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1. Introduction

In a product development context, the term Rapid Prototyping (RP) was widely used to
describe technologies which created physical prototypes directly from digital data. The first
methods for rapid prototyping became available in the late 1980s and were used to produce
models and prototype parts. Users of RP technology have come to realize that this term is
inadequate to describe the more recent applications of these technologies. The ASTM F-42
committee was recently formed to standardize Additive Manufacturing (AM) terminology
and develop industry standards. According to their first standard, ASTM F2792-10, AM is
defined as “The process of joining materials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing technologies”. The basic principle of this technology
is that a geometric model, initially generated using three-dimensional Computer Aided Design
(3D CAD) system (e.g. CATIA, Pro/Engineer, SolidWorks), can be manufactured directly
without the need of process planning [1].

There are many related terms used to describe AM and common synonyms include: additive
fabrication, additive layer manufacturing, direct digital manufacturing, 3D printing and
freeform fabrication. Within the last 20 years, AM has evolved from simple 3D printers used
for rapid prototyping in non-structural resins to sophisticated rapid manufacturing systems
that can be used to create functional parts in different engineering materials directly without
the use of tooling. Most work to date has been conducted using polymer materials, but the
development of AM processes such as Selective Laser Sintering/Melting, Electron Beam
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Melting and Laser Engineered Net Shaping enabled to build parts by using metallic materials,
metal matrix composites and ceramic materials. Additive manufactured parts are now utilized
in aerospace, automotive, medical fields and also in consumer products and military [1-3].

Additive manufacturing or 3D printing is receiving unprecedented attention from the
mainstream media, investment community, and national governments around the world. This
attention reached a pinnacle when 3D printing was mentioned by United States President
Barack Obama in his February 2013 State of the Union address. AM, just 25 years old and still
a relatively small industry, has completed a transformation from obscurity to something that
many can’t stop talking about. In 2011, about 1600 articles were found. In 2012, they were 16000,
a tenfold increase. Prototyping has been the technology’s biggest application, thus the name
rapid prototyping, and it remains a key category. The fastest-growing application, however,
is in the actual manufacturing of parts for final products. In just 10 years, this important
application has grown from almost nothing to more than 28% of the total global product and
service revenues. The manufacturing of final parts, rather than prototyping, is where the
manufacturing money is, and it is the most significant part of AM’s future. Researchers and
industry leaders in the European Union (EU) have identified AM as a key emerging technol‐
ogy. Teaming relationships have been formed between university, industry, and government
entities within and across countries. The overall level of activity and infrastructure in the EU
is greater to that of the U.S. in this key area. Several large cooperative projects have been
funded, worth of millions of euros across Europe, among them AMAZE (Additive Manufac‐
turing Aiming Towards Zero Waste & Efficient Production of High-Tech Metal Products) [4],
RAPOLAC (Rapid Production of Large Aerospace Components) [5], Custom Fit (aiming at
mass customized consumer and medical project manufacturing) [6], E-BREAK (Engine
Breakthrough Components and Subsystems) [7], TiAlCharger (Titanium Aluminide Turbo‐
chargers-Improved Fuel Economy, Reduced Emissions) [8], and many others. Large aerospace
companies, such as Boeing, GE Aviation, and Airbus, are hard at work qualifying AM
processes and materials for flight. Boeing, for example, now has 200 different AM part numbers
on 10 production platforms, including both military and commercial jets [9].

In 2013, NASA and Aerojet Rocketdyne have been testing rocket engine components made
using additive manufacturing. At temperatures approaching 3300 °C, the AM rocket fuel
injectors performed identically to conventionally manufactured parts. The series of tests
demonstrated the ability to design, manufacture and test a critical rocket engine component
using selective laser melting (SLM) manufacturing technology. This type of injector manufac‐
tured with traditional processes would take more than a year to make, but with these new
processes it can be produced in less than four months, with a 70 percent reduction in cost
[10]. The General Electric Aviation has used SLM to produce parts for its upcoming LEAP
(Leading Edge Aviation Propulsion) family of turbofan engines, made in conjunction with
France's Snecma.

AM technologies have the potential to change the paradigm for manufacturing, away from
mass production in large factories with dedicated tooling and with high costs, to a world of
mass customization and distributed manufacture. AM can be used anywhere in the product
life cycle from pre-production prototypes to full scale production, as well as for tooling
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applications or post production repair. AM processes are stimulating innovation in component
design, enabling the manufacture of parts that cannot be made by traditional methods and are
stimulating alternative business models and supply chain approaches. AM enables the
manufacture of highly complex shapes with very few geometric limitations compared to
traditional manufacturing processes.

This freedom of design, for example, has led to the technology being used to manufacture
topologically optimized shapes with improved strength to weight ratios, a fundamental aspect
in both aerospace and automotive design to reduce vehicle weight. For the bio-medical
industry, AM is already leading to a revolution in customized medicine where dental implants,
orthopedics, and hearing aids are manufactured to fit an individual’s unique physiology.

However, despite many examples of growth and progress, many myths and misconceptions
associated with the technology have developed:

• AM is a low-labor content “pushbutton” technology.

At the moment, a lot of work occurs before and after the actual production of the parts: in fact
data needs to be prepared at the front end, which may require CAD expertise, the repair of the
models, and optimization of support structures. Moreover, main building parameters, such as
layer thickness, temperature, scan speed, and a number of other options may need to be
adjusted for a particular part or type of material.

• AM is fast.

As the name implies, AM systems build parts by depositing, fusing, curing, or laminating
consecutive layers of material. These layers are typically 0.025–0.250 mm in thickness, so parts
often require thousands of layers. Therefore the preparation of large parts could take even
several days.

• AM systems can produce anything.

Most of AM systems can successfully build shapes that cannot be fabricated easily or at all
using conventional methods of manufacturing. However, AM processes also have limitations.
One is minimum wall thickness. Another is the requirement for supports on down-facing
surfaces, which can be difficult to remove. Material that is trapped in internal channels can
also be difficult or impossible to remove, and the dimension of the internal channels determines
the degree of difficulty in removing material.

• AM systems and materials are inexpensive.

Generally, industrial AM systems are more expensive than CNC machining centers, and
starting materials are far more expensive (for example high quality powders, with controlled
chemical composition, size and shape).

