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Abstract. Laser powder bed fusion process is a versatile metal additive manufacturing process.
Although significant progress has been made so far, there is still limited large-scale adoption of this
technique by the industry. The main problems are repeatability and lack of proper knowledge. In this
work, an innovative and non-destructive testing methodology, based on flat-top cylinder indentation,
was used to define the mechanical properties of laser powder bed fused aluminium alloy to highlight
any variations induced by the combination of process parameters, for global characterization, and by
the building direction, for local characterization. Results show similar or improved global mechanical
properties of the laser powder bed fused specimens when compared to traditional die-casted ones.
Indentation tests highlight a local dependence of properties along the building direction in favor of the
upper part of the samples.
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1. Introduction
Additive Manufacturing (AM) technologies are of
growing interest, thanks to their flexibility and ability
to reduce time-to-manufacturing, allowing the speed-
up of industrial process. The cost effectiveness of AM
solutions depends on the particular application and
it is generally proven that for the prototype stage or
for smaller productions based on custom designs, AM
components do have an economical advantage over
traditional material processing strategies [1].

AM process is generally based on the addition, layer
by layer, of thin sheets of materials to generate a phys-
ical object from a computer-aided design model, al-
lowing the realization of complex structures [2]. This
is recognized to be one of the main advantages in us-
ing AM, especially for metal additive manufacturing
(MAM) techniques [3]. MAM parts can be realized
producing very-little to no waste compared to tradi-
tional processes like forging, casting and extrusion [4].

Aluminum Alloys are known for their wide com-
patibility with industrial applications, thanks to easy
processing, good corrosion resistance, and high specific
strength. LPBF can solve some of the main problems
found in traditional foundry technologies, generally
related to low cooling rate in casting and limited flex-
ibility of preparation and forming processes [5]. Main
drawbacks of processing pure aluminium with LPBF
are related to high reflectivity, high thermal conduc-
tivity, and poor flowability of the powders [6]. To
overcome these problems, specific alloys are gener-
ally used as starting material, e.g., AlSi10Mg, AlSi12,
A356, and A357 [7].

However, while significant progress has been made

so far, the diffusion of this additive manufacturing
technique by the industry is still limited given the
lack of standardization of the process itself in terms
of repeatability [8] and the high surface roughness
of fabricated products [9]. Moreover, complexity in
the geometry can induce local variations of the re-
sulting properties due to the building direction [10].
Therefore, optimization of process parameters and
consequently determination of effective final-part me-
chanical properties on both global and local scales
need further investigation.

FIMEC (Flat-top cylinder Indenter for MEchani-
cal Characterization) is a non-destructive and non-
invasive testing methodology. Compared with other
other indentation techniques, FIMEC uses a flat-top
indenter tip, whose geometry is optimized to provide
results that are not depended on local surface proper-
ties such as roughness [11], allowing local and global
mechanical characterization of multiple materials [12].
Thanks to proven accuracy, ease of implementation,
and great flexibility, FIMEC is of growing interest for
several usage scenarios [13], including metal additive
manufacturing, for which no known research works
are available in the pertinent literature.

This study aims to evaluate the local and global
mechanical properties of AlSi10Mg samples fabricated
through LPBF by means of the FIMEC indentation
test to highlight any variations induced by the combi-
nation of process parameters and building direction.
The results are compared with the traditional tensile
testing method to verify the suitability of the pro-
posed solution to characterize the samples also for
MAM processes.
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Characteristic Value
Chemical composition [wt%] Al (78.38) Si (18.93) Mg (1.36) C (0.94) O (0.39)

Melting point [◦C] 570
Relative density [g · cm−3] 2.63

Median diameter [µm] 37

Table 1. Main characteristics of the metal powder as declared by the manufacturer.

2. Materials and methods
The starting material is a commercial powder of
AlSi10Mg from m4p Materials Solutions GmbH whose
main characteristics are listed in Table 1.

