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Abstract

The selective laser melting (SLM) of aluminium alloys is of great current interest at both
the industrial and research levels. Aluminium poses a challenge to SLM compared with other
candidate materials, such as titanium alloys, stainless steels, and nickel-based alloys, because of
its high thermal diffusivity and low infrared absorptivity and tendency to result in relatively
porous parts. However, recent studies have reported the successful production of dense
AIlSil0Mg parts using SLM. In this study, we report on the nano, micro, and macroscopic
mechanical properties of dense AlISi10Mg samples fabricated by SLM. Nanoindentation revealed
the hardness profile across individual melt pools building up the parts to be uniform. This is due
to the fine microstructure and uniform chemical elements distribution developed during the
process due to rapid solidification. Micro-hardness testing showed anisotropy in properties
according to the build orientation driven by the texture produced during solidification. Lastly, the
tensile and compressive behaviours of the parts were examined showing high strength under both
loading conditions as well as adequate amounts of strain. These superior mechanical properties
compared to those achieved via conventional manufacturing promote SLM as promising for
several applications.

Introduction

Additive manufacturing (AM) technologies, such as selective laser melting (SLM), are
currently attracting the attention of researchers and industrial sectors. These technologies are
generally utilised to manufacture complex and customised structures that cannot be achieved cost
effectively using conventional manufacturing. SLM is a process to fabricate parts from loose
powder with the potential to achieve savings in resources, time, and energy. Light-weighting
using SLM through topology optimisation [1, 2] or the use of latticed structures [3, 4] to replace
bulk solid materials is appealing for various applications to increase functionality and reduce
operating costs. The process is commonly used with engineering materials such as titanium
alloys [5-8], stainless steels [9-11], nickel-based alloys [12-14], and aluminium alloys [15-20].
Aluminium alloys are widely used in a number of industrial sectors including the medical [8],
automotive, and aerospace industries [21]. Processing aluminium alloys by SLM is not as
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straightforward as with the other candidate materials because of its combination of physical
properties. Aluminium has high reflectivity and thermal conductivity that complicate processing
and contribute to promoting porosity in the produced parts. This problem requires the use of high
laser powers [22], multiple scans per layer to remedy the defects [15], and running prolonged
studies in pursuit of finding the best combination of parameters.

The industrial interest in SLM parts from Al alloys imposes the question of whether these
parts will be reliable in terms of mechanical properties. From a metallurgical perspective, SLM
of Al alloys produces a characteristically fine microstructure [19] developed as a consequence of
the fast rates of solidification. This might influence the mechanical properties when compared
with the coarse-grained material produced via conventional manufacturing processes. The
mechanical properties of SLM parts are affected by several factors, such as the build orientation
[16, 23, 24], pre-heating of the build platform [25, 26], and the energy density delivered to the
material during processing [26]. The tensile behaviour [16, 26-28] and micro-hardness [24, 27]
of SLM Al parts with different degrees of porosity have been previously investigated showing
improved strength for the SLM material when compared to the conventionally processed in
addition to reduced strength with increased porosity. The compressive behaviour of SLM Al
parts has mainly so far focussed on latticed structures [4] rather than solid parts.

This paper reports on the nano, micro, and macro mechanical properties of SLM
AlSilOMg. The nano level is represented by the nano-hardness, determined using
nanoindentation. The micro-hardness is measured to represent the micro-behaviour. In addition,
tensile and compressive tests are performed to evaluate the mechanical behaviour of the material
at the macroscopic level. Considering the different levels of mechanical properties for
selectively laser melted Al is new and this work aims at providing a comprehensive
understanding of the mechanical behaviour that will beneficial for the development of prediction
and simulation models.

Experimental work

AlSi10Mg powder supplied by LPW Technology (UK) was processed using a Renishaw
(UK) AM250 SLM machine equipped with a 200 W Yb-Fibre laser to produce test samples for
this study. The processing parameters are shown in Table 1. Cubic test samples with a 5 mm side
length were fabricated to be used in hardness tests (nano and micro-hardness). To reveal the
microstructure the samples were cross-sectioned, polished, and etched using Keller’s reagent
[29]. A Nanotest™ NTX Platform 3 nanoindenter (MicroMaterials LTD, UK) was used to
measure the nano-hardness of the samples using a Berkovich indenter following ASTM standard
E2546-07[30] in load control mode (maximum load = 7.5 mN). The indenter tip shape was
accounted for in the analysis as well as the thermal drift pre- and post-indentation. A Vickers
hardness tester was used to measure the micro-hardness, applying a load of 3 N. Ten indentations
per sample were conducted to obtain an average value.
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Table 1: SLM processing parameters used to produce test samples.

