

