In any case, as AM continues to develop on multiple levels and in many directions, it will gain
more momentum and respect as a method of manufacturing. Metal parts from some AM
systems are already on par with their cast or wrought counterparts. As organizations qualify
and certify these and other materials and processes, the industry will grow very large. 3D
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printing is not competing with conventional manufacturing techniques, but is instead
complementing and hybridizing with them to make new things possible.

2. Additive manufacturing processes for metals

It was less than 10 years ago that these systems began to gain traction commercially. Today,
seven companies, all in Europe, offer systems based on powder bed fusion technology.
Examples of powder bed fusion are direct metal laser sintering (DMLS) from EOS and selective
laser melting (SLM) from Renishaw. The most popular metal systems use a laser to heat and
melt fine particles in a powder bed. Parts obtained with these systems are impressive,
especially the fine features and small internal channels that are possible.

Systems that instead use an electron beam as the energy source are much faster, but the surface
finish and feature detail are not as impressive. In the case of some orthopedic implants,
however, a rough surface is preferred. This, coupled with speed, is why many medical implant
manufacturers have selected electron beam melting (EBM) systems from Arcam (Arcam is
currently the only manufacturer to use electron beam energy in a powder bed). Many metal
parts that are currently being made by AM can be cost prohibitive, difficult, or impossible to
produce using conventional methods, such as casting or machining.

This gives AM an advantage, but only if the right types of parts are selected. Quality require‐
ments play a role. Good feature detail and surface finish are possible and comparable to metal
castings, but they do not match the surface quality of CNC machined parts. If a part can be
produced conventionally at a reasonable cost and the volume is relatively high, it is often best
to go that route at the present time. The metal AM systems are complemented by extensive
CNC machining and other traditional processes.

Many types of metals are available on metal AM systems. Among the most popular for medical
and aerospace applications is the titanium alloy Ti-6Al-4V. Other metals used are cobalt–
chrome, stainless steels, tool steels, aluminium alloys such as AlSi10Mg, jewelry and dental
gold alloys, nickel-based superalloys such as Inconel 625 and 718, and TiAl alloys. Aerospace-
grade aluminium and other metals are in development. All of the unused metal powder can
be recycled in the machines after sieving. Industry standards are becoming increasingly
important as companies apply AM to the production of final products. In January 2012, ASTM
International Committee F42 on Additive Manufacturing Technologies approved F2924-12
Standard Specification for Additive Manufacturing Titanium-6Aluminium-4Vanadium with
Powder Bed Fusion. It is the first AM material standard by ASTM and it could give a boost to
the additive manufacture of Ti-6Al-4V.

The technology classification agreed by the AM SIG (Special Interest Group) can be seen
detailed in Table 1, which shows seven top level classifications for additive manufacturing
technologies, below which there are a range of different material classifications, and discrete
manufacturing technologies produced by a range of global companies.
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Classification Technology Description Materials Developers (Country)

Binder Jetting 3D Printing

Ink-jetting

S-Print

M-Print

Creates objects by

depositing a binding

agent to join powdered

material

Metal, Polymer,

Ceramic

ExOne (US)

VoxelJet (Germany)

3D Systems (US)

Direct Energy

Deposition

Direct Metal Deposition

Laser Deposition

Laser Consolidation

Electron Beam Direct Melting

Builds parts by using

focused thermal energy

to fuse materials as

they are deposited on a

substrate

Metal: powder

and wire

DM3D (US)

NRC-IMI (Canada)

Irepa Laser (France)

Trumpf (Germany)

Sciaky (US)

Material Extrusion Fused Deposition Modeling Creates objects by

dispensing material

through a nozzle to

build layers

Polymer Stratasys (US)

Delta micro Factory

(China)

3D Systems (US)

Material Jetting Polyject

Ink-jetting

Thermojet

Builds parts by

depositing small

droplets of build

material, which are

then cured by exposure

to light

Photopolymer,

Wax

Stratasys (US)

LUXeXcel (Netherlands)

3D Systems (US)

Powder Bed Fusion Direct Metal Laser Sintering

Selective Laser Melting

Electron Beam Melting

Selection Laser Sintering

Creates objects by using

thermal energy to fuse

regions of a powder

bed

Metal, Polymer,

Ceramic

EOS (Germany)

Renishaw (UK)

Phenix Systems (France)

Matsuura Machinery

(Japan)

ARCAM (Sweden)

3D Systems (US)

Sheet Lamination Ultrasonic Consolidation

Laminated Object Manufacture

Builds parts by

trimming sheets of

material and binding

them together in layers

Hybrids,

Metallic,

Ceramic

Fabrisonic (US)

CAM-LEM (US)

VAT

Photopolymerisation

Stereolithography

Digital Light Processing

Builds parts by using

light to selectively cure

layers of material in a

vat of photopolymer

Photopolymer,

Ceramic

3D Systems (US)

EnvisionTEC (Germany)

DWS Srl (Italy)

Lithoz (Austria)

Table 1. Classification of additive manufacturing processes defined by the AM SIG – adapted from ASTM AM
classifications (2012) [11].

3. Direct metal laser sintering — DMLS

Direct Metal Laser Sintering (DMLS), a trademark of EOS GmbH (Germany), is an Additive
Manufacturing (AM) technology that creates parts in a layer-by-layer fashion directly from
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computer-aided design by selectively fusing and consolidating thin layers of powders with a
scanning laser beam. DMLS is a net-shape process, producing parts with high accuracy and
detail resolution, good surface quality and excellent mechanical properties. As mentioned
before, it has many benefits over traditional techniques and its application for manufacturing
three dimensional objects represents one of the promising directions to solve challenging
industrial problems. Moreover, since the components are built layer by layer, it is possible to
design internal features and passages that could not be cast or otherwise machined. Complex
geometries and assemblies with multiple components can be simplified to fewer parts with a
more cost effective assembly. DMLS does not require special tooling like castings, so it is
convenient for short production runs. Applications using this technology include direct parts
for a variety of industries including automotive and other industries that use complex parts
of small to medium size. For instance, concerning space applications, when the "buy to fly
ratio" of a structure is below about 30%, meaning that more than 70% is machined away,
additive manufacturing technologies become an alternative to conventional machining for
complex metallic parts. And when direct manufacturing allows to produce in one shot
spacecraft structures resulting from complex assemblies, then the offered possibilities are
really huge. DMLS has also already been used to fabricate lightweight structures, similar to
cellular structures. Inspiring to natural systems, a variety of synthetic cellular solids could be
made including stochastic foams, consolidated powders, hollow sphere structures, honey‐
combs, textile laminates and lattice block or miniature truss structures. The cellular metal
structures have been used in various industrial applications such as heat exchangers, in
automotive and aerospace industries, thanks to their valuable characteristics as low density,
high strength, good energy absorption and good thermal properties. Virtually any material
can be produced by additive manufacturing, most of those by DMLS, with the exception of
some intermetallic and high temperature alloys.