FIMEC tests consisted of penetration of a tungsten
carbide tip, 1 mm in diameter and 1.5 mm in height, to
a certain depth (i.e., 0.8 mm) at a constant speed (i.e.,
0.01 mm min−1), according to the standard ASTM
E2546. The tip was mounted on the MTS Insight elec-
tromechanical testing machine by MTS with 50 kN of
nominal load that can appreciate a crosshead displace-
ment with a resolution of 0.6 µmm (see Figure 1). The
tests involved two steps, i.e., (i) loading phase and (ii)
unloading to initial position. Penetration depth was
taken from cross-head displacement. As suggested by
the standards, three samples have been indented in
five different positions (see Figure 2) to evaluate the
eventual local variations of the final qualities.

Figure 1. FIMEC setup.

The main mechanical properties that can be extrap-
olated from the pressure vs. depth curve obtained
with the FIMEC test are the yield stress σY,F and
the elastic modulus EF, using the inflection point PY
of the loading part of the diagram and the slope S
of the unloading portion, as shown in Figure 3, and
according to the following equations [14]:

Figure 2. Schematization of the indentations along
the building direction.
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where Ea is the apparent elastic modulus calcu-
lated through the slope S, A ≈ 0.785 mm2, Ei =
668.35 GPa, and νi = 0.24 are the section, the elastic
modulus, and the Poisson ratio of the tip [15], while
νF = 0.36 is the Poisson ratio of the material here
investigated [16]. A total of three samples, each of one
was tested in five different indentation position were
tested during the experimental campaign, as shown
in Figure 2.

Finally, the results were compared to traditional
tensile tests of both LPBF-ed and die-casted samples
carried out in a previous work [9].

3. Results and discussion
The characterization of the mechanical properties was
carried out at a local level by means of indentation
tests through a flat top cylinder tip. The aim was to
highlight any dependence of mechanical performance
in the direction of the building (see Figure 2), which
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Figure 3. FIMEC test reference curve.

cannot be determined by traditional tensile testing
methods.

The results of the FIMEC tests are shown in Fig-
ure 4 and 5. In the figures, “T” refers to the traditional
tensile test carried out for LPBF samples. “H” refers
to the traditional tensile test carried out for die-casted
samples.

Figures 4 and 5 show a similar trend for both elastic
modulus and yield strength between the two different
approaches, when compared to LPBF samples, validat-
ing the newly proposed indentation test as a suitable
alternative to the conventional method, also being non-
destructive since it leaves only a very small imprint on
the surface of the component [12]. Moreover, FIMEC
diagrams provide additional information about the
dependence of mechanical properties on the position
in which they are evaluated [17]. This is very impor-
tant for samples fabricated with LPBF because it is
an additive manufacturing technique that involves the
deposition of successive layers on top of the previous
ones, thus potentially introducing anisotropy.

Figure 4 suggests that there is a change in the
mechanical properties moving from the bottom to the
top of the sample. Specifically, the bottom part of
the specimen, named P1, appears to be characterized
by the lowest value of elastic modulus, i.e., around
30.82 ± 2.16 GPa, up to 32.48 ± 2.47 GPa for P5 at
the top. This finding can be attributed to the fact
that the bottom part of the sample remains at high
temperature longer than the upper part during the
process, therefore experiencing a heat treatment able
to partially relief the residual stresses [18].

A clear variation of the yield stress can be observed
in Figure 5. Its distribution depends on the fabrica-
tion process, being the highest values in the bottom
part of the samples (i.e., from P1 to P3), which is, as
explained for the elastic modulus, the zone closer to
the substrate where the cooling rate is higher, gener-
ating finer grains and therefore increasing the yield
strength [19].

The measurement of the strength of the yield is

Figure 4. FIMEC test results: elastic modulus.

