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Abstract

Extensive research has been carried out in the field of additive manufacturing tech-
nologies to characterize the mechanical properties of various alloys, but only a limited
understanding of the effects of different process parameters and of ex-situ post pro-
cesses has been gained so far, limiting the robustness of the designs, as the process can
be characterized by a significant variability of the results. Data in the literature show
how the performance of additively manufactured parts can be improved by ex-situ heat
treatments which reduce defects and residual stresses in the part, yielding properties
comparable with those of cast or wrought materials. The present study is aimed at
providing the characterization of the mechanical properties of the AlSi10Mg alloy man-
ufactured with Selective Laser Melting (SLM), comparing the effects of different process
parameters and of a post-process stress-relieving heat treatment on the final mechanical
properties of the material. The printed specimens were subject to an array of exami-
nations including chemistry, density, hardness and tensile tests. An inspection of the
fractured surfaces with a Scanning Electron Microscope (SEM) was also carried out to
better understand the test results. The experiments showed that SLM-manufactured
parts can achieve mechanical properties comparable with those of traditional cast parts,
however the parts present a marked anisotropy depending on the build direction, with
elongation being up to 43.2% lower in specimens grown along the Z-axis compared to
those grown on the XY-plane. A reduction in anisotropy, together with a minimum
increase of 80% in elongation was achieved after stress-relieving. Fractographic analysis
showed a ductile intergranular fracture surface, but it also highlighted how tensile results
are highly influenced by internal defects.

Keywords: Additive Manufacturing; AM; Automotive; Metal; AlSi10Mg; SLM; Stress
Relieving.
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Sommario

Molti ricercatori hanno portato avanti studi nel campo dell’additive manufacturing con
l’obbiettivo di ottenere una caratterizzazione meccanica di varie leghe. Si è tuttavia
potuto ottenere solo una limitata comprensione degli effetti dei parametri di processo
e di differenti trattamenti post-fabbricazione, con il risultato di limitare il livello di
fiducia nei progetti, in quanto il processo può essere caratterizzato da una significativa
variabilità dei risultati. I dati ottenuti dalla comuità scientifica evidenziano come le
prestazioni meccaniche di componenti prodotte tramite additive manufacturing possano
essere migliorate tramite trattamenti termici ex-situ, i quali possono ridurre difetti e
stress residui nel pezzo finito, restituendo proprietà comparabili con quelle di parti fuse
o lavorate. Il presente lavoro di tesi si pone l’obbiettivo di ottenere una caratterizzazione
meccanica della lega d’alluminio AlSi10Mg prodotta con Selective Laser Melting (SLM),
confrontando gli effetti sulle proprietà meccaniche del materiale di diversi parametri di
processo e di un trattamento termico di riduzione degli stress residui. Le parti stampate
sono state soggette a una serie di esami, tra cui analisi chimiche, di densità, durezza e
prove di trazione. Le superfici di frattura sono anche state oggetto di analisi con il mi-
croscopio elettronico a scansione (SEM). I risultati sperimentali hanno evidenziato come
i componenti prodotti tramite SLM possono arrivare ad ottenere proprietà meccaniche
comparabili con quelle di parti tradizionali prodotte tramite fusione. Tuttavia, le parti
stampate presentano una forte anisotropia, dipendente dalla direzione di crescita del
pezzo come testimoniato dall’allungamento, il quale risulta fino al 43.2% inferiore nei
provini stampati lungo l’asse Z rispetto a quelli stampati nel piano XY. Dopo il tratta-
mento di riduzione degli stress residui è stato possible ridurre l’anisotropia del materiale
ed incrementare l’allunamento di almeno 80 punti percentuali. L’analisi frattografica ha
mostrato una frattura duttile ed intergranulare, ma ha anche evidenziato come i risultati
dei test a trazione siano altamente influenzati dai difetti interni.

Parole chiave: Additive Manufacturing; AM; Automotive; Metalli; AlSi10Mg; SLM.
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Chapter 1

Introduction

1.1 Historical Background

The development of Additive Manufacturing (AM) technologies started in the 1980s,
when the first examples of polymer 3D-Printed parts were showcased [1]. The first trials
on additively manufactured metal parts were performed only towards the end of the
same decade with powder bed-based systems, which still used polymer-based techniques,
referred to as Selective Laser Sintering (SLS), and produced parts with poor mechanical
properties due to the incomplete melting and adhesion of the powder [2].

This technology later evolved into Selective Laser Melting (SLM), which features
fully melting of the powder and yields greatly superior mechanical properties.

In the same period, research at the MIT studied a technology named three-dimensional
printing which used inkjet printing to deposit binder. The process received the name
of Binder Jetting (BJ) and is characterized by the fact that the application of heat is
separated from the build process, thus preventing residual stresses to form in the part.

A completely different class of 3D printers, referred to as Direct Energy Deposition
(DED), relies on the direct deposition of metal feedstock in a continuously heated melt
pool to create the part, tracing its roots directly back to welding. The use of powder was
first studied in 1995 at Sandia National Labs and commercialized as Laser Engineered
Net Shaping (LENS).

By the beginning of the century a variation of the powder bed process was patented
in Sweden: it didn’t use laser to melt the parts, but instead relied on a focused electron
beam as heat source. It is referred to as Electron Beam Melting (EBM) and is very
similar to SLM, albeit it presents much lower residual stresses.

To date, powder bed technologies such as SLM and EBM are the most widespread
in the market, and the ones which have been subject to the most extensive amount of
research.

The main focus of research to date has been the static characterization of various
alloy-process combinations, to understand the relations between process parameters and
static mechanical properties. A more limited number of studies were carried out in the
field of fatigue and on the effects of post-process treatments [3].

It is accepted that additive manufactured components show comparable, and in some
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cases better, static characteristics compared to conventional parts [4] [5]. However,
fatigue properties might be impaired by a number of different factors: high thermal
gradients during manufacturing, which cause important residual stresses and very fine
microstructure; residual porosity of the material, resulting from incomplete bonding of
the layers and/or evaporation of alloying materials, and significant surface roughness in
the as-built condition [4] [5] [6] [7] [8] [9] [10] [11] .

Such limitations have been shown to be highly dependent on the selected post-process
treatments: various heat-treatment techniques have been proposed, aiming at reducing
internal defects, reducing the residual stresses or modifying the grain structure to obtain
the desirable mechanical characteristics [12].

1.2 Process Outline

Additive Manufacturing, also referred to as 3D Printing, has undergone substantial
changes since the days of its inception It is defined by the American Society of Testing
and Materials (ASTM) as "The process of joining materials to make objects from 3D
model data, usually layer upon layer, as opposed to subtractive manufacturing method-
ologies. Synonyms: additive fabrication, additive processes, additive techniques, addi-
tive layer manufacturing, layer manufacturing, and freeform fabrication" [13].

All AM processes share the same layer-by-layer manufacturing method: a 3D CAD
model is sliced into micrometric layers, which are then manufactured sequentially by
depositing new material on top of the previous layer.

The main advantages of such an approach are a complete design freedom, which
allows production of complex features otherwise impossible to obtain with conventional
manufacturing processes, and significant raw material savings, as only the needed ma-
terial will have to be used, given the additive and not subtractive nature of the process
[14].

The process steps from the preparation of the CAD model to the finished 3D printed
object can be detailed as follows [15]:

1. CAD Model Preparation Every part to be manufactured by AM has to be
described by a virtual model that fully represents its geometry. The part might
either be designed in a CAD environment or it can be the result of a reverse
engineering by 3D scanning.

2. Conversion to STL AM machines accept as input the STereoLitography (STL)
format. This file format, initially released in 1987 by 3D Systems and today’s
de-facto standard, approximates by means of triangles the outer and the inner
surfaces of the part (a process referred to as triangulation or tessellation). This
operation inherently introduces errors in the model, as a triangle would always be
an approximation of a curved surface. The higher the mesh density during this
step, the lower the introduced error (as shown in Fig. 1.2).

3. STL File Manipulation The STL file retrieved from the CAD software may
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Figure 1.1: Generic AM process steps ([15])

Figure 1.2: STL triangle, defined by three vertices and a normal vector n, and effect of
mesh size ([16])

present meshing errors, such as triangle intersections, unwanted holes, surface
mismatching or erroneous wall thickness. Specific software packages, either man-
ual or automatic, dedicated to the repair of the meshing are commonly used to
repair these flaws [16]. Once the STL is ready, it must be transferred to the ma-
chine, where is can be manipulated by the integrated machine software in order
to optimize part position and orientation for building, as well as in order to create
the required supporting structures for overhanging features of the part.

4. Machine Setup Over 280 machine parameters (related to material constraints,
layer thickness, energy source, build rate, etc.) have to be set up in order to obtain
a reliable process. The chosen parameters are normally a compromise between
process speed, cost and final part quality.

5. AM Build The building itself can take anywhere from a few hours to days, de-
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pending on part dimensions and complexity, technology and required final quality.
Once the machine has been set up by the operator, the build is a largely auto-
mated process which requires no supervision. Monitoring can nowadays be done
remotely, and a single operator can take care of multiple machines running in
parallel.

6. Part Removal As a part is completed, it must be removed from the build cham-
ber. This step is still highly manual and it is necessary to wait for the entire build
chamber to be cold enough for safe operation. The part itself must be removed
from the build chamber, cleaned from any residual excess material, and moved to
the post-processing station.

7. Part Post-processing The as-built part must at first be removed from its sup-
porting structures, a critical and tricky operation which requires highly skilled
manual labour. Depending on the manufacturing technology, and on the required
final mechanical characteristics, additional mechanical and/or heat treatments
might be required, adding to the process complexity.

8. Final Application Only at this stage the part is ready to be applied in its
intended function, or to be assembled together with other parts.

1.3 Available Technologies

AM can be divided into various process categories, as defined by the standard process
terminology issued by the ASTM F42 Technical Committee [13], of which the following
apply to Metal AM:

• Powder Bed Fusion (PBF)

– Selective Laser Melting (SLM)

– Direct Metal Laser Sintering (DMLS)

– Electron Beam Melting (EBM)

– Binder Jetting (BJ)

• Direct Energy Deposition (DED)

– Laser Engineered Net Shaping (LENS)

• Sheet Lamination

– Ultrasonic Additive Manufacturing (UAM)

All of these processes have been commercially exploited, but most of the attention has
been dedicated to PBF and DED processes [3], which can provide the best mechanical
properties to date. New technologies such as BJ or UAM are now being developed
aiming at faster build rates, to bring AM to the series production environment.
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Metal AM presents its own challenges, especially when compared with polymer-based
AM. The energy density and the temperatures required to reach full melting of a metallic
material are much higher than for polymers, exceeding 1000 ◦C for materials such as
Titanium or Inconel, thus requiring better heat shielding as well as temperature and
atmospheric control to ensure safe operation of the machine. Most metal systems also
require the use of a build substrate and support structures, which are to be separated
from the part in the post-processing phase, as a means to avoid part warping and
distortion during cooling due to the very high temperature gradients between the molten
metal and the surroundings. Part warping during the build could even cause interference
between the build part and moving machine parts, resulting in abortion of the build
process.

Most of the available technologies share the use of metallic powders as raw material,
thus requiring appropriate powder handling systems, both to ensure optimal material
properties and to protect the operator especially when dealing with reactive powders.
Any metal powder handling system must meet four basic requirements [17]:

1. The powder reservoir volume must be sufficient to feed the process even when
using the maximum build height, without requiring stops to refill.

2. The volume of powder distributed on the build surface shall be enough to cover
the previous layer, yet not excessive.

3. The powder spreading shall be a repeatable operation.

4. Powder spreading should not create excessive shear forces which could damage the
previous layers.

1.3.1 Powder Bed Fusion

Powder Bed Fusion systems were the first to be developed and commercialized. They
evolved from Selective Laser Sintering (SLS), a process first developed in the ’80s at the
University of Texas at Austin, USA [2], which however could not achieve full melting of
the powder and therefore presented inadequate mechanical properties. The technology
has been progressively modified to improve productivity, final mechanical properties,
or just to avoid patent infringements, but the basic process, schematically illustrated
in 1.3, always involves controlled fusion of powder particles to create the contours of
each layer of the part. Depending on the energy source used to induce powder melting,
the process is known under different terms: when it involves a laser beam it might be
referred to as Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS),
on the other hand when an electron beam is used as the energy source it is referred to
as Electron Beam Melting (EBM).