Laser power Point Exposure Hatch spacing Layer Scan strate
(W) distance (um)  time (us) (um) thickness (um) 9y
200 80 140 130 25 checkerboard

Standard dog-bone shaped tensile test specimens were manufactured with a gauge length
and diameter of 45 mm and 9 mm, respectively (see Figure 1). These samples were tested using
an Instron 5581 universal testing machine following ASTM standard E8/E8M [31] with an
extension rate of 0.5 mm/min. The displacement data were collected by a video gauge tracing a
random spatter pattern on the surface of the sample formed using white and black spray paints.
The fracture surfaces were examined using a Philips XL30 scanning electron microscope (SEM).
Standard cylindrical compression test specimens were built and machined down to have a 60:20
height-to-diameter ratio (see Figure 2). Compression tests were conducted using an Instron 5985
universal testing machine following ASTM standard E9 [32] with an extension rate of 0.3
mm/min. Strain data was collected using a linear variable differential transformer LVDT
between the crossheads.

Figure 1: Tensile test specimen dimensions.

Figure 2: Compression test specimen dimensions.

Results & Discussion

The average nano-hardness of the SLM material was 1.82 GPa (x 0.01 standard error) as
determined by indentations on the plane parallel to the build direction. No spatial variation was
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observed within an array of 104 indentations over an area of 130 um x 120 um, i.e. there is a
uniform hardness profile. This uniform nano-hardness is attributed to the fine microstructure and
uniform distribution of the alloying elements. The size of a nano-indent is larger than the average
grain size of SLM AISi10Mg, as demonstrated in Figure 3, where every indentation encompasses
a number of few grains. Fast solidification during SLM produced a fine microstructure with
continuous Si segregation at the grain boundaries of the o-Al grains. This is a typical
microstructure for SLM AlI-Si alloys [28]. This means that SLM produces parts with a
homogenous distribution of the different alloying elements, which in its turn leads to enhanced
mechanical properties in terms of showing no spatial variation in the local mechanical properties.

Figure 3: Micrographs showing (a) the array of indentations formed by a Berkovich tip using nanoindentation on the
polished surface of SLM AISi1l0Mg, (b) the indented region after etching by Keller's reagent, and (c) higher magnification
of the microstructure showing the grain size to be smaller than the nano-indent size.

The micro-hardness was (109.7 + 0.9) HV for indentations on the plane parallel to the
build direction. This micro-hardness is higher than the die cast counterpart by almost 10% [24].
The plane perpendicular to the build direction showed an average micro-hardness of (99.07 + 2)
HV. The difference in hardness between the two planes indicates anisotropy in the mechanical
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properties. Anisotropy in the mechanical properties of SLM parts from Al alloys has been
previously reported by [16, 24] and attributed to the layer-by-layer approach and the grain
structure and texture developed as a result of the thermal gradient.

The engineering stress-strain curve in Figure 4 shows that the samples behaved in a
relatively brittle fashion, as demonstrated by the low elongation to failure and the high ultimate
tensile strength (UTS). The tensile strength of the SLM AISi10Mg supersedes that of the A360
die cast material (~320 MPa UTS and 175 MPa yield strength [33]) but the ductility of the SLM
material is less than that of the die-cast A360 (~3.0% [33]), which is an alloy with a fairly
comparable composition to AlISilOMg. The contributors to strengthening the SLM material are
(1) grain size reduction developed by rapid solidification, (2) solid solution strengthening, and
(3) dislocation strengthening.
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Figure 4: Engineering tensile stress-strain curve demonstrating the behaviour of SLM AISi1l0Mg.

Failure in all the observed samples started at a surface or sub-surface defect (see Figure
5) and propagated circumferentially until the load bearing area became so small that fast
propagation occurred on a plane inclined to the fracture surface by 45° (shear lip). This scenario
is demonstrated in the cross-sectioned fracture surface in Figure 6. The fracture surface is shell
shaped, i.e. the removed material is in the shape of a series of adjacent crescents. This suggests
that the crack propagates along the boundaries between melt pools, i.e. failure through de-
cohesion from one layer to another. This is because the crack follows the softer regions in the
material. The melt pool boundary has a coarser microstructure compared to its core, which
indicates a reduction in the grain boundary area meaning less Si segregations at these regions
[34].
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Figure 5: The overall fracture surface of a tensile sample with the origin of failure highlighted along with the direction of
crack propagation pointed out by arrows.
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Figure 6: Cross-sectional view of the fracture surface of a tensile sample demonstrating crack propagation along melt
pool boundaries.

The compressive behaviour is demonstrated by the representative curve in Figure 7. The
samples did not fracture under compressive loading, but rather deformed by buckling until the
load reached the maximum capability of the test rig, when the test was stopped. The compressive
strain at failure in this case cannot be quantified because failure was not observed.
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Figure 7: Representative curve for the compressive behaviour of SLM AISi10Mg.