One of the most interesting types of these materials are aluminium alloys. It is rather easy to
produce alloys with compositions suitable for casting, since they will melt easily, but recently
wrought alloys have also been fabricated by this technique, and new ones are being studied.
The microstructure of these alloys is peculiar, since the very fast cooling occurring after the
melting induced by laser provides an ultra-fine microstructure and this is responsible for a
significant increase of the mechanical properties that can be obtained with conventional casting
processes followed by heat treatments. It is also possible, to increase specific properties of the
alloy, to produce aluminium matrix composites (AMC). These could have applications in high-
demanding components, for instance in automotive and aerospace industries, where it is
necessary to improve stiffness, hardness and high temperature properties. Ceramic discon‐
tinuous reinforcements are the most suitable reinforcement that can be envisaged.

4. DMLS process

Initially, all contour of the layer structure is exposed with a selected laser power and contour
speed. As the diameter of the melted zone is usually larger than the laser diameter, it is
necessary to compensate the dimensional error and the laser beam must be shifted by half the
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width from the contour to the inside, to make sure that the contour of the later part will
correspond exactly to the original CAD data. This correction of the position is called Beam
Offset (BO) [12]. The BO value is again defined with respect to the edge of the boundary (Figure
1), and if this value is higher or less than the correct value, the particles of the irradiated region
may be not melted or over-melted. During hatching, the laser beam moves line after line several
times to assure that the melting process can unroll completely. The distance between the lines
is called hatching distance (hd) and is set about one quarter of the laser beam.

Another important parameter that can lead to a distorted part or a process interruption is the
layer thickness. If the value is too high, no optimal adhesion between the single layers can be
realized because the melting depth is not high enough. Furthermore, mechanical tension can
be generated through this layer which can lead to detachment of the layer below. If the selected
value is too small, a tearing-off of a structure can happen during the recoating process, since
the melted particles get struck between it and recoater blade [12].

Figure 1. Exposure strategies.

5. DMLS scanning strategy

Many scanning options are provided in commercial SLM machines which include skywriting
and hatch pattern along x, y, both in xy and alternating in xy for different requirements. DMLS
EOS machine has up-skin and down-skin options to improve mechanical properties by
allowing user to assign different process parameters at adjoining layers. Subsequent para‐
graphs illustrate salient features of scanning strategies available with DMLS process.

5.1. Skywriting

During scanning a certain time is needed to accelerate the mirrors to the desired speed. This
is due to inertia of mirrors used for scanning. During this time laser beam cover some distance
in which speed is not constant hence more energy is applied at the edges of the part than the
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inside of the part. To avoid this situation and to keep acceleration and retardation phase out
of the layer geometry, skywriting option is provided in DMLS machines. If skywriting option
is selected, then the mirror is accelerated already before the start of the part so that it has
reached the desired speed before the beginning of exposure. Laser is switched on at the start
of the part. Similarly retardation phase begins at the part end where the laser is switched off
as shown in Figure 2.

Figure 2. The exposure vector is shown by a solid line (1). The dashed line presents the skywriting. In this area the laser
beam is run with a laser power of 0 W (3). With the beginning of the part (4), the laser power switched on with a sized
value and the laser beam is running with a constant velocity.

5.2. Hatch pattern

Four choices for hatch pattern selection are generally available, i.e., along x, along y, both in
xy or alternating in xy as shown in Figure 3. Scanning can be done either along x or along y
(Figure 3a and 3b). If both in x and y options are selected than there will be double exposure
on the layer, once along x and then along y (Figure 3c). In alternating in xy choice, direction of
scanning is changed for alternating layers (Figure 3d). Figure 3e shows the direction of
scanning rotated of 67° between consecutive layers. This is default value of the hatch pattern
in DMLS EOS machine.

Figure 3. Different hatch patterns or scanning strategies.
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5.3. Up-skin and down-skin

The layer above which there is no area to be exposed, is termed up-skin, and is built in three
layers. Similarly the layer below which there is no exposed area is called down-skin, and is
built in two layers. The rest of the part is termed core or in-skin, and is shown in Figure 4.
Commercial machine software calculates up-skin, down-skin and core areas and different
parameters can be assigned for these areas. Some overlapping area between core and up-down-
skin area can also be assigned for improved joining among these zones.

Figure 4. Up-skin, down-skin and core regions.

6. Materials processed by DMLS

Table 2 condenses a list of metal-based materials processed by SLM/DMLS as available in the
literature.

Some of the main common features for different materials processed by SLM are summarized
hereafter.

Microstructure: small grains, non-equilibrium phases and new chemical compounds are
formed during SLM of metal powders [28,40].

Mechanical properties: due to the formation of very fine grains and non-equilibrium structures,
the SLM parts could exhibit better mechanical properties (yield strength, ultimate tensile
strength and ductility) than the wrought products [28]. Yasa et al. [20] have studied the Charpy
impact test of TiAl6V4, A316L stainless steel and maraging steel parts produced by SLM.
Spierings et al. [41] have investigated the influence of three different size distribution of 316L
stainless steel powder on mechanical properties and surface quality. Their research concluded
that powder with smaller size particle distribution could be easily melted and yields high
density, high mechanical strength and productivity.

Anisotropy: the parts are produced by stacking layers in SLM, due to this reason the parts have
some anisotropy in a particular direction. Buchbinder et al. [42] have investigated the fatigue
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testing of AlSi10Mg parts produced by SLM. Their investigation concluded that sample
produced in x plane exhibited higher fatigue resistance than samples produced in other
orientations. Yadroitsev et al. [27] have studied the mechanical properties of SLM parts. They
found that Young’s modulus of Inconel 625 parts produced in xy plane are 1.5 greater than
that of parts produced in z direction. Qiu et al. [43] studied the microstructure and tensile
properties of Ti6Al4V parts produced by SLM in two different orientations. They found that
Ti6Al4V parts show high tensile strength, but the Ti6Al4V samples oriented along z axis
showed higher ductility than that of sample oriented in xy plane. This anisotropy was caused
by the orientation of the columnar grains with respect to the tensile test direction. Thijs et al.
[44] studied about SLM of tantalum parts. Their study revealed that grains were oriented in
<111> direction, because of partial re-melting of the previous layer, competitive growth
mechanism and specific global direction of heat flow during SLM of tantalum. This texture
formation had a large influence on yield strength during compression test of tantalum parts.