In PBF, the build volume is usually a closed chamber (with dimensions up to 800
x 400 x 500 (mm3) [19]) operated either in vacuum or with a filling of inert gases to
prevent oxidation of reactive metallic powder [20]. A leveling system feeds the powder
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Figure 1.3: Schematic of a Selective Laser Melting machine ([18])

from a powder reservoir to the work area, on top of the build plate, which can be heated
usually from 100 ◦C up to 500 ◦C [20] [3].

The pre-heating is beneficial in minimizing the laser power requirements and in
preventing warping of the part due to the high thermal gradients experienced during the
process, which cause non-uniform thermal expansion and contraction (curling). Once a
layer has been properly formed and preheated, the energy source proceeds to selectively
melt the part contours and fillings, following a pre-determined scanning strategy, to
build up a layer of thickness between 20 to 200 µm [20].

The energy provided by the laser or electron beam does not only cause the surface
layer to melt, but also induces re-melting of the underlying layer, which helps to achieve
complete adherence of the various layers and reduced porosity, but also leads to residual
stresses due to thermal cycling [21] [3]. However the rapid melting and solidification of
the metal results in unique microstructural properties, different from cast or wrought
parts made of the same alloy. When a layer is completed, the build plate is lowered by
a single layer thickness, a new layer of powder is fed evenly on top of the previous layer,
and the process repeats itself until completion of the part. As the build is finished, a
cool down period has to be observed, to ensure operator safety and to avoid uneven
part cool down, which could result in warping or cracking. As the entire build chamber
reaches ambient temperature, excess non-melted powder can be sifted and re-introduced
in a subsequent process, and the as-fabricated part can be extracted[17].
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Figure 1.4: Example of thermal profile of a single layer of Ti6Al4V during SLM ([22])

Selective Laser Melting and Direct Metal Laser Sintering

Selective Laser Melting (SLM) (also called Direct Metal Laser Sintering (DMLS)), is a
powder bed fusion technology developed to produced fully dense parts, typically usable
in the state in which they come out of the machine. It relies on a high-power laser
beam, typically a Nd- or Yb-YAG fiber laser focused by a system of rotating mirrors, to
induce local melting of the powder, which will return fully dense parts after solidification.
Powder heating is due to photon absorption by the powder particles: the adoption of
fiber lasers, whose wavelength is closer to the maximum absorptivity of metals has made
it possible to achieve a reliable process. Laser power, scanning speed, layer thickness,
hatching distance and angle are the main parameters used to optimize the process. They
determine the volumetric energy density delivered to the powder, as defined by Eq. 1.1

Ev = PL

vs · hd · tl
(1.1)

where PL is the laser power, vs is the scanning velocity, hd is the hatch distance, and tl is
the layer thickness [3]. The volumetric energy density in turn influences the mechanical
properties and surface finish of the end product [18]. Modern machines can be equipped
with up to four laser beams, which simultaneously scan the part contours to significantly
improve process speed and productivity [23][24].

During the build process, the build chamber is flushed with inert gas (argon, nitro-
gen or helium) to provide the correct component cooling and to prevent oxidation of
the powder. The laser beam scans the surface following a predetermined path, which
influences the thermal gradients inside the part, consequently determining the end part
microstructural features and residual stresses. The main scanning patterns available
today are depicted in Fig.1.5. It has been proved effective for SLM to adopt island scan-
ning as a mean to reduce residual stresses and improve final part density, performing
contour passes after melting [21].

Components realized with SLM, due to the very high temperature gradients expe-
rienced through the build chamber, require the use of supporting structures, rigidly
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Figure 1.5: Typical scanning strategies in metal AM in the XY plane: a) unidirectional
or concurrent fill, b) bi-directional, snaking or countercurrent fill, c) island scanning,
d) spot melting, e) spot melting contours with snaking fill, f) line melting contours with
snaking fill ([21])

Table 1.1: SLM typical process parameter

Layer
Thickness

(µm)

Build
Volume

(m3)

Build
Temperature

(◦C)

Laser
Power
(W)

Laser
Speed
(m/s)

Build
Rate

(cm3/h)

SLM 20-200 Up to
0.8x0.4x0.5 100-500 20-1000 0.5-10 Up to

171

attached to the build plate, to avoid warping and cracking and to support overhang-
ing features. The mechanical removal of these supports after build completion requires
highly skilled operators and is both time consuming and expensive.

An excessively low energy density will result in incomplete melting, preventing opti-
mal adherence of the various layers and causing delamination, possible melt ball forma-
tion (solidification of melted material into spheres, which prevent layer adherence) and
an increase in porosity due to lack-of-fusion (characterized by a typically non-spherical
shape). An excessively high energy density on the other hand leads to overheating
of the material causing again melt ball formation and especially spatter ejection (the
convective transport of liquid or vapor out of the melt pool), which leads to increased
porosity.

Electron Beam Melting

Electron Beam Melting (EBM) is a process first developed at Chalmers University of
Technology in Gothenburg and brought to the market by ARCAM in 2002 [25] [26]. As in
SLM a powder bed is created by a feeding system and fully dense parts can be produced.
The main difference is that an electron beam, generated in an electron gun, is used as
the energy source to induce local melting of the powdered metal. An EBM system could
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be seen as a high powered Scanning Electron Microscope (SEM), as the electron beam is
accelerated by a differential voltage, focused by a system of electromagnetic lenses and
directed by a magnetic scan coil. The absence of moving parts allows for extremely high
scan speed and increased productivity compared to single-laser SLM systems. This is
also helped by the extremely high power levels achievable with electron beams, which
enable the use of higher layer thicknesses compared to SLM, thus directly improving
build rate (albeit at the expense of a rougher surface finish [18]).

Figure 1.6: Schematic of am Electron Beam Melting machine ([27])

Heating of the powder is achieved by the transfer of kinetic energy from the incoming
electrons to the powder particles. Therefore only conductive materials can be effectively
used, otherwise local charge build-up would be detrimental to final part quality [17]. As
a result of the absence of rotating mirrors used to focus the beam, EBM systems can
achieve extremely high scanning speeds, thus allowing for a homogeneous pre-heating
of the powder, at each layer, at much higher temperatures than SLM systems. The
high process temperature is central in reducing the residual stresses in the end part, and
makes it possible to use materials with extremely high melting temperatures. The lower
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residual stresses also reduce the need of support structures, whose mass is an order of
magnitude lower than in SLM builds [17].

A fundamental difference between SLM and EBM is that EBM systems are operated
in a near-vacuum atmosphere, so as to avoid electrical charging of the powder and to
reduce to a minimum the possible sources of contamination, which allows for an easier
treatment of highly reactive materials such as Ti-alloys.

Table 1.2: EBM typical process parameter

Layer
Thickness

(µm)

Build
Volume

(Dia x H)
(m)

Build
Temperature

(◦C)

Beam
Power
(W)

Laser
Speed
(m/s)

Build
Rate

(cm3/h)

EBM 50-200 Up to
0.35x0.38 550-1100 Up to

3000 8000 Up to
80

Binder jetting

Binder Jetting (BJ) is a process which, although not involving any actual melting during
the build operation, can be considered a PBF process in that it presents a powder bed,
which is selectively filled with a binder that is cured immediately, layer by layer, to create
a so-called "green part", a part which can sustain itself without the need for supporting
structures, but will need further thermal processing in a downstream station (typically
sintering in a furnace) to achieve its full mechanical properties.

Figure 1.7: Schematic of a Binder Jetting machine (courtesy of Additively)

Binder Jetting systems are still mostly in their development phase, but are set to
deliver extremely higher production rates than any other technology, together with in-
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Figure 1.8: Schematic of a LENS machine ([31])

creased build volumes. However, as BJ is essentially a Powder Metallurgy (PM) problem
it still suffers from problems typical of the PM world, namely high porosity and unpre-
dictable sintering-induced distortion [21]. Nevertheless, recent developments from var-
ious manufacturers claim to have addressed the issues for materials ranging from steel
to titanium and aluminum [17][28] and the technology is being tested for orthopedic
applications [29][30].

Table 1.3: BJ typical process parameters

Layer
Thickness

(µm)

Build
Volume
(mm3)

Build Rate
(cm3/h)

BJ 15-200 Up to
800x500x400 Up to 100

An advantage of BJ systems is the possibility to work in ambient atmosphere, as
powders do not present reactivity problems at low temperatures. This also allows for
extremely big build chambers when compared to both SLM and EBM, enabling the
manufacturing of even more complex parts.

1.3.2 Direct Energy Deposition

In Direct Energy Deposition (DED) a focused energy source, in the form of a laser, arc
or electron beam melts the metallic feedstock as it is deposited onto the part. Feedstock
can be either powder (Fig. 1.8) or wire (Fig. 1.9). It can be treated as an evolution
of welding, and can be used to add features to an existing part or to repair damaged
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Figure 1.9: Schematic of a wire-fed DED machine ([21])

structures, especially when paired with post-process CNC machining [21]. Most systems
feature a 4- or 5-axis motor system, thus overcoming the constraints of layer-by-layer
production, although the absence of a surrounding powder bed performing a support
action on the part itself creates the need for more complex support structures, an in
the end, limiting the design freedom for such a technology [31]. The build chamber is
enclosed to provide operator safety, but it is not necessarily flooded with inert gases,
as the shield gas directed at the melt pool provides adequate resistance to oxidation in
most cases.

As it is the case with PBF systems, the energy source causes a re-melting of the first
underlying layers of material, improving part density but causing thermal cycling and
residual stresses as well.

At present the use of a laser power source together with a powder feedstock is the
most commonly employed DED process. It was originally developed at Sandia National
Labs and patented as the Laser Engineered Net Shaping (LENS) process. As the only
restriction to build volume is the actual motion envelope of the robot arm to which the
head is attached, DED systems provide fairly large build volumes and are suited to the
production of large components.

Table 1.4: LENS typical process parameters

Layer
Thickness

(µm)

Build
Volume
(mm3)

Build
Temperature

(◦C)

Beam
Power
(W)

Laser
Speed
(m/s)

Build
Rate

(cm3/h)

LENS 40-1000 900x1500
x900 Ambient 1000-2000 2.5 - 25 Up to 300
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1.3.3 Ultrasonic Additive Manufacturing

Figure 1.10: Illustration of a UAM machine (courtesy of Fabrisonic)

Sheet lamination processes involve the stacking of precisely cut metallic 2D foils
to create a 3D part. A variety of joining methods have been tested and as of today
Ultrasonic Additive Manufacturing (UAM) is one of the most used technologies in the
field [21], originally commercialized by Solidica Inc. (USA) in 2000 and then licensed
to Fabrisonic (USA). It involves bonding of thin metal foils (usually 100-150 µm) using
Ultrasonic Metal Welding (USW) and integrates a Computer Numerical Control (CNC)
machine to remove excess material and achieve the desired part geometry. In UAM a
rotating sonotrode oscillates at around 20 kHz transversely to the direction of motion,
applying a normal force to the metal foil and causing a localized welding. The technology
is thus a prime example of hybrid manufacturing, as it incorporates novel AM approach
of layer-by-layer construction with the close tolerances guaranteed by traditional CNC
machining.

The key mechanisms enabling Ultrasonic Metal Welding are oxide fracture under
pressure and plastic deformation of surface asperities. The combined action results in
a very narrow weld region of less than 20 µm presenting bulk temperatures far below
melting. This allows the processing of highly heat-sensitive materials, as well as the
possibility of creating multi-material parts by stacking layers of different materials, in
order to locally achieve particular material properties, or to embed parts in the structure
(embedded sensors or wires) [17] [32] [33].

1.4 Materials

Conceptually, AM allows to process almost any metallic material. In practice, however,
only a limited number of materials have been used, although this number has been
growing rapidly in the last few years [17]. Most AM processes require powdered raw
material, notable exceptions being Wire-DED and UAM, thus limiting the process to
the use of metals which can be effectively pulverized.