Summary & Conclusions

The SLM material showed uniform nano-hardness because of the very fine
microstructure and good distribution of Si segregated at the grain boundaries of the a-Al. The
micro-hardness was better than the die cast equivalents but the SLM part showed evidence of
anisotropy in which the hardness along the build direction was higher than the perpendicular one.
Similarly, the tensile strength was higher than the die cast counterpart but with poorer ductility.
The compressive strength of the SLM AISilOMg was also determined and the material
performed in a ductile manner, i.e. samples didn’t fracture under compressive loading. The
reported results in the study are important as they pave the way towards acquiring a
comprehensive understanding of the mechanical behaviour of the SLM material at the multiple
scales. The presence of a complete data set of the mechanical properties of the selectively laser
melted material, such as the one presented here considering the multi-scale mechanical
properties, aids in the development of prediction and simulation models. Moreover, this study, to
the authors’ knowledge, is the first to report on the compressive properties of solid selectively
laser melted Al alloys since the work found in the literature is mainly restricted to the
compressive behaviour of latticed structures. This work will be followed by research
incorporating the effect of various heat treatments on the mechanical properties since the
response of SLM Al material to heat treatments, in terms of microstructure evolution and
hardness, was previously reported to be different from conventionally manufactured materials

[34].

1032



ACKNOWLEDGEMENTS

Nesma T. Aboulkhair gratefully acknowledges funding provided by the Dean of
Engineering Scholarship for International Research Excellence, Faculty of Engineering,
University of Nottingham. Special thanks to the Metals and Metallurgy Trust (IOM3), the East
Midlands Materials Society (EMMS), and the Armourers and Brasiers for their support in travel
expenses. Also, the authors would like to thank Mr. Mark Hardy, Mr. Tom Buss, and Mr. Jason
Greaves for their help in samples preparations and testing.

REFERENCES

[1] Brackett D, Ashcroft I, Hague R. Topology optimization for additive manufacturing. Solid
Freedom Fabrication Symposium. Texas, USA 2011.

[2] Aremu A, Ashcroft I, Wildman R, Hague R, Tuck C, Brackett D. The effects of bidirectional
evolutionary structural optimization parameters on an industrial designed component for
additive manufacture. Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture 2013.

[3] Maskery I, Aremu AO, Simonelli M, Tuck C, Wildman RD, Ashcroft IA, Hague R.
Mechanical Properties of Ti-6Al-4V Selectively Laser Melted Parts with Body-Centred-Cubic
Lattices of Varying cell size. Experimental Mechanics 2015, 1-12.

[4] Qiu C, Yue S, Adkins NJE, Ward M, Hassanin H, Lee PD, Withers PJ, Attallah MM.
Influence of processing conditions on strut structure and compressive properties of cellular
lattice structures fabricated by selective laser melting. Materials Science and Engineering: A
2015 (628) 188-197.

[5] Simonelli M, Tse YY, Tuck C. Microstructure of Ti-6Al-4V produced by selective laser
melting. Journal of Physics: Conference Series 2012, 371.

[6] Gu D, Hagedorn Y-C, Meiners W, Meng G, Batista RJS, Wissenbach K, Poprawe R.
Densification behavior, microstructure evolution, and wear performance of selective laser
melting processed commercially pure titanium. Acta Materialia 2012 (60) 3849-3860.

[7] Simonelli M. Microstructure Evolution and Mechanical Properties of Selective Laser Melted
Ti-6Al-4V [Doctoral Thesis]: Loughborough University; 2014.

[8] Wycisk E, Solbach A, Siddique S, Herzog D, Walther F, Emmelmann C. Effects of Defects in
Laser Additive Manufactured Ti-6Al-4V on Fatigue Properties. Physics Procedia 2014 (56) 371-
378.

[9] Li R, Shi Y, Wang Z, Wang L, Liu J, Jiang W. Densification behavior of gas and water
atomized 316L stainless steel powder during selective laser melting. Applied Surface Science
2010 (256) 4350-4356.

[10] Kamath C, El-dasher B, Gallegos GF, King WE, Sisto A. Density of Additively-
Manufactured, 316L SS Parts Using Laser Powder-Bed Fusion at Powers Up to 400W.
International Journal of Additive Manufacturing Techologies 2013.

[11] King WE, Barth HD, Castillo VM, Gallegos GF, Gibbs JW, Hahn DE, Kamath C,
Rubenchik AM. Observation of keyhole-mode laser melting in laser powder-bed fusion additive
manufacturing. Journal of Materials Processing Technology 2014 (214) 2915-2925.

[12] Kanagarajah P, Brenne F, Niendorf T, Maier HJ. Inconel 939 processed by selective laser
melting: Effect of microstructure and temperature on the mechanical properties under static and
cyclic loading. Materials Science and Engineering: A 2013 (588) 188-195.