Residual stresses: these are induced in the SLM parts due to the complexity in melting behavior
of layers. Re-melting and solidifying of previously melted layers can cause stress field to exceed
the yield strength of the material, causing distortion of the part. Studies show that island scan

Family Material References

Metals and alloys Steel hot-work steel [13]

stainless steel 316L [14-17]

martensitic steel [18]

tool steel [15-19]

maraging steel [20]

Titanium Ti6Al4V [21-24]

Ti6Al7Nb [25]

Nickel based alloy Inconel 718 [26]

Inconel 625 [27]

Copper copper [28-29]

Gold Gold [30]

Aluminium A6061 [31]

AlSi12 and AlSi12Mg [32,33]

AlSi10Mg [34-37]

Composites MMC Fe-graphite, Ti- graphite/diamond, Ti-SiC, AlSi-SiC, AlMg-SiC, Co-WC, Fe-SiC

and Cu, Ni, Ti, C, Cu-TiC and Cu, Ni, Ti, B4C, Cu-TiB2 [38]

Al4.5Cu3Mg-SiC [39]

CMC ZrO2, Y2O3, Al, Al2O3 and TiO2,Al,C TiC/Al2O3 [38]

Table 2. Examples of materials used in SLM/DMLS.
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strategy could reduce the residual stress of SLM parts [45]. Shiomi et al. [46] measured residual
stress of chromium molybdenum steel parts produced by SLM. They found that: performing
stress relieving treatment of build platform along with parts at about 700 °C for one hour,
decreased residual stress by 70%, re-scanning of each layer reduced the residual stresses by
55% and heating of build platform to 160 °C reduced the residual stresses by 40%. Mercelis
and Kruth have used crack compliance method and XRD to measure residual stress of 316L
stainless steel parts produced by SLM. Zaeh and Branner [47] have carried out Finite Element
Analysis to evaluate residual stress of steels processed by SLM and they also measured residual
stress by using neutron diffraction.

Surface Roughness: the surface roughness of the SLM parts is higher than that of conventionally
produced parts. Vertical faces of the part have lower surface roughness than that of curved or
inclined or top faces. To improve the surface finish of the SLM parts, secondary operations like
shot peening, machining or abrasive jet machining are carried out. Kruth et al. [48] showed
that the surface quality of Stainless steel 316L and Ti6Al4V parts could also be improved in
SLM by using Selective Laser Erosion (SLE) and re-melting. Calignano et al. [12] have im‐
proved the roughness of AlSi10Mg parts produced by DMLS process.

7. Case study — AlSi10Mg parts by DMLS

7.1. Experimental equipment

Aluminium alloy samples were produced by DMLS with an EOSINT M270 Xtended version.
In this machine a powerful Yb (Ytterbium) fiber laser system in an argon atmosphere is used
to melt powders with a continuous power up to 200 W and a spot size of 100 μm. The alumi‐
nium powder alloy used in this study is a gas atomized one produced by EOS Gmbh (Ger‐
many), and its nominal composition is reported in Table 3.

Element Si Fe Cu Mn Mg Zn Ti Al

Weight % 9-11 ≤0.55 ≤0.05 ≤0.45 0.2-0.45 ≤0.1 ≤0.15 remainder

Table 3. Nominal composition of EOS AlSi10Mg alloy powder in accordance with standard DIN EN 1706:2010-06.

This alloy is similar to an A360.2 alloy [49]: thanks to its near eutectic composition in the Al-
Si phase diagram it is often used in casting, having a melting temperature around 570 °C. This
alloy offers good strength and hardness and is therefore used for parts with thin walls and
complex geometry subjected to high loads, as in the aerospace and automotive industries.

Table 4 shows the default values assigned to up-skin, down-skin and core for the scan speed,
laser power and hatching distance parameters in producing the Al alloy specimens.

Samples of rectangular shape and 50 × 10 × 3 mm size were produced to analyze the density,
hardness and Young’s Modulus. Considering tensile tests, specimens were built according to
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the standard ASTM E8M. For the analysis on the surface roughness, the three input or control
factors chosen for up-skin were scan speed, laser power and hatching distance (Table 5). The
surface finish of the samples was then analyzed though a 3D scanner ATOS Compact Scan 2M
(GOM GmbH) and a MarSurf M 300C (Mahr GmbH) mobile roughness measuring instrument
before and after post-processing. To compare the different DMLS samples, the average value
of the ordinates from centerline, defined as Ra, was used. It is theoretically derived as the
arithmetic average value of departure of the profile from the mean line along a sampling
length. The shot-peening process was performed with glass microspheres using a sand-
blasting machine, SD9 Northblast, in order to improve their surface finishing. The samples,
before and after shot peening, were also characterized by a Field Emission Scanning Electron
Microscope (FESEM) Zeiss SupraTM 40.

Variable Parameters Values

Scan speed (mm/s) 800, 850, 900, 950, 1000, 1250

Laser power (W) 120, 155, 190

Hatching distance (mm) 0.10, 0.15, 0.20

Fixed Parameters Values

Layer thickness (µm) 30

Spot size (mm) 0.1

Table 5. Process parameters values for the up-skin.

7.2. Powder analysis

The AlSi10Mg powder was gas atomized and supplied by EOS GmbH. A preliminary
observation was made to investigate the morphology of the AlSi10Mg powder particles by
using the FESEM described above.

The spherical morphology and smooth surface of the powder particles result in a good
flowability and homogeneous layer distribution [36]. Figure 5 shows the FESEM micrograph
of AlSi10Mg powder in as received condition. The size of AlSi10Mg powder ranges from 1 to
35 μm with an average size around 23 μm. Bigger clusters of dimension larger than 40 μm
were also observed. Thus the powder was sieved to separate the agglomerated powder
particles each time before producing the final part in DMLS process.