Nowadays the available metals range from low-melting materials such as gold or
copper, to high-melting materials such as nickel superalloys. The most widely available
materials include [22]:
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• Gold

• Silver

• Copper alloys

• Aluminum alloys

• Tool steel

• Stainless steel

• Titanium alloys

• Nickel alloys

• Cobalt-Chromium alloys

The main issue regarding the feedstock materials in AM is the quality of the pow-
der, determined by its morphology, size, shape, and density of the particles: distinct
production techniques can lead to highly different properties and affect key powder
qualities such as flowability and apparent density (defined respectively as the powder
ability to flow freely without particles sticking to each other and as its capacity of closely
compacting together when compressed) [3].

Powder Production

Most of the available powder feedstock is manufactured through reliable and well-
understood methods, such as water, rotary, gas or plasma atomization[21][34].

In all processes the metal is melted in a furnace, and then dispersed from a reservoir
into an atomizing chamber.

The least complex production technique is Water Atomization (WA), which features
high-pressure water jets that atomize a liquid metal free falling through an atomization
chamber. However, this process yields coarse particles, which negatively affect both
flowability and apparent density. Moreover, a marked increase in the oxygen content
could lead to reactivity and oxidation problems [3].

Rotary Atomization (RA) does not cause any composition change, but results in
highly irregular particle shapes, which make it unsuitable for AM as flowability and
apparent density are both affected.

Gas Atomization (GA) reduces oxidation problems by using an inert gas as the
atomization medium, and yields spherical particles having an increased flowability and
apparent density; however, the kind of inert gas may influence the microstructure of
the particles, and in turn that of the finished part [3]. The fundamental issues related
to GA are increased porosity of the powder particles (due to entrapment of the gas),
which will result in powder-induced porosity in the final part, and a marked presence of
satellites on the spherical particles, which reduce flowability [21].
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More costly and advanced production techniques, such as Plasma Atomization (PA)
or Plasma Rotating Electrode Process (PREP), yield very fine particles, which highly
improve the apparent density, with highly spherical and smooth shapes, which in turn
improve flowability. [3] [21]. Actual particles resulting from various processes are re-
ported in Figure 1.14.

1.4.1 Titanium Alloys

Conventional manufacturing of titanium alloys has always proved to be a costly, long and
very complex process when carried out with traditional subtractive methods. The high
performance of this material has led to its extensive use in AM, where the limitations
posed by conventional processes do not apply. By far the most employed material is
Ti6Al4V, which has been applied with success both in the biomedical and aerospace
sectors because of its excellent mechanical properties and documented bio-compatibility
[36] [37] [38].

1.4.2 Nickel Alloys

Nickel superalloys, Inconel 625 and 718 above all, have been of interest to the aerospace
industry due to their outstanding balance of creep resistance, tolerance to damage,
mechanical and chemical properties stability at high temperature. These characteristics
make them the material of choice for high-temperature applications inside jet engines
and gas turbines. Due to the high temperature required to process the materials their
use is restricted mainly to EBM or high-power SLM.

Figure 1.11: Schematic of Water Atomization process (courtesy of FCA)
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Figure 1.12: Schematic of Gas Atomization process (courtesy of FCA)

(a) Plasma Atomization (b) Plasma Rotating Electrode

Figure 1.13: Schematic of PA and PREP processes (courtesy of FCA)
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Figure 1.14: SEM images of powder particles produced with different techniques: a) SEM
250x of GA, b) SEM 500x of GA, c) LOM of GA, d) SEM 200x of RA, e) SEM 500x of
RA, f) LOM of RA, g) SEM 200x of PREP, h) SEM 500x of PREP, i) LOM of PREP
([35])

1.4.3 Fe- Alloys

Steel, being still the most common engineering material, is obviously of high interest also
for AM. Commonly available grades are austenitic stainless steels, maraging steels as well
as tool steels. Since steel can be produced with many different microstructures depending
on the chemical composition and thermo-mechanical processing, a high sensitivity to AM
process parameters is to be accounted for, and is the subject of ongoing studies [3].

1.4.4 Aluminum Alloys

The development of Al-based alloys for AM has been more limited, mainly as aluminum
parts are easy and inexpensive to machine even with traditional manufacturing methods.
Moreover, due to the rapid cooling cycles present in AM, it is very complex to achieve
significant precipitation hardening, which is the main strengthening mechanism in high-
performance alloys. Another problem related to AM of Al alloys is that many alloying
materials, such as Zn, Mg, Li easily vaporize, leading to increased porosity [3]. Moreover
the high reflectivity of Al to the laser wavelengths usually employed in SLM creates
another obstacle, increasing the required power to achieve full melting.

To reduce the influence of the aforementioned problems, alloys with high silicon
content have been mostly used, as the small difference between solidus and liquidus
temperature eases processing, and the high silicon % improves laser absorption and
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Figure 1.15: Al-Si phase diagram ([39])

reduces the chances of microstructural defects [40]. The most common alloys for SLM
are, indeed, AlSi10Mg and AlSi12, both very close to the eutectic composition of 12.6
% [36] [37] [38].

1.5 Part Properties

Additive manufacturing processes offer the end user the possibility to tune a wide range
of design and building parameters. Parameters such as powder dimensions and flowa-
bility, layer thickness, scanning speed and power, scanning strategy, build plate tem-
perature, build chamber atmosphere all affect the final properties of the part in terms
of its microstructure, density, surface finish, tensile and fatigue resistances. Particular
attention has to be given to the energy density, given as in Eq. 1.1. Various studies have
used this approach to study and model the resulting material microstructure, finding
good correlations between machine parameters and part defects such as porosity and
residual stresses [41][42][43].

In recent years, there has been extensive research effort to understand and parametrize
all the machine settings, in order to model the process with the highest accuracy possi-
ble and prevent the formation of defects. In many cases however the knowledge is still
limited and the ideal processing parameters are not available, and experience plays a
major role in optimizing the process.

General characteristics of additively manufactured parts are the high tendency to
present an anisotropic behavior, as a result of the layer-by-layer production, and the
presence of non negligible porosity. The aforementioned issues, together with the main
features of finished parts are here briefly reviewed, paying particular attention to the
Selective Laser Melting (SLM) process.
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Figure 1.16: Relationship between input parameters and outcome of metal AM ([21])

1.5.1 Porosity

Porosity is a common issue with AM parts, which can negatively affect part properties.
It has been shown that part densities of up to 99% can be achieved with optimized ma-
chine parameters and high-quality powders [44][10][21]. Final part density indeed can
be influenced by powder-induced and process-induced porosity, each presenting charac-
teristic morphologies and different causes.

Powder apparent density in its unprocessed state already has a big impact on fi-
nal part density, with powders presenting higher apparent densities generally having
improved performance. Also the powder compaction in the powder bed plays an in-
fluential role in final part properties, as the recoater arm delivers a decreasing powder
compaction along its motion, thus impacting the final part density too [45]. Moreover,
as previously reviewed in Section 1.4, gas pores might be entrapped inside powder parti-
cles during the gas atomization process, resulting in the formation of significant internal
porosity in the part, characterized on average by a spherical shape [35].

Machine parameters (such as laser power, scanning speed, layer thickness, etc..) have
to be optimized for each material, machine and build cycle. Considering layer thickness
a fixed parameter throughout the build, as a function of the desired resolution and/or
surface finish, it is possible to modify laser power, scanning speed and hatch distance in
order to reduce the process-induced porosity.

A close relationship between laser power and scanning speed (exemplified in Fig
1.17) has been evidenced by multiple studies. Excessively fast scan speeds coupled with
low laser power will not achieve an energy density high enough to allow for complete
melting of the powder, leading to "lack of fusion" defects. On the contrary, an excessive
amount of power at the speed of choice will generate overheating of the melt pool,
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Figure 1.17: Typical relation between Laser Scanning Power and Velocity (courtesy of
Renishaw)

resulting in "spatter" (ejection of metal vapors from the melt pool) and an effect known
as "keyhole formation", where gas pores become entrapped at the base of the melt pool.
An extreme condition might be created by applying very high laser powers at very high
scanning speeds, resulting in pronounced instability of the melt pool which could cause
voids to be left behind the trailing edge of the melt pool [21][43][46][41]. As a result of
the motion on the laser, process-induced porosity is usually non-spherical and could be
more dangerous as it induces higher stress concentrations inside the part.

Figure 1.18: Comparison between process and powder-induced porosity ([35])

1.5.2 Scanning Strategy

The trajectory of the heat source during the build, layer after layer, is known as the
scanning strategy. A number of different scanning strategies have been developed, as
shown in Fig 1.5, each one optimized for particular processing techniques. Island scan-
ning, a checkerboard pattern where alternating bidirectional tracks are used to fill the
inside structure, and a subsequent contour pass is used to improve surface finish and
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reduce porosity which could accumulate at the end of each individual laser track (ex-
ample in Fig 1.19) [47][10]. Each layer is to be rotated by a certain hatch angle with
respect to the previous one, in order to avoid an excessively directional microstructure
and reduce defects concentration [11][43].

Figure 1.19: Proposed contour remelting ([10])

1.5.3 Residual Stresses

One of the main concerns in additively manufactured parts is the presence of non-
negligible residual stresses throughout the material structure, which can severely impact
industrial applications of AM. The highly localized energy input causes large thermal
gradients (as in Fig 1.4) which are the main cause of residual stresses in AM parts.
These stresses can dramatically affect the bulk behavior of parts, possibly causing dis-
tortions and even cracks in case the stress exceeds the local ultimate tensile strength of
the material. Residual stresses largely depend on material properties, such as powder

Figure 1.20: Example of severe part cracking after SLM processing (courtesy of Ren-
ishaw)

conductivity an thermal expansion coefficient; part geometry and support structure,
with thin-walled parts being particularly at risk of deformation; process parameters
and laser scanning strategy. The optimization of the machine parameters has been in-
tensively studied, and many practical solutions aimed at reducing the severity of the
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problem have been found: it has been proven that shorter laser tracks effectively result
in lower residual stresses, thus indicating the island scanning strategy as the best one
to reduce the problem, especially when coupled with low scanning speeds [48][49]. An-
other technique widely used to reduce residual stresses is the use of a heated build plate
which is instrumental in reducing the thermal gradients throughout the build. A higher
pre-heat temperature also increases atomic diffusion, resulting in the relief of internal
strain energy.

The presence of non-negligible residual stresses, however, makes it necessary to pre-
vent part distortion by using appropriate support structures, meant to dissipate heat
from the build and to support and clamp overhanging features [50], as well as to adopt
post-process stress relieving heat treatments. A stress relieving in the range of 250-
300 ◦C for 2 h has been proven effective to reduce residual stresses in AlSi10Mg alloy
[51][52]. Novel modeling techniques are also starting to enable the designer to compen-
sate for the distortion by devising parts that will achieve the desired geometry after
cooling.

1.5.4 Anisotropy

One of the effects related to layer-wise manufacturing of metallic alloys is the creation of
anisotropic mechanical properties. Although the issue might appear to be of secondary
importance when compared with the presence of porosity and cracks inside the struc-
ture, it highly affects the actual performance of final AM parts, since their mechanical
performance depends on their build direction [17]. The main cause of part anisotropy
can be ascribed to directional heat conduction in the part during the build process: as
layers are added in the z-direction, there is a complex thermal history that results in
epitaxial grain growth along the build direction [40].

The microstructure of as-built parts presents elongated grains, along the build di-
rection, and that is reflected in the mechanical properties of the finished part: multiple
studies have evidenced significant differences in elongation and tensile strength depend-
ing on the build direction of the part [47][51][53][43][54]. This imposes a strict control
and planning when choosing the build orientation of the part during the file manipula-
tion phase, to maximize the properties of interest and to avoid premature failures.