Figure 5. FIMEC test results: yield stress.

probably influenced by microporosity, segregation, and
microstructure, but the effect of the cooling rate on
grain size can be considered the main influencing
factor [13]. Comparing the results of the FIMEC test
with “T” and “H” samples, it has to be reported that
the elastic modulus of 3D printed samples is lower than
die-casted samples due to difference in porosity, while
the difference between traditional tensile test and
FIMEC is related to lower speed test of the indentation
methodology [11].

4. Conclusions
The FIMEC test recognizes the process history, allow-
ing the quantification of the fabrication effect along
the building direction of the sample geometry. More-
over, it can be considered as nondestructive since it
leaves negligible indentation marks.

The comparison with traditional tensile test results
demonstrates the suitability of the FIMEC indentation
test to provide local and global information on the
mechanical properties in terms of elastic modulus and
yield strength.

Locally, the bottom part of the samples is charac-
terized by the lowest values of the elastic modulus
while ensuring high yield strength, because of the
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grain growth induced by the fact that the bottom
part remains at high temperature longer.

Globally, the LPBF process allows to obtain similar
characteristics in terms of yield stress, while the elastic
modulus drops to half the value of traditional die-
casted samples, probably due to the microporosity.

References
[1] S. Singh, R. P. Mohanty, S. K. Mangla, V. Agrawal.

Critical success factors of additive manufacturing for
higher sustainable competitive advantage in supply
chains. Journal of Cleaner Production 425:138908, 2023.
https://doi.org/10.1016/j.jclepro.2023.138908

[2] S. A. M. Tofail, E. P. Koumoulos, A. Bandyopadhyay,
et al. Additive manufacturing: scientific and
technological challenges, market uptake and
opportunities. Materials Today 21(1):22–37, 2018.
https://doi.org/10.1016/j.mattod.2017.07.001

[3] T. DebRoy, H. L. Wei, J. S. Zuback, et al. Additive
manufacturing of metallic components – process,
structure and properties. Progress in Materials Science
92:112–224, 2018.
https://doi.org/10.1016/j.pmatsci.2017.10.001

[4] M. Trovato, P. Cicconi. Design tools for metal
additive manufacturing: a critical and perspective
overview. Procedia CIRP 119:1084–1090, 2023.
https://doi.org/10.1016/j.procir.2023.03.151

[5] J. Zhang, B. Song, Q. Wei, et al. A review of selective
laser melting of aluminum alloys: Processing,
microstructure, property and developing trends.
Journal of Materials Science & Technology
35(2):270–284, 2019. Recent Advances in Additive
Manufacturing of Metals and Alloys.
https://doi.org/10.1016/j.jmst.2018.09.004

[6] M. L. Montero-Sistiaga, R. Mertens, B. Vrancken,
et al. Changing the alloy composition of Al7075 for
better processability by selective laser melting. Journal
of Materials Processing Technology 238:437–445, 2016.
https:
//doi.org/10.1016/j.jmatprotec.2016.08.003

[7] P. Ponnusamy, R. A. Rahman Rashid, S. H. Masood,
et al. Mechanical properties of SLM-printed aluminium
alloys: A review. Materials 13(19):4301, 2020.
https://doi.org/10.3390/ma13194301

[8] M. Talib Mohammed. Mechanical properties of SLM-
titanium materials for biomedical applications: A review.
Materials Today: Proceedings 5(9):17906–17913, 2018.
https://doi.org/10.1016/j.matpr.2018.06.119

[9] G. S. Ponticelli, O. Giannini, S. Guarino, M. Horn.
An optimal fuzzy decision-making approach for laser
powder bed fusion of AlSi10Mg alloy. Journal of
Manufacturing Processes 58:712–723, 2020.
https://doi.org/10.1016/j.jmapro.2020.08.054

[10] N. M. Everitt, N. T. Aboulkhair, I. Maskery, et al.
Nanoindentation shows uniform local mechanical
properties across melt pools and layers produced by
selective laser melting of AlSi 10Mg alloy. Advanced
Materials Letters 7(1):13–16, 2016.
https://doi.org/10.5185/amlett.2016.6171