Parameters Core Up-skin Down-skin Contour

Scan speed (mm/s) 800 1000 900 900

Laser power (W) 195 195 190 80

Hatching distance (mm) 0.17 0.2 0.1

Table 4. Default values of scan speed, laser power and hatching distance for EOS M270 Xtended.
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Figure 5. FESEM observation of AlSi10Mg powder.

In Table 6 are summarized the mean values for density, Young’s modulus and Vickers
Hardness. Moreover, considering for the AlSiMg alloy a theoretical density of 2.68 g/cm3 [49],
the percentage of the residual porosity can be calculated.

Density (g/cm3) Residual Porosity (%) Hardness (HV) Young’s Modulus E (GPa)

2.66 0.8 105 ± 5 73 ± 1

Table 6. Density, Hardness and Young’s Modulus of aluminium alloy DMLS specimens.

Considering tensile tests, the results are summarized in Table 7. Variations were not found
among performances of samples with different orientations on the powder deposition plane,
while there are some differences with the values obtained along the direction perpendicular
to it, as already discussed in a previous paragraph. In fact, as the name implies, the parts are
produced by stacking layers in SLM, due to this reason the parts have some anisotropy in the
so called “building direction”, or z axis.

Material Orientation Yield Strength [MPa]
Ultimate Tensile Strength

[MPa]

Elongation at break

[%]

AlSi10Mg after

DMLS

xy-plane 240 ± 8 330 ± 4 6.2 ± 0.4

z axis 230 ± 5 328 ± 4 4.1 ± 0.3

A360.0 F * – 170 317 5

Table 7. Mean values of tensile properties of aluminium alloy DMLS specimens produced according the standard
ASTM E8M, compared to a similar alloy in as-fabricated conditions [*].
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The AlSi10Mg DMLS specimen microstructure was analyzed by optical microscopy (Leica
DMI 5000 M optical microscope) and by FESEM. Top and a lateral surfaces of the specimens
were polished by using SiC abrasive papers of different grits and then by using 6 μm, 3 μm
and 1 μm diamond pastes respectively. Then they were etched with Weck’s reagent or HF in
water to highlight the scanning tracks or melt pools. The dimensions of the melt pools (width
and depth) depend on the laser power and hatching distance employed, and also on the
scanning strategy (Figure 3).

Figure 6 shows the optical microscopy images of AlSi10Mg specimen. Hauser et al. have
reported that the cross-section of the single tracks formed in SLM process were either crescent
shape or elliptical section [50]. From the optical micrograph of the AlSi10Mg sample polished
in the lateral surface (z direction), a typical crescent shape structure can be noticed, if the scan
track or melt pool is oriented perpendicular to the polished surface (Figure 6, on the left). Some
elongated scan tracks are also observed, when the scan track is aligned at an angle with respect
to the polished surface. This is due to the scanning strategy of the laser beam adopted (see
Figure 3e). Figure 6 shows also the optical microscopy image of AlSi10Mg specimen polished
in xy plane. The cross section of scan tracks of different layers and the overlapping of scan
tracks can be observed.

Figure 6. Microstructure of AlSi10Mg along Z direction (on the left) and along XY plane (on the right) after etching
with HF in water reagent.

The geometry of the scan tracks was not clear with the default scanning strategy, because the
scan lines are always rotated by 67° with respect to the scan lines of previous layer (see Figure
3e). In order to observe the geometry of the scan tracks, a specimen was produced by orienting
the scan lines along x axis. Figure 7 (a) and (b) show the microstructure of AlSi10Mg sample
produced by orienting scan tracks only along x axis (see Figure 3b).

It can be observed that the shape of scan tracks is crescent or elliptical. However, this specimen
had a higher porosity with respect to the ones obtained with the default scanning strategy.
Therefore, the default scanning strategy with 67° is generally chosen to produce AlSi10Mg
samples for the measurement of mechanical properties.
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To appreciate the small grain size, the section along the build direction was observed by
FESEM, focusing on a region between adjacent melt pools, as shown in Figure 8. After etching
with HF and going at higher magnification, it can be seen that the melt pool contour region is
characterized by a fine cellular-dendritic structure made by agglomerates of grains with mean
diameters of a hundred of nanometers or less [37]. It was found that these agglomerates are
different in length, thickness and aspect ratio, probably due to the different thermal heat fluxes
during each scanning track.

Figure 8. FESEM observations of AlSi10Mg specimen before etching (on the left), and after etching with HF (on the
right) at higher magnification.

Also, fracture surfaces after tensile tests were investigated by FESEM, as reported in Figure
9. As can be seen, the surface is covered by very fine dimples, clearly visible only at high
magnification. On the left image there can also be observed two little concave zones probably
related to two spherical particles not completely melted. At higher magnification is possible
to appreciate the very fine dimension of the microstructure, with presence of particles of tens
of nanometers.

Figure 7. Optical micrographs of AlSi10Mg specimen produced by orienting scan tracks along x axis, after etching
with Weck’s reagent [51].
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Figure 9. FESEM images of an aluminium alloy DMLS fracture surface covered by sub-micrometric voids and dimples
with a nanometric size.

7.3. Effect of heat treatments

Due to the high thermal gradients, DMLS process fabricates parts with high residual thermal
stresses. In order to avoid the bending of the AlSiMg parts fabricated, before removing them
from the building platform, it is fundamental to perform an annealing for 2 h at 300 °C.
Annealing offers very good dimensional and physical stability of the parts. It also provides
the lowest level of residual stresses. The cooling is done in furnace or in the still air.

Apart from this, it is not common to perform a post heat treatment such as for conventional
casting alloys. However, it is well known that mechanical properties of aluminium alloys are
affected by heat treatments. Hence, the influence of heat treatments on hardness and tensile
properties of AlSi10Mg parts produced by DMLS process was also investigated. In particular,
annealing (T2), T4 and T6 heat treatments were carried out on fifteen AlSi10Mg samples for
mechanical testing instead of stress relieving [51]. After the heat treatment, the hardness and
tensile properties of these specimens were evaluated.

The first specimens were subjected to annealing treatment at 530 °C for 5 hours and cooled in
the furnace. The second samples were obtained in T4 heat treatment: solution heat treated at
the temperature of 530 °C for 5 hours and then quenched in water, followed by a room
temperature ageing of at least two weeks. Finally the last samples were subjected to a T6 heat
treatment cycle [49]. In this case, the AlSi10Mg specimens were solution heat treated at the
temperature of 530 °C for 5 hours, then quenched in water and artificially aged at 160 °C for
12 hours.