Anisotropy, being related to the large thermal gradients inherent in AM, is heavily
affected by the build parameters, and can be mitigated by varying the scanning strat-
egy or applying appropriate base plate heating during the build. This will reduce the
thermal gradients, and slow down the cooling of the part, enhancing atomic diffusion
and the homogenization of the structure. Another technique to reduce the influence
of anisotropy is the application of post-process heat treatments, designed to homoge-
nize the material microstructure, resulting in more similar material properties in each
direction [51][54][53].
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Figure 1.21: SLM AlSi10Mg microstructure showing elongated dendrites in the arrow
direction. Graphs on the right are magnifications of areas in the white box ([55])

1.5.5 Microstructure

A small volume of the part will undergo a complex thermal cycle during manufactur-
ing, with a rapid heating above melting temperature followed by rapid cooling, and
many successive re-heating/re-cooling cycles as the laser will scan successive layers. As
a consequence of these high thermal gradients, the final parts present a fine-grained
microstructure, together with visible laser tracks (as in Figure 1.21), and considerable
residual stresses.

Temperature gradients will be mainly influenced by the scan strategy, by the heat
transfer coefficient of the surrounding material, by the supplied volume energy and
by the eventual build plate pre-heating: scan strategies are highly material-dependent
and also part-dependent, as different geometries require different scan paths to avoid
overheating smaller features [3].

Moreover, the surrounding, non-melted powder will act as an insulator compared to
the melt material, causing a highly directional heat conduction towards the build di-
rection, resulting in elongated columnar grains (as seen in Figure 1.23) and anisotropic
material properties [5]. Build plate pre-heating may be beneficial in reducing thermal
gradients, thus reducing residual stresses, but may also cause a coarsening of the mi-
crostructure [5] [11].

Another distinctive feature of AM parts is the presence of pores throughout the bulk
and the surface of the material (evident in Figure 1.22). They may originate from gas
bubbles entrapped in the powder (powder-induced porosity) as well as from incomplete
melting of the powder or evaporation of the melt pool (process-induced) depending on
the level of applied volume energy (too low/too high).

The main goal and advantage of AM is to produce net-shaped parts, nevertheless it is
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Figure 1.22: SLM AlSi10Mg microstructure, showing laser tracks, segregated Si-particles
at grain boundaries and internal voids ([4])

possible to modify and improve the as-built microstructure with a range of post-process
treatments aimed mostly at relieving residual stresses and/or reducing the remaining
porosity.

1.5.6 Post-Process Treatments

In order to attain superior mechanical properties with respect to the as-fabricated
parts, it may be necessary to use thermal or mechanical post-processing. Thermal
post-processing is generally aimed at relieving the residual stresses, modifying the mi-
crostructure of the material or closing the residual pores. Mechanical post-processing on
the other hand mainly aims at improving the surface finish of the part. A brief summary
of the most common heat treatment processes is given in Table 1.5.

Stress relief can be achieved by heating the material to a high enough annealing
temperature that allows for atomic mobility, but the duration of the process must be
carefully regulated to avoid or otherwise control grain recrystallization and growth [21].

Hot Isostatic Pressing (HIP) is a process that permits to close residual internal cracks
and pores present in the material microstructure by heating the material above 70% of
its melting temperature in a very high-pressure environment (usually 100 MPa). The
elevated temperatures will favor atomic mobility, and the high pressures will drive closure
of pores by favoring gas solution inside the matrix [12]. The elevated temperatures will
also favor grain growth [10]. The effects of these processes on the microstructure are
exemplified in Figure 1.23 and Figure 1.24.

Mechanical post-process treatments have been shown to have an influence on me-
chanical properties of the material: shot peening of the specimens has been investigated
by various authors [56][57], resulting in significant improvements of the mechanical prop-
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Figure 1.23: SLM AlSi12 microstructure with (a) and without (b) base plate heating,
showing columnar dendrites along the build direction ([11])

Figure 1.24: SLM Ti6Al4V microstructure for (a) as-built Ti6Al4V specimens, (b) fol-
lowing stress relief for 2h at 800 °C, (c) HIP processing, (d) 2h at 1050 °C ([5])
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erties and fatigue strength of the material, while surface polishing has led to inconsistent
results. In some cases it improved material properties [6], but the removal of the su-
perficial layer may also cause exposure of underlying porosity, resulting in higher stress
concentrations at the specimen surface [4].

Summarizing, materials for SLM:

• Require high-quality powder production

• Present fine-grained microstructure

• Retain considerable residual stresses and porosity

• Can be thermally post-processed to improve mechanical characteristics

Table 1.5: Typical heat treatment parameters

Treatment Ti6Al4V AlSi12 / AlSi10Mg

Stress Relief 650 −1000 ◦C (2-4 h)
[4][5] [6][9]

200 −240 ◦C (2 h) [10][11] /
300 ◦C (2 h) [4]

Hot Isostatic
pressing (HIP)

900 −920 ◦C, 100 −102 MPa
(2 h) [4][5][6][12]

497 ◦C, 100 MPa
(2 h)[10][12]

1.5.7 Economics of Additive Manufacturing

Additive Manufacturing is a young and disruptive technology, which is set to pro-
foundly change the metals processing market. From a marginal market share in the
2000s, with a global market of less than 0.5 billion, it has already grown to a 5.5 bn
EUR market in 2016, showing a Compound Annual Growth Rate (CAGR) of 20% over
the 2004 - 2016 time period, and is expected to grow at least by a factor of two by 2022
[58]

The main problems related to the widespread diffusion of additive manufacturing
technologies are the high manufacturing cost of components, mainly related to the high
indirect costs associated with the process (labor and machining costs), and the high
initial cost of AM devices and machineries due to the presently limited number of key
AM systems manufacturers, mainly located in Germany. As a consequence a limited
number of integrated service providers has developed, to the detriment of competition.

The AM applications have however expanded in several industries, with principal
market segments being represented by the Aerospace, Automotive, Electronics and Med-
ical industries. The business case for AM is made particularly clear when dealing with
highly complex parts, which would require costly and lengthy manufacturing procedures.
AM unlocks "free" complexity in parts, enabling innovative and optimized designs which
can achieve high savings for the end user. A business case made for an aerospace com-
ponent as simple as a seat steel buckle showed potential savings of over 2 million EUR
over the lifetime of the aircraft [31]
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Figure 1.25: Development of metallic AM (2000-2022) world production, excluding parts
and accessories ([58])

When dealing with additive manufacturing technologies it is assumed in a first ap-
proximation that unit manufacturing costs (excluding design costs) are independent of
production volume, whereas with traditional production processes an inverse relation
can typically be found. The break-even point between conventional manufacturing pro-
cesses and additive manufacturing can be found for low- to medium-sized production
lots, where AM can achieve considerable savings since there would be no need for costly
equipment such as molds, dies, etc.. [59].

Figure 1.26: AM part complexity vs. part manufacturing cost ([31])
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Figure 1.27: AM break-even point compared to conventional manufacturing on the base
of manufacturing volume ([59] )
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Chapter 2

Literature Review

2.1 Testing Procedure

The papers reviewed in this chapter focused their attention on fatigue and fracture
characterization of printed materials, whilst providing results for static tests as well. An
important work of correlation between microstructure defects and mechanical proper-
ties is also reported. Fatigue tests in both High Cycle Fatigue (HCF) and Low Cycle
Fatigue (LCF) ranges were reportedly performed with hour-glass specimens according
to ASTM E466 [60] with load ratios of R= σmin

σmax
=0.1 or R=-1 [53] [7]. Crack growth rate

tests were performed with specimens according to ASTM E647 [61] mostly with stress
intensity factor ratios of R=0.1. Along with traditional analysis such as metallography
and fractography, advanced non-destructive techniques for porosity evaluation such as
Computed Tomography (CT) scanning have also been employed [10].

2.2 Titanium

2.2.1 Microstructure

A fine-grained microstructure, composed of lamellar α+α’ martensitic phases created
due to the extremely rapid cooling rates of AM, has been widely observed in the as-built
state [5], with clearly elongated grains in the z-direction (i.e. normal to the build layers)
[6] as in Figure 2.1 a. Such a microstructure leads to very high tensile strengths but also
causes a marked brittle and anisotropic behaviour. To improve elongation to failure it is
usual practice to heat-treat the part, either with stress relief annealing or HIP. Different
stress relief parameters have been investigated by Leuders et al. [5], varying annealing
temperature from 800 to 1050 ◦C. A lower temperature, 650 ◦C, was proposed by Chas-
tand et al. [6], as well as by Wycisk et al. [62]. Processes at higher temperatures lead to
more evident grain coarsening (Figure 1.24b/d), with a decomposition of the martensitic
α’ phase into an α+β structure with β phase segregated at grain boundaries. Stress
relief at lower temperatures returns a finer α+α’ lamellar microstructure (Figure 2.1c)
but does not completely remove material anisotropy, with evident columnar grains, re-
sulting from preferential heat conduction along the build direction, still clearly visible
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(Figure 2.1a). HIP parameters show much higher consistency, with most of the liter-
ature reporting 920 ◦C, 1000 bar to be the most appropriate for Ti6Al4V alloy. HIP
treatment results not only in stress relief but also in an important porosity reduction:
the microstructure shows a moderate grain coarsening, with lamellar α grains, with
limited increase of the β-phase [6] [62] [5]; porosity reduction is evident from CT scans
(Figure 2.2), reducing stress concentration effects.

2.2.2 Tensile Properties

Heat treatments highly influence mechanical properties: the as-built condition presents
brittle characteristics, with very high Ultimate Tensile Strength (UTS) values, in the
range of 1030-1130 MPa, but the elongation to fracture can be as low as 1.2%. The
as-built condition is also marked by anisotropy, with stresses perpendicular to the build
layers causing premature failure [4]. Stress relief treatments and HIP alike cause a
reduction of UTS, but permit to obtain higher elongation to failure values. And, HIP
especially, almost eliminates the anisotropy [4][5].

2.2.3 Fatigue Properties

The observations made for static properties hold also for fatigue behaviour: as-built
specimens show reduced fatigue resistance, while specimens subjected to additional heat
treatments show a substantial improvement in performance. Leuders et al. [5] report
fatigue lives, for fully reversed bending (R=-1), as low as 27000 cycles for as-built
specimens, while stress relieving at 800 ◦C increases endurance up to 93000 cycles, and
HIP provides infinite life at 2∗106 cycles, with a calculated fatigue strength of 630 MPa,
which is in line with the values of wrought materials (i.e. 630-680 MPa).

Further analyses from Mower et al. [4] as well as by Wycisk et al. [9] confirm
these trends, reporting a significant enhancement of fatigue strength after HIP and
pore closure, with fatigue strength values, under tension-compression testing, of 400
MPa and 575 MPa respectively, pointing to the importance of pore closure for the
improvement of fatigue life. A significantly lower scatter of data is also evident (Figure
2.3). Fractographic analyses confirm that fracture-initiation sites are mostly related to
porosity defects, unmelted zones or surface defects, with defects closer to the surface
proving to be the most critical [5][4][9](Figure 2.4).

2.2.4 Crack Growth

Conventionally-processed material has a reference threshold value ∆Kth = 4MPa
√

m.
Tests performed by Leuders et al. [5] on CT specimens show a considerable scatter of
∆Kth for the as-built specimens, with threshold values found to be consistently lower
than the reference. A significant improvement can be obtained by heat-treating the
parts, with threshold values even higher than the reference at ∆Kth = 6.1MPa

√
m.

It has also been observed how build orientation affects specifically the as-built parts,
which show markedly different behaviors in the Paris-Erdogan region (Figure 2.5). This
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Figure 2.1: Optical micrographs of SLM Ti6Al4V specimens at different magnifications
in the X–Z plane. (a, c) Stress Relieved (b, d) HIPed. ([6]

Figure 2.2: CT of (a) as-built Ti6Al4V specimens, and (b) after HIP processing. After
the HIP process, any residual porosity was below the resolution limit ([5])
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(a)

(b)

Figure 2.3: HCF properties for (a) stress-relieved and (b) HIPed Ti6Al4V specimens
([62])

Figure 2.4: Fractography of different defects: (a) porosities, (b) surface defect, (c)(d)
unmelted zones/bonding defects ([6])
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(a)

(b)

Figure 2.5: Crack growth curves for SLM Ti6Al4V alloy. (a) Crack growth perpendic-
ular to build direction, (b) Crack growth parallel to build direction. Scatter band shows
reference material properties. ([5])

Figure 2.6: SLM Ti6Al4V Kitigawa-Takahashi diagram on experimental data from HCF
and crack propagation tests. ([9])
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could point at the importance of residual stresses: high tensile stresses were reported for
the as-built specimens in the build direction, while hardly any were measurable in the
heat-treated materials [5]. Comparable results have also been obtained by Wycisk et al,
who calculated a ∆Kth = 3.48MPa

√
m for stress relieved specimens [9]. Wycisk et al.

performed also a Linear Elastic Fracture Mechanics (LEFM) analysis to correlate defect
size with the stress range adopting both Kitigawa-Takahasi and El Haddad-Topper
approaches and found a good correlation of experimental results with the models (Figure
2.6). Extensive literature review on the subject has been performed also by Beretta et
al. [7].