1033



[13] Ardila LC, Garciandia F, Gonzalez-Diaz JB, Alvarez P, Echeverria A, Petite MM, Deffley
R, Ochoa J. Effect of IN718 Recycled Powder Reuse on Properties of Parts Manufactured by
Means of Selective Laser Melting. Physics Procedia 2014 (56) 99-107.

[14] Carter LN, Attallah MM, Reed RC. Laser Powder Bed Fabrication of Nickel-Base
Superalloys: Influence of Parameters; Characterisation, Quantification and Mitigation of
Cracking. Superalloys, 2012: John Wiley & Sons, Inc. 2012, 577-586.

[15] Aboulkhair NT, Everitt NM, Ashcroft I, Tuck C. Reducing porosity in AISilOMg parts
processed by selective laser melting. Additive Manufacturing 2014 (1-4) 77-86.

[16] Read N, Wang W, Essa K, Attallah MM. Selective laser melting of AISi10Mg alloy: Process
optimisation and mechanical properties development. Materials & Design 2015 (65) 417-424.
[17] Louvis E, Fox P, Sutcliffe CJ. Selective laser melting of aluminium components. Journal of
Materials Processing Technology 2011 (211) 275-284.

[18] Kempen K, Thijs L, Van Humbeeck J, Kruth JP. Processing AlSi10Mg by selective laser
melting: parameter optimisation and material characterisation. Materials Science and
Technology 2014.

[19] Thijs L, Kempen K, Kruth J-P, Van Humbeeck J. Fine-structured aluminium products with
controllable texture by selective laser melting of pre-alloyed AISi10Mg powder. Acta Materialia
2013 (61) 1809-1819.

[20] Olakanmi EO, Cochrane RF, Dalgarno KW. Densification mechanism and microstructural
evolution in selective laser sintering of Al-12Si powders. Journal of Materials Processing
Technology 2011 (211) 113-121.

[21] Matilainen V, Piili H, Salminen A, Syvénen T, Nyrhila O. Characterization of Process
Efficiency Improvement in Laser Additive Manufacturing. Physics Procedia 2014 (56) 317-326.
[22] Buchbinder D, Schleifenbaum H, Heidrich S, Meiners W, Biltmann J. High Power
Selective Laser Melting (HP SLM) of Aluminum Parts. Physics Procedia 2011 (12) Part A: 271-
278.

[23] Simonelli M, Tse YY, Tuck C. Effect of the build orientation on the mechanical properties
and fracture modes of SLM Ti—6Al-4V. Materials Science and Engineering: A 2014 (616) 1-11.
[24] Kempen K, Thijs L, Van Humbeeck J, Kruth JP. Mechanical Properties of AlSil0Mg
Produced by Selective Laser Melting. Physics Procedia 2012 (39) 439-446.

[25] Brandl E, Heckenberger U, Holzinger V, Buchbinder D. Additive manufactured AlSi10Mg
samples using Selective Laser Melting (SLM): Microstructure, high cycle fatigue, and fracture
behavior. Materials & Design 2012 (34) 159-169.

[26] Siddique S, Imran M, Wycisk E, Emmelmann C, Walther F. Influence of process-induced
microstructure and imperfections on mechanical properties of AlSil12 processed by selective
laser melting. Journal of Materials Processing Technology 2015 (221) 205-213.

[27] Wang XJ, Zhang LC, Fang MH, Sercombe TB. The effect of atmosphere on the structure
and properties of a selective laser melted Al-12Si alloy. Materials Science and Engineering: A.
2014 (597) 370-375.

[28] Prashanth KG, Scudino S, Klauss HJ, Surreddi KB, Léber L, Wang Z, Chaubey AK,

Kihn U, Eckert J. Microstructure and mechanical properties of Al-12Si produced by selective
laser melting: Effect of heat treatment. Materials Science and Engineering: A 2014 (590) 153-
160.

[29] Voort GFV. Metallography: Principles & practice. United States of America: ASM
International 1999.

1034



[30] ASTM. E2546-07 Standard practice for instrumented indentation testing, West
Conshohocken: ASTM International; 2007.

[31] ASTM. E8/E8M-13a Standard Test Method for Tension Testing of Metallic Materials.
Book of standards volume 0301, West Conshohocken: American Society for Testing and
Materials ASTM; 2013.

[32] ASTM. E9-09 Standard Test Method for Compression Testing of Metallic Materials at room
temperature. West Conshohocken: American Society for Testing and Materials ASTM; 2009.
[33] Properties of aluminum alloys tensile creep and fatigue data at high and low temperatures.
Materials Park (Ohio): ASM International 1999.

[34] Aboulkhair N, Tuck C, Ashcroft I, Maskery I, Everitt N. On the Precipitation Hardening of
Selective Laser Melted AISi10Mg. Metallurgical and Materials Transactions A 2015, 1-5

1035