The specimens were polished and the micro hardness was measured by using a Leitz instru‐
ment. The indentation load used was 50 g and duration of the indentation was 30 seconds. The
results are illustrated in Table 8. The hardness after the T6 heat treatment is 13% higher than
the mean value of the laser sintered AlSi10Mg samples just after the stress relieving treatment
(105 HV, Table 6). Considering the T4 heat treatment, it reduced hardness by 15 % compared
to AlSi10Mg sample without heat treatment, while with annealing the mean hardness was
reduced by 58 %.
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Type of heat treatment
Hardness (HV)

mean S.D.

Annealing 46 3

T4 89 7

T6 119 6

Table 8. Effect of heat treatment on hardness of AlSi10Mg samples.

Tensile tests were also performed on AlSi10Mg after heat treatments. Again the specimens
were produced according to ASTM E8M. The specimens were produced in the xy plane
orientation by using DMLS process. Post processing operations such as shot peening or
machining was not carried out on these specimens after heat treatments. The tensile tests of
heat treated AlSi10Mg specimens were carried out by using EasyDur 3MZ-5000.

The results of the tensile tests are summarized in Table 9 [51].

Type of heat

treatment

Rp0.2 (MPa) UTS (MPa) %A

mean S.D Mean S.D Mean S.D

Annealing 72 7 113 3 12.6 0.9

T4 131 9 227 4 6.9 0.8

T6 245 8 278 2 3.6 0.8

Table 9. Tensile properties of AlSi10Mg specimens after heat treatments [51].

It can be concluded that all the heat treatments reduced the tensile properties of AlSi10Mg
specimens (see also Table 7). Annealing reduced the ultimate tensile strength by 66 %, when
comparing to the tensile strength of AlSi10Mg specimens in “as built” condition (just after
DMLS, without shot peening). However, the elongation was improved by 103%, as expected.
The tensile strength of the AlSi10Mg specimens after T4 treatment was reduced by 31% and
ductility was improved by 11%, respectively. The ultimate tensile strength and elongation of
the AlSi10Mg samples after T6 heat treatment were decreased by 16% and 42%, respectively.
The only improvement observed after heat treatment is a slight improvement in yield strength,
from 240 to 245 MPa, for the T6 samples with respect to the “as built” condition.

Stress-strain curves obtained from tensile tests of specimens after different heat treatment
conditions are compared in Figure 10.

FESEM analysis of the fracture surfaces after different heat treatments were also performed,
and the micrographs are shown in Figure 11. It can be seen that the dimensions of the dimples
of fracture surface after each heat treatment considered are greater than the dimples of the
corresponding fracture surface just after a stress relieving treatment. The total energy of the
fracture is related to the size of the dimples [52]. Brandl et al. have reported that the SLM
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processing of AlSi10Mg by maintaining the build platform at 300 °C and T6 heat treatment
after SLM increase the fatigue resistance. This is due to homogenizing of microstructure after
T6 heat treatment [53].

7.4. DMLS samples surface morphology

Due to its versatility of materials and shapes, the main advantage of DMLS is to produce metal
complex-shaped components in one step, but it also has drawbacks that require careful process
control: the high temperature gradients and densification ratio during the process yield high
internal stresses or part distortion; the risk of balling and dross formation in the melt pool may
result in bad surface roughness (from 8 to 20 μm without any post-treatment) [54-55]. The
surface finish of a part, defined as the irregularities of any material resulting from machining
operations, is critical in many applications, for example those requiring a surface roughness
of 0.8 μm or better to avoid premature failure from surface initiated cracking [56]. There is no
standard method to enhance the surface quality due to the complex nature of the process and
to the different properties of the materials used [54,57]. Laser parameters like laser beam
power, spot size and process parameters like scanning speed, hatching distance and layer
thickness have a great influence on the quality of the laser sintered samples. The effect of some
process parameters on AlSi10Mg parts produced by DMLS was studied through statistically
designed experiments based on an L18 orthogonal array of Taguchi design [12]. Scan speed was
found to have the greatest influence on the surface roughness. The Taguchi method uses S/N
ratio to measure the variations of the experimental design. The equation of smaller-the-better
was selected for the calculation of S/N ratio since it yields the lowest values of surface rough‐

Figure 10. Stress vs strain curves of AlSi10Mg specimens in “as built” condition and after heat treatments [51].
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ness. It was found that S/N ratio is minimized when the scan speed is 900 mm/s, the laser power
is 120 W, and the hatching distance is 0.10 mm.

The process of shot-peening involves a mechanical surface treatment whereby small balls
impinge on the surface of the component. The repeated impacts not only induce compressive
residual stress but also refine the microstructure at the surface and sub-surface region [58,59].
The near surface compressive residual stress field reduces the effective applied stresses of the
component during application, which results in delayed crack initiation and retarded early
crack propagation. It is important that shot-peening method is optimized to improve the depth
of favorable compressive residual stress fields while minimizing surface roughening [59,60].

Figure 12 shows the surface roughness of a sample after the DMLS process (Ra=23.08 μm,
Rz=152.92 μm) and then after the shot-peening post processing treatment (Ra=3.35 μm, Rz=31.81
μm). Thanks to the use of a 3D scanner is possible to analyze the entire surface (Figure 12a and
12d) and define the deviation of these from the best-fit 3D plane. The deviation of the sample
before and after shot-peening is of 0.17 mm and 0.07 mm respectively (Figure 12b and 12e).
Surface topography is classically characterized by surface profiles obtained via electronic
contact profilometry (Figure 12 c and 12f).

Figure 11. FESEM images at the same magnification of fracture surfaces after DMLS and a stress relieving treatment
(a), after an annealing treatment – T2 (b), a T4 treatment (c) and a T6 treatment (d)
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Figure 12. (a) 3D scan surface roughness of a DMLS AlSiMg sample before and (d) after shot-peening. (b) Deviation
color maps respect to best fit plane before and (e) after shot-peening. (c) Roughness profile of the sample before and
(f) after shot-peening.