2.3 Aluminum

2.3.1 Microstructure

Figure 2.7: SLM AlSi12 microstructure, showing fine dendrites perpendicular to the
build direction ([11])

SLM returns very fine microstructures also when aluminum alloys are employed,
with columnar dendritic structure growing in the build direction for both AlSi12 and
AlSi10Mg alloys [11][4][47]. Laser tracks are evident (Figure 1.22) and Si-particles can
be seen at the grain boundaries, as a result of high cooling rates, which prevent the
formation of precipitates (see Figure 1.23, Figure 1.22 and Figure 2.7). Precipitation-
hardening alloys such as AlSi10Mg, necessarily require post-process heat treatments to
allow precipitation of Mg2Si to form at the grain boundaries [53].

As with Ti-alloys, heat treatments also give rise to a grain coarsening effect, remove
material anisotropy and give a stress-relief effect [21]. Build platform heating to 300 ◦C
and peak-hardening processes to T6 condition have been studied by Brandl et al. [53],
which found peak-hardening to have substantial effects on the removal of anisotropy
thanks to microstructure homogenization, and platform heating to cause a reduction
of internal defects [53]. Similar conclusions were reached by Siddique et al. [11], who
observed a reduction in porosity from 0.25% to 0.12% with a platform heating up to
200 ◦C (Figure 2.8).

Stress relief annealing to 240 ◦C has been investigated by Siddique et al. [11], which,
along with an expected grain coarsening and stress-relief, observed an increase in pore
size due to the increased ductility at elevated temperatures, causing entrapped gases to
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Figure 2.8: SLM AlSi12 CT scans of stress-relieved specimens (a) without and (b) with
base-plate heating ([11])

Figure 2.9: SLM AlSi12 CT scans: (a) Stress-relieved, and (b) HIPed ([10])

Figure 2.10: SLM AlSi12 surface micrographs: (c) Stress-relieved with Si-deposits at
grain boundaries, and (d) HIPed with accrued Si-crystals ([10])
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expand more freely. Similar tests were performed by Mower et. al, although porosity
and bonding defects remained evident, which lead to brittle fracture and anisotropic
behavior [4].

HIP was investigated by Siddique et al. [10], observing a completely recrystallized
structure without dendrites and with Si-crystals accrued in the Al-matrix, together
with a dramatic reduction in porosity, from 0.30% to less than 0.01% (see Figure 2.9
and Figure 2.10).

2.3.2 Tensile Properties

Figure 2.11: SLM AlSi12 characteristic stress-strain curves for (I) as-built and stress
relieved and (II) HIPed specimens ([10])

Quasistatic properties of Al alloys show similar behaviour to SLM Ti alloys with
respect to the microstructure/elongation relationship. The very fine grains resulting
from the rapid cooling cycles of AM process lead to increased strength values with
respect to wrought materials, albeit with a reduced elongation at failure.

Siddique et al. [10] report UTS values of 361 MPa for AlSi12 specimens in the as-
built condition, or around 275% of the value for the reference cast alloy, but with a
halved elongation to failure of about only 4%. HIPed specimens show roughly halved
UTS, at 155 MPa, but also present an excellent elongation to failure of 19.2% as in
Figure 2.11.

Despite the difficulty in forming precipitates due to rapid cooling rates, precipitation-
hardening alloys such as AlSi10Mg produced by SLM show comparable strength with
cast parts in the as-built condition. Kempen et al. [47] observed UTS of around 390 MPa
in as-built specimens, which exceed even High Pressure Die Casting (HPDC) properties
(UTS=300-365 MPa). They also observed elongation to failure values in the same range
as the HPDC parts (ϵf = 3 − 4%), albeit with a marked anisotropy. Parts tested along
the build direction failed prematurely due to increased influence of internal pores.

These findings were confirmed by studies from Mower et al. [4], who observed
anisotropy even after a stress-relieving heat treatment (see Figure 2.12) and a markedly
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Figure 2.12: SLM AlSi10Mg characteristic stress-strain curves for stress relieved speci-
mens in Z- and XY-direction, compared to cast material ([4])

Figure 2.13: SLM AlSi10Mg tensile specimen brittle fracture surface, with evident poros-
ity ([4])

brittle and faceted fracture surface, with evident porosity defects as shown in Figure
2.13.

2.3.3 Fatigue Properties

Fatigue behavior is highly influenced by microstructural properties. Siddique et al. [63]
observed evident differences in the behavior of stress-relieved AlSi12 specimens with and
without base plate heating. The reduction in internal defects resulting from base plate
heating gives noticeably higher fatigue strength values as shown in Figure 2.14.

Fracture surface analysis confirms how specimens without base plate heating failed
predominantly due to large sub-surface flaws, with non-uniform distribution of pores
causing a significant scatter of the data, while in the other batch, surface defects were
the main crack-initiation sites [11]. In any case, both batches showed fatigue strengths
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Figure 2.14: Wohler diagrams for AlSi12 stress-relieved specimens with (batch D) and
without (batch B) base plate heating at 200 ◦C ([63] and [11])

greater than, or comparable to, a conventional cast alloy, usually rated at 55 MPa [11].

Figure 2.15: Constant amplitude test fatigue life of AlSi12 specimens (I) with base plate
heating and (II) with HIP ([10])

HIP post-treatment, while virtually eliminating any porosity, also increases grain size
as previously noted (Section 2.3.1). Additional studies from Siddique et al. [10] reported
a reduced scatter of data for HIPed specimens, but also denoted a marked reduction of
fatigue resistance: the elimination of sub-surface defects reduces the possible initiation
sites to surface defects only, but finer grains offer higher crack initiation resistance,
resulting in the behaviour shown in Figure 2.15.

Precipitation-hardening alloys like AlSi10Mg mostly benefit from peak-hardening
treatments as shown by Brandl et al. [53]: peak-hardened specimens show consistently
improved fatigue strength, independently of the build direction (see Figure 2.16), out-
performing the wrought material (rated at 60-90 MPa).

Fracture surface analysis reveals that all peak-hardened specimens show ductile frac-
tures, as opposed to the brittle fracture surfaces of as-built specimens as shown in Figure
2.17. Further analysis by Brandl et al. [53] on the effects of base plate heating denotes
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Figure 2.16: Wohler diagrams for AlSi10Mg specimens with and without peak-hardening
([53])

Figure 2.17: Fracture surface of AlSi10Mg specimens: (a,b) as-built condition, faceted
fracture (c,d) peak-hardened, dimpled fracture ([53])
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how heating helps in reducing residual stresses and bonding defects, effectively increasing
the fatigue limit.

Comparable results for stress-relieved, non-peak hardened specimens have been ob-
tained by Mower et al. [4], showing brittle fracture surfaces with a strong predominance
of porosity-induced failures, and fatigue limits slightly below those of the wrought ma-
terial, ranging from 50 to 80 MPa.

2.3.4 Crack Growth

Figure 2.18: Crack growth curves for AlSi12 stress-relieved specimens with (Batch D)
and without (Batch B) base-plate heating.(from [11])

Crack propagation behavior in AlSi12 has been studied by Siddique et al. [11],
observing the effects of base plate heating on stress-relieved material: coarser grains
due to base-plate heating, while providing less resistance to crack initiation, as analyzed
in Section 2.3.3, also provide more resistance to crack propagation, as shown in Figure
2.18. Moreover, the authors suggest that, as pores can be considered as initial micro-
cracks, reduction in initial pore size and fraction yields a reduction of the effective stress
intensity factor range ∆K as per the expression of the cyclic stress intensity factor (Eq.
2.1), resulting a decreased crack-growth as per the Paris-Erdogan equation (Eq. 2.2).

∆K = Y ∆σ
√

πa (2.1)

da

dN
= C∆Kn (2.2)

Where ∆σ is the stress range, a and a0 are the instantaneous and initial crack lengths
respectively, da

dN is the crack growth rate and A, B, C are fitting parameters. Effects
are limited, with little change in threshold values as well as in the Paris-Erdogan region
behavior. No analysis of the effects of residual stresses was presented.

Extremely scarce literature is available on AlSi10Mg crack propagation behavior,
preventing from any meaningful review to be done.
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2.4 Discussion

Mechanical properties of AM-SLM parts are highly material and process-dependent,
with tensile, fatigue and fracture behaviors all influenced by microstructural defects,
which in turn are influenced by selected processes and process parameters.

Tensile properties have been shown to be mainly influenced by microstructural fea-
tures such as grain size and phase distribution in both Ti6Al4V and Al-alloys. Process
parameters should be optimized to retain as fine a structure as possible while not causing
excessively brittle behavior. It has been shown for Ti6Al4V that annealing heat treat-
ment is sufficient to noticeably improve elongation-to-failure values, due to the evolution
of the β-Ti phase in the microstructure, while residual stresses and porosity have lower
effects on tensile properties. HIP process has been shown to lead to the best elongation-
to-failure values, as more complete microstructural changes take place, together with
the reduction in the size of defects.

Al-alloys show comparable trends: the fine structure resulting from rapid cooling
cycles promotes excellent tensile strength values. The associated relatively brittle frac-
ture behavior can be reduced by subsequent heat-treatment of the part: as-built AlSi12
parts have been shown to possess properties comparable with those of cast material, but
following HIP it is possible to retain comparable UTS values with doubled elongation-
to-failure values. Precipitation-hardening AlSi10Mg alloy has been shown to possess,
also in the as-built conditions, properties comparable to the most advanced casting
techniques (such as HPDC), albeit internal porosity hindered parts ductility, suggest-
ing that further efforts have to be made in order to increase part density and reduce
porosity, while retaining the fine grain size typical of AM process.

Fatigue properties investigation mainly suggests a strong influence of internal poros-
ity: it induces strong stress concentration effects at the pores, facilitating crack prop-
agation and brittle fracture. Ti6Al4V specimens have always shown significant im-
provements in fatigue life and fatigue strength when HIPed, suggesting that density
optimization is of utmost importance to improve fatigue life of SLM parts. Moreover,
it was also evidenced that also pore distribution plays a strong role in determining the
fatigue life of a component, with pores closer to the surface inducing stronger notch
effects.

Similar observations can be made for Al-alloys: reducing internal defects yields im-
proved fatigue lives, with reduced scatter of data obtained through the reduction of
possible crack initiation sites. It has also been shown that fine grain sizes prevent crack
initiation, thus a microstructure optimization must be performed to have optimal part
density while retaining fine-enough grains: while base plate heating yields evident im-
provements due to a reduction of large internal defects, HIP also yields coarser grains
that negatively impact fatigue life. For precipitation alloys, it has been confirmed that
peak-hardening treatments can have substantial effects on fatigue life, with SLM peak-
hardened specimens outperforming wrought materials.

Crack propagation has been shown to be mainly dependent on residual stresses and

41



grain shape in Ti6Al4V alloy, as porosity plays a limited role in determining threshold
values for crack propagation. For components in the as-built condition, residual stresses
would also cause noticeable anisotropy, which is eliminated by heat treating the part.

Although no analysis on the effects of residual stresses for AlSi12 alloy was found,
only limited influence of base plate heating was shown, pointing to limited effects of
porosity, as for Ti-alloys. Further studies should address both the effect of residual
stresses in AlSi12 alloys as well as the entire crack propagation phenomenon in AlSi10Mg
alloy.