[11] F. David, P. Moretti, V. Tagliaferri, F. Trovalusci.
Fimec test to evaluate the water uptake of coated and
uncoated cfrp composites. Materials 13(5):1154, 2020.
https://doi.org/10.3390/ma13051154

[12] R. Montanari, A. Varone. Flat-top cylinder indenter
for mechanical characterization: A report of industrial
applications. Materials 14(7):1742, 2021.
https://doi.org/10.3390/ma14071742

[13] L. Casamichele, F. Quadrini, V. Tagliaferri.
Non-destructive evaluation of local mechanical
properties of Al die cast large components by means of
FIMEC indentation test. Measurement
40(9–10):892–897, 2007. https:
//doi.org/10.1016/j.measurement.2006.11.012

[14] B. Riccardi, R. Montanari. Indentation of metals by
a flat-ended cylindrical punch. Materials Science and
Engineering: A 381(1–2):281–291, 2004.
https://doi.org/10.1016/j.msea.2004.04.041

[15] W. Oliver, G. Pharr. Measurement of hardness and
elastic modulus by instrumented indentation: Advances
in understanding and refinements to methodology.
Journal of Materials Research 19(1):3–20, 2004.
https://doi.org/10.1557/jmr.2004.19.1.3

[16] V. Chmelko, M. Šulko, J. Škriniarová, et al. Strength
and cyclic properties of additive vs. conventionally
produced material AlSi10Mg. Materials 16(7):2598,
2023. https://doi.org/10.3390/ma16072598

[17] M. Di Siena, S. Genna, P. Moretti, et al. Study of
the laser-material interaction for innovative hybrid
structures: Thermo-mechanical characterization of
polyethylene-based polymers. Polymer Testing
120:107947, 2023. https:
//doi.org/10.1016/j.polymertesting.2023.107947

[18] G. S. Ponticelli, L. Di Salvo, M. Giuliani, et al.
Induced back stress hardening and strengthening effect
by repetitive progressive tensile loading of laser-powder
bed fused 316L stainless steel. The International
Journal of Advanced Manufacturing Technology
121(7–8):5125–5138, 2022.
https://doi.org/10.1007/s00170-022-09690-3

[19] B. J. Mfusi, N. R. Mathe, L. C. Tshabalala, P. A.
Popoola. The effect of stress relief on the mechanical
and fatigue properties of additively manufactured
AlSi10Mg parts. Metals 9(11):1216, 2019.
https://doi.org/10.3390/met9111216

55

https://doi.org/10.1016/j.jclepro.2023.138908
https://doi.org/10.1016/j.mattod.2017.07.001
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1016/j.procir.2023.03.151
https://doi.org/10.1016/j.jmst.2018.09.004
https://doi.org/10.1016/j.jmatprotec.2016.08.003
https://doi.org/10.1016/j.jmatprotec.2016.08.003
https://doi.org/10.3390/ma13194301
https://doi.org/10.1016/j.matpr.2018.06.119
https://doi.org/10.1016/j.jmapro.2020.08.054
https://doi.org/10.5185/amlett.2016.6171
https://doi.org/10.3390/ma13051154
https://doi.org/10.3390/ma14071742
https://doi.org/10.1016/j.measurement.2006.11.012
https://doi.org/10.1016/j.measurement.2006.11.012
https://doi.org/10.1016/j.msea.2004.04.041
https://doi.org/10.1557/jmr.2004.19.1.3
https://doi.org/10.3390/ma16072598
https://doi.org/10.1016/j.polymertesting.2023.107947
https://doi.org/10.1016/j.polymertesting.2023.107947
https://doi.org/10.1007/s00170-022-09690-3
https://doi.org/10.3390/met9111216

	Acta Polytechnica CTU Proceedings 48:52–55, 2024
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Conclusions
	References