Different roughness parameters are then extracted from the acquired surface profile. Among
all the parameters for quantifying surface roughness based on tactile profile sections, Ra, the
arithmetical mean deviation of the assessed profile, is by far the most extensive and most used
parameter. It possible to see that shot peening with glass beads makes to significantly reduce
the surface roughness. Different values of shot peening pressure were analyzed. The best
results were obtained using a pressure of 8 bar: the surface roughness was reduced by up to
85%. These considerations on laser sintering parameters and the shot peening effect were
confirmed by FESEM observations (Figure 13): the images give evidence of the improvement
in surface roughness.

7.5. Lightweight metal structures by DMLS

One of the main interesting applications of additive manufacturing is for fabrication of
customized, lightweight material structures, like periodic cellular lattice structures [61]. The

Figure 13. FESEM images of surface roughness of (a) sample with Ra=23 µm and (b) sample after shot peening at 8
bar.
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word “cell” derives from the Latin word cella meaning a small compartment or enclosed space
[62]. When nature constructs things, it is often done from many cells (cellula). Wood and
cancellous bone are good examples of this: they are stiff, lightweight and multifunctional. From
these natural inspirations a variety of synthetic cellular solids could be made including
stochastic foams, consolidated powders, honeycombs and lattice blocks or miniature truss
structures. These structures can offer high performance features such as high strength
accompanied by a relatively low mass, good energy absorption characteristics and good
thermal and acoustic insulation properties, making them suitable for high value aerospace,
medical and engineering products [63]. The concept of designed cellular materials is motivated
by the desire to put material only where it is needed for a specific application, as nature does.
Leonardo da Vinci stated: “In her (nature’s) inventions, nothing is lacking, and nothing is
superfluous”. From a mechanical engineering viewpoint, a key advantage offered by cellular
materials is high strength accompanied by a relatively low mass.

In the past 15 years, the area of lattice materials has received considerable research attention
due to their inherent advantages over foams in providing light, stiff, and strong materials.
Many methods have been developed to analyze various cellular structures. Wang and
McDowell have performed a comprehensive review of analytical modeling, mechanics, and
characteristics of various metal honeycombs [64,65]. Deshpande et al. [66] have investigated
extensively lattice cells, particularly the octet-truss structure.

However, the cellular lattice structures proposed and investigated in the previous studies
could not exhibit good manufacturability in SLM. As reported in a recent study, the cellular
structures with large unit cell sizes (greater than 5 mm) could not be built using the SLM
process because overhanging struts in the cells led to the occurrence of serious deformation
[67]. This adds considerable constraints on manufacturing versatile and complex cellular
structures to meet requirements of different functions and applications, sacrificing the design
freedom of cellular structures and geometrical capability of AM manufacturing. Sacrificial
support structures might be used to support overhanging structures and thus prevent
deformation. On the counter side, support structures inside complex cellular lattice structures
are normally not acceptable because they are very difficult to remove, and waste materials and
energy.

It was demonstrated, by the authors chapter, that it is possible to manufacture aluminium
lattice structures by DMLS as the ones reported in Figure 14, with desired shape and internal
features in a single fabrication step. This was possible because previously many experiments
were focused on investigating the limitations of building surfaces without support structures.
An overhanging structure is a part of a component that is not supported during building, by
solidified material or a substrate on the bottom side. Consequently, the melt pool created by
the heat input from the laser is supported by powder material. From this definition, it is clear
that a part of a component is an overhanging structure depending on the orientation given to
the part while building it.
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Figure 14. Lightweight components fabricated through DMLS in AlSiMg alloy.

In particular the cubic lattice structure of figure 14 was constructed with an angle of 45 degrees
with respect to the building platform.

Following these design rules, a wide variety of different architectures can be made with fine
control at the so called “cell level”, as shown in Figure 15. The geometrical features selected
for investigations were chosen because they could be the building blocks of more complex
geometries. The structures have very good base metal properties thanks to the very fine
microstructure typical of this process.

Figure 15. Cellular structures fabricated through DMLS in AlSiMg alloy: a fullerene structure (on the left), and a honey‐
comb cell structure (on the right).

8. Case study — Aluminium Matrix Composites (AMCs) by DMLS

As described in the previous paragraphs, aluminium alloys are currently produced by DMLS,
in particular with compositions suitable for casting. The microstructure of these alloys is
peculiar, since the very fast cooling occurring after the melting induced by laser provides an
ultra-fine microstructure [34] and this effect is responsible for the significant increase of the
mechanical properties that is observed with respect to conventional casting processes [37]. In
fact, the conventional casting can be followed by a hardening heat treatment to improve its
mechanical properties, treatment that seems not necessary in the case of DMLS process.
Moreover, as a powder based process, DMLS also provides great opportunity to consolidate
second or multiple material particles with metal powders to form novel metal matrix compo‐
sites (MMCs). There is a growing research to develop MMCs via SLM process [68,69].
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In order to be used inside a powder bed system, discontinuous ceramic particles are generally
used. Among the most common reinforcement, silicon carbide (SiC) or aluminium oxide
(Al2O3) are the most used, and in particular SiC-based AMCs are now widely used in many
fields: from brake drums and cylinders liners of automobiles, to structural aerospace parts
such as rotor vanes and plates. There are several methods to fabricate such composites: powder
metallurgy, squeeze casting, stir casting or modified casting; however these conventional
techniques are generally not suitable for complex shapes.

In the recent past different research groups investigated the feasibility to employ DMLS to
obtain Al-based MMCs. Size and volume fraction of SiC particles have been varied to analyze
the behavior of the composite [70], demonstrating that cracking occurs during the preparation
by DMLS of these composites. In particular, crack density increases significantly after 15
volume percentage (vol.%) of SiC, and that there was not improvement of wear resistance over
20 vol.% of reinforcement. The same authors, in a previous study, found that microhardness
increases with increase of volume fraction of SiC particles, as expected [39]. A couple of years
before, Simchi et al. investigated the direct laser sintering of Al–7Si–0.3Mg/SiC composites [71],
and showed that the densification rate increases at low SiC fractions but abruptly decreases at
>~5 vol.%. Meanwhile, significant reaction occurs between the aluminium melt and the
reinforcement particles, leading to formation of Al4SiC4 and silicon particles. However, these
studies do not investigate the effects of process parameters on the density of metal matrix
composites built by DMLS but the influence of design choices like supports generation and
part orientation in the building chamber to avoid the presence of cracks during manufacture.