2.5 Conclusions

• SLM-AM parts show comparable, if not superior, mechanical properties with re-
spect to conventional cast parts

• Rapid cooling cycles in AM cause formation of very fine-grained microstructures,
yielding high strength.

• Mechanical characteristics are hindered by internal defects and residual stresses
due to the rapid cooling.

• Following post-process heat treatments SLM parts show excellent mechanical prop-
erties, which, together with the design freedom of AM, suggest that this process
is suitable for series production of highly complex and high-performing parts.

• Internal defects, mainly porosity and insufficient bonding, must be addressed by
density-optimized processes or by post-process heat treatments.
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Chapter 3

Experimental Procedures

As the use of aluminum alloys in the field of AM is still relatively unexplored, it was
decided to focus the analysis on the static properties of the material, in order to get
a complete mechanical characterization and evaluate the feasibility of its use in the
automotive industry as a substitute for cast parts.

A parallel work was carried out with the help of Fiat Chrysler Automobiles (FCA)
EMEA and NAFTA, with specimens being built and tested both in Italy and in North
America, in order to verify and compare the material properties with suppliers in dif-
ferent business areas, and to verify the repeatability of the process.

An initial phase of benchmarking between different service providers was followed
by a complete characterization of the mechanical properties of the as-built material
with one selected supplier. The study was then completed by analyzing the influence of
different heat treatments on the material properties.

3.1 Manufacturing Process

All the specimens were manufactured using Direct Metal Laser Sintering and the ISO
AlSi10Mg alloy (equivalent to AA 359.0 in North American notation and to EN AC-
43000 according to Euronorm), provided by TLS Technik GmbH in North America and
by EOS in Italy, with nominal composition as reported in Table 3.1. Both suppliers used
inert gas atomization process to pulverize the aluminum alloy. As discussed in Section
1.4 gas atomization is, aong the processes available for the production of AM powders,
the most cost-effective for reactive materials such as aluminum, which are easily subject
to oxidation and require the use of inert gases as atomizing media.

Table 3.1: Nominal AlSi10Mg powder chemical composition in weight %

Si Mg Fe Cu Mn Zn Ti Ni Al

TLS 9.0–11.0 0.2–0.45 ≤ 0.55 ≤ 0.05 ≤ 0.45 ≤ 0.10 ≤ 0.15 ≤ 0.05 Balance

EOS 9.0–11.0 0.2–0.45 ≤ 0.55 ≤ 0.05 ≤ 0.45 ≤ 0.10 ≤ 0.15 n/d Balance

43



All specimens where built on a EOS M 290 machine. EOS, founded in 1989, is the
global leader in DMLS machines, and can provide a complete equipment package to the
end user, including the machine, the powder, optimized build parameters and technical
assistance. On the North American side it was necessary to resort to an external supplier
based in Charlotte (NC), for the manufacturing of the specimens. On the Italian side,
the manufacturing was done directly in-house. The main characteristics of the machine
are reported in Table 3.2.

Figure 3.1: EOS M 290 machine (Courtesy of EOS)

Table 3.2: Technical data EOS M 290

Building volume 250x250x325 mm

Laser type Yb fibre laser; 400 W

Precision optics F-theta lens; high-speed scanner

Scanning speed Up to 7.0 m/s

Focus diameter 100 µm

Power supply 32A / 400V

Power consumption max 8.5 kW / average 2.4 kW

Inert gas supply 7000 hPa; 20 m3/h

The printing parameters, given in Table 3.3, were suggested by the supplier in North
America and could not be modified, whereas in Italy the direct ownership of the machine
allowed for a more complete control of the process and the parameters could be modified
to verify the effect of two different layer thicknesses (30–60 µm). It is to be noted that
exact values of laser power, scanning speed and hatch were not exactly provided by the
supplier to protect their own proprietary parameters, and only the volumetric energy
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Table 3.3: Printing parameters EOS M 290

North America Italy

Laser power n/d Laser power 370 W

Laser scanning speed n/d Laser scanning speed 1.3 m/s

Laser hatch angle n/d Laser hatch angle 67 deg

Laser hatch n/d Laser hatch 0.19 mm

Layer thickness 60 µm Layer thickness 30–60 µm
Volumetric Energy
Density 29.25 J/mm3 Volumetric Energy

Density 49.93–24.96 J/mm3

Scanning pattern Raster scan Scanning pattern Raster scan

Build plate temperature 165 ◦C Build plate temperature 200 ◦C

density, as defined in Eq. 1.1, was provided.

3.2 Specimens

The purpose of this thesis work is the mechanical characterization of SLM-printed
AlSi10Mg in terms of static tensile properties. On the North American side the speci-
mens were subdivided into two lots of 18 specimens each, both manufactured with the
parameters reported in Table 3.3. The first production lot was subsequently subject to
a stress-relieving heat treatment for 2h at 300 ◦C as recommended by EOS to eliminate
residual stresses and generate a microstructure similar to T6 peak hardened AlSi10Mg
casting alloy [36]. Each lot contains bars built along the three main directions: 6 spec-
imens along the Z-axis, 6 lying on the XY-plane and 6 in the 45° direction, as in Fig

Figure 3.2: North American specimen arrangement in the build chamber
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3.2.
All specimens were fabricated as cylindrical rods, and then machined to ASTM

E8/E8M - 16a #4 specifications as in Fig. 3.3 and Table 3.4 [64]. Each specimen was
marked in order to maintain traceability even after machining, as the material removal
process eliminates the different appearances from the three different build directions.

Figure 3.3: ASTM specimens dimensions ([64])

Table 3.4: ASTM specimens specifications

Dimensions [mm]

For Test Specimens with Gauge Length Four times the Diameter [E8]

D - Diameter 12.5 ± 0.2

G - Gauge Length 50 ± 0.1

A - Length of reduced parallel section 56

L - Overall length 140 min

B - Length of end section 15 approx.

R - Radius of fillet 10

C - Diameter of end section 22

E - Length of shoulder and fillet section 20

F - Diameter of shoulder 15
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]
(a) As-built cylindrical rods (b) Evidence of build supports on XY-plane rod

Figure 3.4: North American as-built rods showing build support marks

47



Figure 3.5: ISO specimens dimensions ([65])

Table 3.5: ISO specimens regulated dimensions

Dimensions [mm]

For Test Specimens with Proportional Gauge Length

do - Original Diameter 5 ± 0.05

Lo - Gauge Length 25

Lc - Length of Parallel Section 30 ± 0.1

R - Radius of Fillet 10

On the Italian side the specimens were subdivided into three lots, manufactured with
the parameters reported in Table 3.3, with specimens from the third job having layer
thickness of 60 µm. Certain specimens from each lot were subjected to a stress-relieving
heat treatment for 2 h at 300 ◦C as recommended by EOS to eliminate residual stresses
and generate a microstructure similar to T6 peak hardened AlSi10Mg casting alloy [36].

All three lots included cubic and parallelepiped specimens, built to be subject to
density and hardness tests and optical micrography analysis, as well as cylindrical bars
manufactured in the Z-axis and XY-plane, to be machined for tensile testing according
to UNI EN ISO 6892-1 (equivalent to ASTM E8 standard) specifications as in Fig 3.5
and Table 3.5 [65]. Proportional specifications where used, with specimens having a
gauge length Lo equal to:

Lo = k
√

S0 (3.1)

where k is a proportionality constant set at 5.65 and So is the original area of the
gauge section. It is also mandatory for the parallel section length to be at least equal
to:

Lc = L0 + (do/2) (3.2)
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(a) Cubic (1x1 cm) and parallelepiped (2.65x1.4 cm) specimens

(b) As-Built cylindrical rods (c) Machined specimens

Figure 3.6: Italian cubic and cylindrical specimens (before and after machining)

3.3 Powder Particle Size Distribution

As the powder atomization process yields a range of particle sizes it is important to
determine the particle size distribution. Depending on the particle size, different in-
teractions with the recoater and with the laser itself can happen, influencing the final
part properties. Literature research [34] shows that it is generally preferable not to have
too fine powder particles (preferably ≥ 10 µm), as it would hinder the flowability of the
powder and prevent the machine recoater arm from spreading an even layer of fresh
powder.

On the North American side it was possible to obtain a powder certification by the
powder provider, containing both the actual chemical composition of the powder batch
and the particle size distribution.

On the Italian side it was possible to directly test the supplied powder at the Politec-
nico di Torino using a Fritsch Analysette 22 NanoTec Laser Particle Sizer. The machine
offers a measuring range of 0.01−2000 µm by employing a laser measuring system based
on the diffraction of a laser beam. A characteristic diffraction pattern, consisting of
concentric rings whose intensity and dimension is dependent on the particle size, is gen-
erated as the laser beam hits the powder. Larger particles will generate very close rings,
while the contrary is valid for smaller particles. Fritsch software, through comparison
with a database specific for each material, can determine the size distribution.
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Figure 3.7: Example of powder size distribution chart (courtesy of TLS Technik)

Figure 3.8: Fritsch ANALYSETTE 22 NanoTec laser particle sizer (courtesy of Fritsch)

3.4 Tensile Test

A tensile test allows to strain the specimen with an increasing uniaxial stress along
the specimen axis. Once a limit value is reached, it will cause failure of the specimen.
Generally speaking a number of factors can influence the test results:

• Specimen conditions (surface finish, adherence to dimensional specification)

• Test temperature and humidity

• Strain rate

• Gripping devices

• Load alignment

In North America, to ensure the repeatability of results, tensile tests were con-
ducted according to ASTM E8/E8M - 16a standard, adopting a strain rate of 0.0508
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mm/mm/min (i.e. 0.00085 mm/mm/s). The resulting data were the Yield Strength
(YS), Ultimate Tensile Strength (UTS), % Elongation in 2.0" (ϵ) and Elastic Modulus
(E). The machining and the tensile tests were conducted by an external supplier based
in Cleveland (OH). Tensile tests were conducted on a Tinius Olsen R60 servohydraulic
machine, gripping the specimens so as to ensure uniaxial loading and measuring defor-
mations with an axial extensometer.

Figure 3.9: Tinius Olsen universal testing machine

In Italy tensile test were performed according to the equivalent ISO standard, UNI
EN ISO 6892-1 [65] cylindrical cross-section specimens as per the aforementioned stan-
dard. The test is strain-controlled but is divided in two parts: in the elastic range of
the material a strain rate of 0.00025 mm/mm/s is adopted, while in the plastic range a
strain rate of 0.003125 mm/mm/s is to be followed. Tests were performed in Politecnico
di Torino as well as in-house using respectively a MTS Citerion Mod. 43 and a Galbadini
SUN40.

3.5 Density Test

As mentioned in previous chapters, porosity is a known problem with additively manu-
factured components, and the verification of the part density is necessary to predict the
material behavior. Today the main verification methods are provided by Archimedes’
principle-based electronic scales or by Computed Tomography (CT) scans of sample ma-
terials. The first one is able to give an estimation of the % density and porosity, while
the second one can give an exact picture not only of the density but also on the shape,
size and location of the porosity throughout the bulk of the material.
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Figure 3.10: MTS Citerion Model 43 tensile testing machine (courtesy of MTS)

On the North American side it was possible to perform X-Ray CT of selected speci-
mens coming from a different build. Results are not representative of the performances
of the alloy-machine combination under study but are just an example of the possibil-
ities offered by CT applied to additively manufactured specimens. X-Ray Computed
Tomography is an imaging technique in which multiple X-Ray scans of the specimens
are taken from different angles, as the specimen is rotated from 0 to 360°. During this
process numerous two-dimensional images representing the attenuation (mostly density-
dependent) are obtained by the machine algorithms. Successively, reconstruction algo-
rithms can stack together the 2-D images to create a 3-D model of the specimen, com-
posed of volume elements (voxels), which is a high-fidelity representation of the internal
density of the specimen under study.

X-Ray Computed Tomography is a completely non-destructive testing technique,
which in theory can even be applied to the entire finished part. However, as the res-
olution of a CT scan is inversely proportional to the specimen size, in order to obtain
high-resolution images, with voxels in the order of micrometers, specimens of reduced
size (less than 13mm on each side) had to be cut, slicing the test bars significant loca-
tions. Vertical and 45° specimens where sliced at the top and at the bottom, to provide
a better representation of the evolution of porosity along the build direction, while only
one slice was taken from the horizontally-built specimens.

On the Italian side an estimate of the density was obtained on the cubic and par-
allelepiped specimens. Multiple measurements were performed on a gravimetric scale
based on the buoyancy method: the scale is equipped with two plates, as in Fig 3.12:
one is immersed in a liquid of known density (usually distilled water) and on it the
weight of the immersed specimen is obtained (Wwet); the second one is not immersed
and on it the weight of the specimen in air is obtained (Wair). Using the Archimedes’
principle it is possible to compute the specimen bulk density using in Eq 3.3.
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Figure 3.11: X-Ray CT general setup ([10])

Figure 3.12: Example of gravimetric density scale based on Archimedes’ Principle (cour-
tesy of Mettler Toledo)
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ρ = ρfl · Wair

Wdried − Wwet
(3.3)

where Wdried is the weight of the dried specimen after wet weighting. By comparing
the computed density with the theoretical one it is possible to find the relative % bulk
density, and in turn the % porosity as the complementary to 100%.

3.6 Chemistry Test

The actual composition of a material is always subject to variability, and to properly as-
sess the elemental composition of the test specimens it was deemed necessary to analyze
the chemical composition of the parts.

Figure 3.13: Baird Spectrovac DV-3 setup

On the North American side the standard test method ASTM E1251-11 for Alu-
minum alloys was adopted [66], on a Baird Spectrovac DV-3 machine: Spark Atomic
Emission Spectrometry (Spark-AES) is a test method used for the analysis of solid
metallic specimens, in which an electric spark is generated in an argon atmosphere be-
tween the prepared flat surface of the specimen and an electrode. The spark discharge
energy must be sufficient to physically remove material from the material surface, break
metallic bonds and cause the dispersed atoms or ions to emit radiation at their charac-
teristic wavelength. The emitted radiation is converted into an electrical signals, from
which the chemical composition of the specimen is derived.

The intensity of each electrical signal corresponding to different wavelengths is com-
pared to standard calibration tables for the specific class of alloy under test, and the
differential reading is converted into a percentage reading according to ASTM-defined
calculations (as per ASTM E158-86 [67]).

No chemistry analysis was performed on the specimens built in Italy.
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3.7 Hardness Test

Hardness testing provides useful information on the resistance to indentation of a ma-
terial. It is generally determined by measuring the permanent depth of the indentation
when a material is indented using a standard load and indenter. In general hardness
testing gives a good measure of the ductility and strength of a given material, while re-
maining a mostly non-destructive testing technique and thus useful to test even finished
parts. Several test methods have been devised, such as Rockwell, Brinell, and Vickers.
Each one has different specifications regarding geometry and size of the indenter, load
conditions and hardness calculations. On a general basis, in Vickers and Brinell tests
the measured hardness is inversely proportional to the footprint left by the indenter on
the specimen surface, while in the Rockwell technique hardness is inversely proportional
to the penetration depth of the indenter.

On the North American side is was decided to adopt Rockwell hardness testing in
order to comply with company database of hardness testing, following the ASTM E18-
17e1 standard test method and adopting the HRFW scale, which prescribes a 60 Kgf
load with a tungsten 1/16" ball. A Wilson 4JR testing machine was used and three
measurements for each specimen were taken in order to compute a meaningful average.

Figure 3.14: Rockwell hardness test method (schematic diagram)([68])

The test procedure can be summarized in three different phases of force application
and removal [68]:

1. Preliminary test force application: The indenter is brought into contact with the
specimen and a preliminary force F0 is applied. After a specified dwell time the
baseline depth is measured.
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2. Additional test force application: The force on the indenter is increased at a
controlled rate to achieve the final specified test force F, which is held for a specified
dwell time.

3. Removal of test force and final depth measurement: The force is lowered to the
preliminary F0 value. The final indentation depth is then measured. Rockwell
hardness is measured from the difference h in millimeters between the final inden-
tation depth and the baseline indentation depth.

The Rockwell hardness, for scales using a ball indenter, can be calculated using Eq.
3.4, and results were given as the average of three measurements.

HR = 130 − h

0.002 (3.4)

(a) Wilson 4JR Rockwell hardness testing
machine

(b) EMCOTEST M5U 300/030 Brinell
hardness testing machine

Figure 3.15: Hardness testing machines at the North American supplier (a) and in Italy
(b)

On the Italian side hardness was evaluated on the cubic and the parallelepiped
specimens adopting Brinell hardness tests as per UNI EN ISO 6506-1 standard [69] on
an EMCOTEST M5U 300/030 machine. The test involves the use of a 2.5mm spherical
indenter, made of tungsten carbide, and of a 10 N load, maintained for 10 s. The
tests were carried out on both parallel and perpendicular faces of the specimens (with
reference to the build direction of the specimens), and measurements were taken on 3
points per face, to create a meaningful average.

The actual hardness calculation is carried out by measuring the mean diameter of
the indentation as in Eq 3.5, where d1 and d2 are the indentation diameter measured at
90 deg. It is thus possible to compute the Brinell hardness using Eq 3.6, where F is the
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Figure 3.16: Brinell hardness test measurement principle ([69])

applied force in N and D is the sphere diameter in mm [69].

d = d1 − d2
2 (3.5)

HB = 2F

πD · (D −
√

D2 − d2)
(3.6)

3.8 Optical Microscopy

After the previous analyses were completed, optical microscopy was used to obtain the
metallography of the material in different build conditions. Mechanical properties of a
metallic material are influenced not only by the different phases of an alloy, but also
by their distribution and by the grain structure. It is therefore important to clearly
evidence the relations between different metallic structures and the material properties.
The metallographic study is carried out with the help of an optical microscope, using
specimens treated with special etching agents which highlight the different phases and
the grain structure.

To analyze the specimens it is at first necessary to cut small specimens from the
metallic specimen, ensuring that during the cutting operation sufficient lubrication is
provided between the cutter and the piece, to avoid excessive heating of the material
and possible microstructural modifications. To proceed with the analysis it is necessary
to prepare the specimens by mounting them in a structure suitable for handling and
long-term storage such as an epoxy resin, and then it is necessary to polish and etch the
surface to be observed.

The cutting operation is completed with a circular saw, rotating at high speed but
fixed in space. The piece is held in place by a system of grips designed to avoid any

57



vibration which could compromise the operation. The piece is then motioned towards the
saw at a controlled speed. It is important to avoid excessive speeds which would cause an
excessive heating of the material and would cause a modification of the microstructure.
The machine is also equipped with a lubrication system designed to reduce friction
between the cutting tool and the workpiece.

The cut specimens were then cold-mounted in an epoxy resin, to facilitate handling
and provide a durable storage medium. The mounting was done by placing the specimen
inside a cylindrical container, with the surface to be analyzed facing downwards. The
container was then filled up with an equal mix of epoxy resin and curing agent.

After they were cured, specimens were polished using progressively finer sandpaper
and water lubrication and finally a diamond suspension to obtain an optimal surface
finish. A final etching to highlight grain structure and morphology was made with hy-
drofluoric acid in North America (0.5% HF , 99.5% water), while in Italy the specimens
were etched with the Keller’s reagent (1.0% HF , 1.5% HCl, 2.5% HNO3 and 95%
water), both of which are recommended etchants for aluminum [70].

3.9 Scanning Electron Microscopy

The fracture surfaces of the tensile specimens were observed under the Scanning Electron
Microscope (SEM), which provides high-resolution images that are extremely useful to
understand the fracture mechanisms.

Figure 3.17: Schematics of a SEM (courtesy of [71])

As shown in Fig 3.17, a Scanning Electron Microscope operates based on the inter-
action between a focused electron beam and the specimen surface. The electron beam
is generated by the thermoionic emission from a Tungsten or LaB6 cathode inside an
electron gun. The electrons are then accelerated by the voltage difference between the
cathode and the anode, in the order of 5 - 30 kV. The electron beam is then focused
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(a) SEM machine with post processing hard-
ware

(b) Sample setup

Figure 3.18: Setup of the SEM used at the University of Windsor

and properly deflected by a system of electromagnetic lenses and it finally impacts the
specimen, causing the emission of a number of different radiations, of which X-Ray and
secondary electron emission are the most interesting. By capturing the first one it is
possible to conduct microstructural analysis of the specimen and determine its chemical
composition, whereas the latter gives the actual scan of the specimen surface morphol-
ogy.

The SEM requires conductive specimens to be used, in order to allow for the con-
duction of the excess electrons received, and it also requires high vacuum conditions,
in the order of 10−4 Pa, to maintain proper operating conditions of the electron beam.
The electron beam is not stationary in space but is scanned in a raster pattern on the
specimen, by deflecting it with a magnetic lens. The secondary electron emission is
captured by a proper detector, which converts the radiation in an electric signal to be
amplified. This signal is interpreted as an intensity distribution that can be displayed
as a black and white digital image of the specimen surface [72].

It was possible to capture SEM imagery both in at the University of Windsor, as well
as in Italy using in-house laboratories. The specimens did not have to be prepared as
aluminum is a conductive material, and image post-processing was performed directly
on the SEM.
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Chapter 4

Experimental Results

The main results of this research work are presented in this chapter. The powders used
to manufacture the specimens are characterized and then an initial characterization of
the AlSi10Mg alloy in use is given in terms of chemical composition, microstructure
and material properties such as bulk density and hardness. The tensile properties of the
material are then presented along with the SEM characterization of the fracture surface.

4.1 Powder Characterization

In any powder-based additive manufacturing process the raw powder properties, in
terms of its chemistry, particle shape, particle size distribution and its flowability play
a fundamental role in determining the final part properties. No chemical change occurs
during the atomization process, and the maximum flowability should be achieved in
order to improve the powder deposition process in the build chamber and avoid process-
induced defects inside the structure.

4.1.1 North American Experimental Results

The powder used in the production of the specimens in North America was provided by
TLS Technik, who also provided a powder characterization study to certify the quality
of their product. The certification is focused on establishing the particle diameter size
distribution and assessing the real powder chemistry.

Table 4.1: Nominal vs. actual TLS-supplied AlSi10Mg powder chemical composition in
weight %

Si Mg Fe Cu Mn Zn Ti Ni Al

Nominal
9.0
–

11.0

0.2
–

0.45
≤ 0.55 ≤ 0.05 ≤ 0.45 ≤ 0.10 ≤ 0.15 ≤ 0.05 Bal.

Actual 10.250 0.391 0.144 0.04 0.003 ≤ 0.002 0.016 0.006 Bal.

The chemistry test of the powder certifies that the powder is well within the nominal
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values expected for the AlSi10Mg alloy. No contamination occurred during the gas
atomization process and thus the powder can be expected not to induce any lack-of-
fusion phenomena due to oxidation problems.

The particle size distribution is reported in Fig 4.1. The shape of the distribution
clearly does not fit a normal distribution, showing instead a marked asymmetrical shape.
The size distribution is centered towards the higher end of the size spectrum, with an
average particle diameter of around 45 µm and the distribution itself is quite narrow,
with most particles ranging from 20 to 60 µm. The large amount of bigger particles
can be used to predict a good flowability for the powder, as smaller-sized particles
tend to cling to each other. In fact, when the number of finer particles increases, the
Van Der Waals attraction forces between particles become non-negligible and tend to be
comparable with the gravitational force, creating a non-flowing conglomerate of powder.
When coarser particles are present the particles do not cling together and, as long as
they are of spherical shape (as ia expected from the gas atomization process) they flow
much easier better.

Figure 4.1: Particle size distribution for TLS AlSi10Mg powder

The cumulative size distribution is also shown in Fig 4.1, and is summarized in
Table 4.2 with the D10, D50 and D90 values, corresponding to 10%, 50% and 90% of
the cumulative distribution, meaning that the stated percentage of powder particles has
a lower size than the one indicated.