Starting from AlSiMg alloy, the possibility of composites fabrication by DMLS was investi‐
gated. The AlSiMg alloy has a high fluidity in the liquid phase, so that it is possible to prepare
almost dense samples. Moreover, if silicon carbide is used a second phase, it is known in
literature [72] that a high amount of silicon reduces or suppresses the reaction between
aluminium and silicon carbide that brings to the formation of the dangerous aluminium
carbide Al4C3, generally heavily detrimental for the mechanical properties. For this reason SiC
particles were chosen as one of the possible reinforcing materials. α-SiC powders from H.C.
Starck (UF-15, 15 m2/g) were used, with density of 3.2 g/cm3 and a mean particle size of 0.55 μm.

Another interesting reinforcement that was tested is the aluminium-magnesium spinel
(MgAl2O4). This oxide has a high melting point of 2315 °C, a high Young’s modulus and
strength, and low thermal expansion coefficient (CTE). Moreover it is suggested in the
literature [73] that it can improve substantially the creep behavior of composites if the size of
the particles is very small. Thus nano-sized powders of MgAl2O4 were used (Nanocerox, mean
size around 30 nm)

Since SiC particles are large while MgAl2O4 particles are much smaller, a different amount of
the two reinforcements was used for the two composites, namely 10% and 1% in weight of SiC
and MgAl2O4 respectively. To avoid deformation of the alloy spherical particles, simple mixing
was done to prepare the composite powders, by using a ball milling system in ceramic jars,
without any grinding medium, for 48 hours. The powders were then sieved with a mesh of 63
μm before putting them in the DMLS machine. The parameters used for the preparation of the
composites are shown in Table 10.
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Parameters
AlSiMg

+ SiC + MgAl2O4

Scan speed (mm/s 500,700 600, 800

Laser Power (W) 180,195 195

Hatching dist. (mm) 0.17 0.17, 0.10

Table 10. Details of the process parameters employed.

In Figure 16 are shown the composite powders observed by FESEM. The metallic powders are
not modified during the mixing process, however it is evident that both silicon carbide and
nanospinel particles adhere on the surface of the aluminium alloy particles, and no agglom‐
erates of pure ceramic particles are observed. In the case of silicon carbide the particles form
a “fluffy” layer (Figure 16a), that causes an increased interaction between the surfaces of the
powders. Thus, they have a different behavior in terms of flowability, causing some problems
during the spreading of the powders, in particular in the first layers. This phenomenon is
evident with silicon carbide, while it does not occur with the nanospinel (Figure 16b), probably
due to the very small ceramic grain size and to the lower ceramic content. However it can be
seen that the MgAl2O4 particles cover uniformly the round surface.

In the case of AlSiMg/SiC 10% composites, after a first step of parameter optimization,
rectangular samples of 50x10x4 mm dimensions were obtained, with geometrical density
between 2.59 and 2.61 g/cm3. Since the theoretical density of these materials is 2.73 g/cm3, the
corresponding residual porosities are from 4.4 to 5%, a result in line with previous studies [39].

In the case of AlSiMg/SiC 10% composites, after a first step of parameter optimization,
rectangular samples of 50x10x4 mm dimensions were obtained, with geometrical density
between 2.59 and 2.61 g/cm3. Since the theoretical density of these materials is 2.73 g/cm3, the
corresponding residual porosities are from 4.4 to 5%, a result in line with previous studies [39].
A problem however arises however with these composites: XRD measurements demonstrate

Figure 16. FESEM images of the composites powders: AlSiMg (a) and SiC (10%wt.) and (b) nano-MgAl2O4 (1%wt).
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that silicon carbide is almost completely disappeared, while aluminium carbide is formed. This
behavior is rather different to what happens for more conventional processes, where 10% Si
is sufficient to suppress the Al-SiC reaction [72]. In this case, even if the contact time between
molten alloy and ceramic is very low, the temperature is probably very high (in excess of 2000
K) and the reaction occurs. Ghosh et al. [39] already observed this phenomenon, but with a
very low silicon content, while in the case of AlSiMg alloy the behavior was somewhat
unexpected. The microstructure of the obtained composites is illustrated in the micrograph of
Figure 17: it is very fine, as typical of the DMLS process, with elongated acicular grains,
probably of Al4C3 as suggested by XRD analysis.

Figure 17. Optical (on the left) and FESEM (on the right) images of AlSiMg/SiC composite microstructure after polishing.

Residual SiC, instead, could be detected only in the very rare cases where some agglomerate
is present, suggesting that the well dispersed single silicon carbide particle is instead com‐
pletely reacted with the matrix. The presence of the ceramic reinforcement on hardness is in
any case very evident: Brinell measurements mean value is 178 ± 2 HB for the SiC containing
composites, which is 70% higher with respect to pure AlSiMg by DMLS.

In the case of nano-MgAl2O4 AMCs, the density is more depending on the specific choice of
parameters than in the case of silicon carbide containing composites. In this case small samples
were obtained to perform a more detailed screening of the parameters, and for this reason
samples with 15x15x10 mm size were fabricated. With the parameters optimized in the best
range, the measured average densities of the samples varied between 2.59 and 2.63 g/cm3,
corresponding to residual porosities in the range from 2.2 to 3.5% (the theoretical density is
2.689 g/cm3).

In this case, the XRD analysis shows the presence of Al, Si, with some extremely small peaks
that were attributed to the inter-metallic phase Mg2Si and to some mixed metal-oxide of
unknown origin (AlSiOx), with a spectrum that is rather similar to the one of the pure alloy.
Indeed, in this case the XRD technique is clearly less powerful to recognize possible reactions,
due to the low content of reinforcing ceramic. The microstructure of these composites is also
very similar to the case of the pure aluminium matrix, as illustrated in the micrographs of
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Figure 18. As typical of the DMLS process the microstructure is very fine, made by submicro‐
metric grains, elongated in the correspondence of the melt pools contour due to the heat
transfer flux direction. A careful observation however shows a higher inhomogeneity of these
composites with respect to the pure aluminium alloy, suggesting that the presence of nano-
MgAl2O4 particles changes the behavior during solidification. This inhomogeneity, together
with the higher residual porosity, reflects on the values of Brinell Hardness, that is 93 ± 3 HB,
11% lower than the pure AlSiMg alloy processed through DMLS.
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