Table 4.2: TLS powder particle cumulative size distribution percentiles

D10 D50 D90

Diameter (µm) 20.29 38.15 55.04
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4.1.2 Italian Experimental Results

The powder used for the specimens built in Italy was supplied directly from the machine
manufacturer, EOS. The characterization was carried out in-house and at the Politecnico
di Torino laboratories. The main focus was on establishing the powder morphology
through SEM observations, and assessing the particle diameter size distribution.

Figure 4.2: EOS-supplied powder morphology at 1000x magnification

Fig 4.2 shows the powder morphology as observed through the SEM. The parti-
cles, as characteristic of gas-atomized powders, present a generally spherical shape that
closely resembles the one found in literature surveys (see Fig 1.14), although with a no-
ticeable presence of satellites attached to the main particles. Spherical particle shapes
are recommended to improve the flowability of the powder and improve the homogeneity
of the fresh powder layer during the re-coating process.

The particle size distribution, together with the cumulative size distribution, is re-
ported in Fig 4.3. The distribution of the particle sizes approximates a Gaussian curve,
with an average particle size of around 27 µm. The distribution is not as narrow as in the
TLS-supplied powder, with most particles ranging from 10 to 60 µm. The lower amount
of bigger particles certainly indicated lower flowability with respect to the powder used
in North America America, as the particles will have an increased tendency to cling to
each other and create agglomerates.

The cumulative size distribution is summarized in Table with the D10, D50 and D90
values.

Table 4.3: EOS powder particle cumulative size distribution percentiles

D10 D50 D90

Diameter (µm) 19.30 40.70 74.80
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Figure 4.3: Particle size distribution for EOS AlSi10Mg powder

Table 4.4: Average weight % chemical composition of Batch 1 (stress-relieved
specimens)

Si Mg Fe Cu Mn Zn Ti Al

Powder 10.250 0.391 0.144 0.04 0.003 ≤ 0.002 0.016 Bal.

Part 9.557 0.447 0.187 0.025 0.003 0.010 0.018 Bal.

Variation (%) -6.764 14.237 29.630 -36.667 0.000 383.333 10.417 n/d

4.2 Chemistry

Initially it was important to characterize the chemical composition of the specimens, to
ensure that no contamination of the powder was present and the results are actually
representative of the properties of the AlSi10Mg alloy.

4.2.1 North American Experimental Results

The batches manufactured in North America were tested with Spark Atomic Emission
Spectrometry (Spark-AES) after the build to verify that the material chemistry was
maintained throughout the build. The results of the analysis, compared to the initial
composition of the raw material, are presented in Table 4.4.

The chemical composition is consistent with the one of the starting AlSi10Mg alloy
powder, thus results are representative of the alloy’s properties, although a consistent
evaporation of silicon and copper can be observed, which causes an increase in the weight
% of other alloying elements, in particular Magnesium and Iron.

The chemical composition of Batch 2 is consistent with the starting powder, and in
this case a lower decrease of the silicon content can be noticed. Moreover, the magnesium
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Table 4.5: Average weight % chemical composition of Batch 2 (as-built specimens)

Si Mg Fe Cu Mn Zn Ti Al

Powder 10.250 0.391 0.144 0.04 0.003 ≤ 0.002 0.016 Bal.

Part 10.144 0.376 0.130 0.009 0.003 0.008 0.007 Bal.

Variation (%) -1.034 -3.836 -9.722 -76.500 0.000 290.000 -56.250 n/d

and iron contents decrease instead of increasing with respect to those of the raw powder.
The difference can be induced by the fact that the thermal heat treatment undergone by
Batch 1 may cause precipitation of silicon particles inside the structure, thus reducing
the amount of silicon dissolved in the microstructure.

4.2.2 Italian Experimental Results

The batches manufactured in Italy were built using an EOS-supplied powder with nom-
inal chemical composition as in Table 4.6.

Table 4.6: Nominal AlSi10Mg EOS powder chemical composition in weight %

Si Mg Fe Cu Mn Zn Ti Sn Pb Al

9.0–11.0 0.2–0.45 ≤ 0.55 ≤ 0.05 ≤ 0.45 ≤ 0.10 ≤ 0.15 ≤ 0.05 ≤ 0.05 Bal.

4.3 Microstructure

Microstructural analysis allows to compare the different production lots, and analyze
the effect of the layer-by-layer deposition as well as the effect of heat treatments. Both
in North America and in Italy it was generally possible to observe the microstructure
characteristic of additively manufactured components: very fine grains and evident laser
tracks, together with the presence of non-negligible porosity.

4.3.1 North American Experimental Results

Optical microscopy observations were made on both batches. Fig 4.4 shows the micro-
graphs from Batch 2 in all building directions. For specimens built along the Z-axis
images were taken at the top and at the bottom to highlight possible microstructural
differences.

Laser tracks are visible in all the directions and highlight the scanning pattern of the
part, with the overlapping laser tracks. On the Z-axis it is possible to observe the hatch
angle between two successive layers, due to the different direction of the laser tracks,
while on the XY specimens it is possible to visualize the effect of directional cooling,
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(a) XY-plane specimen (b) 45° specimen

(c) Z-axis specimen (top layer) (d) Z-axis specimen (bottom layer)

Figure 4.4: Microstructure of as-built specimens from Batch 2 at 100x magnification

with the meltpools having an elongated circular shape according to the thermal gradient
inside the build.

The microstructure of all the specimens is fairly inhomogeneous, with evident segre-
gation of silicon particles at the meltpool boundaries, where solidification is faster and
segregation more likely to happen. It is possible to observe porosity evenly distributed
throughout the structure, with some gaps being particularly big and not round shaped,
creating important stress concentrations.

Fig 4.5 shows the micrographs of stress-relieved specimens from Batch 1 in all three
directions. For the specimens grown in the Z-axis two longitudinal and transversal
micrographs were taken with respect to the build direction in order to highlight possible
microstructural differences.

The stress-relieving heat treatment has a noticeable effect, as now all the three
different directions present a similar microstructure, without noticeable differences even
between the longitudinal and the transversal direction. A very finely-grained structure
is retained even after the heat treatment, but the silicon now appears to be evenly
distributed in the structure. No significant grain boundaries can be observed, and no
laser tracks are visible in the structure, which gives the appearance of an isotropic
microstructure.

It is however possible to notice porosity (black areas) in all the specimens. Most
of the porosity can be found to be highly aligned along straight lines, pointing at the
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(a) XY-plane specimen (b) 45° specimen

(c) Z-axis specimen (transverse direction) (d) Z-axis specimen (longitudinal direction)

Figure 4.5: Microstructure of stress-relieved specimens from Batch 1 at 100x magnifica-
tion

possibility of it being due to process-induced lack of fusion between successive layers. It
is possible to notice this alignment of the porosity especially in the XY-plane specimen
and in the longitudinal Z-axis (Fig 4.5 (a),(d)), with evident lack-of-fusion areas in the
Z-axis specimen, measuring more than 100 µm in length. The evident straight line in
the 45° specimen was determined to be a scratch induced by an incorrect polishing.

4.3.2 Italian Experimental Results

Multiple micrographs were taken for all three production lots, in both the as-built and
heat-treated conditions, and the microstructure was found to be consistent between the
three production lots. Fig 4.6 shows low-magnification micrographs of as-built and heat-
treated specimens from the Batch A, in both the perpendicular and parallel direction
with respect to the Z-axis. The images highlight the laser tracks resulting from the
raster scanning pattern and the hatch angle between the various layers, and on the
perpendicular section it is possible to appreciate the multi-layer melting effect induced
by the laser beam, with the meltpools overlapping between various layers.

As in the case of the specimens produced in North America, it is possible to see
evidence of some porosity within the material structure (visible as black areas), which
however is of much smaller dimensions (less than 10 µm than in the American specimens
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of Batch 1, and is always circular-shaped, resulting in lower stress concentrations than
the elongated ones of Fig 4.5. It is possible to notice that porosity is more concen-
trated at the melt pool boundaries, pointing to possible lack of consolidation during
the solidification of the material. By observing sections of the specimen surface at
higher magnification it is possible to proceed to a more detailed analysis of the material
structure.

In Fig 4.7 (a) it can be seen how the laser tracks are aligned to each other and
that each layer is rotated with respect to the previous one by the hatch angle (defined
in Section 3.1, Table 3.3), resulting in constant and controlled superposition of the
layers to improve the consolidation of the material. In Fig 4.7 (b) it is possible to
see evidence of the directional heat conduction along the build direction, resulting in
elongated shape of the melt pools according to the thermal gradient. It is also possible
to observe a segregation of Si-particles at the grain boundaries, as a result of the very
quick solidification process. By increasing the magnification (500x - Fig 4.8) it is possible
notice the directional growth of the grains, parallel to local heat transfer, particularly
at the edges of the melt pools.

(a) As-built perpendicular specimen (b) As-built parallel specimen

(c) Heat-treated perpendicular specimen (d) Heat-treated parallel specimen

Figure 4.6: Microstructure of specimens from Batch A at 50x magnification
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(a) As-built perpendicular specimen (b) As-built parallel specimen

Figure 4.7: Microstructure of specimens from Batch A at 100x magnification

4.4 Density

Density measurements give a good understanding of the process capability to produce
fully dense parts, suitable for functional usage. Changes in density between the dif-
ferent production lots and the effect of the different production parameters were also
investigated.

4.4.1 North American Experimental Results

No density measurements could be taken of North American specimens as the necessary
equipment was not available.

Figure 4.8: Microstructure of a specimen from Batch A at 500x magnification, parallel
section
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4.4.2 Italian Experimental Results

Table 4.7 reports the density measurements carried out in Italy for the parallelepiped
specimens, grown along the Z-axis. As-built and stress-relieved states are indicated as
As-B and S-R respectively. In addition to experimental figures also theoretical values,
resulting from the EOS datasheet, are reported to give a comparison of the actual process
performance with respect to the manufacturer’s indications [36].

Table 4.7: Bulk density and porosity measurements of parallelepiped specimens

Batch A Batch B Batch C

As-B S-R As-B S-R As-B S-R

Bulk Density
(g/cm3) 2.63 2.63 2.63 2.63 2.63 2.61

EOS Datasheet
Density (g/cm3) 2.67

Relative Bulk
Density (%) 98.37 98.29 98.37 98.28 98.24 97.92

Porosity (%) 1.63 1.71 1.63 1.72 1.76 2.10
EOS Datasheet

Porosity (%) 0.998

In all the three production lots, and in all processing conditions, it is possible to
highlight porosity values that are greater than the theoretical figure supplied by EOS.
Porosity is also consistent between the different production batches at equal layer thick-
ness (Batch A and B), while it is possible to observe a slight increase in porosity in the
third Batch grown at double layer thickness (Batch C). A minimal increase in poros-
ity following stress relieving heat treatment could also be noticed within all production
batches.

It is therefore possible to infer that porosity can be influenced both by process
parameters, such as layer thickness, as well as post-process treatments, such as stress-
relieving. It is conceivable that the increased layer thickness may lead to a slight increase
of lack-of-fusion zones, as the energy density provided to the material is lowered by
increasing the processed material thickness. On the other hand the post-process stress
relieving can induce softening of the material: the entrapped gas in the pores would
naturally tend to expand at higher temperatures, and the material softening eases the
process, resulting in an increase of the void fraction.

4.5 Hardness

Material hardness is a mechanical property which is highly dependent on the material
microstructure, and can give important information on the effect of process parameters
or post-process heat treatments on the material. Although different hardness mea-
surement scales have been used, it is possible to compare the results with the help of
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conversion tables provided by the supplier and developed starting from ASTM standards
[73].

4.5.1 North American Experimental Results

Hardness was measured for each specimen build direction in both batches, and results
were given as an average of the measurements to represent the average material hardness.
Conversions were done according to the conversion charts provided by the supplier [74],
developed following ASTM standards [68][73].

Table 4.8: Rockwell and Brinell hardness results for Batch 1 & 2

Batch 1 Batch 2

Hardness HRFW (Avg) HBW (Avg) HRFW (Avg) HBW (Avg)

XY 75.00 69 66.50 60

45° - Top 75.00 69 70.00 63

45° - Bot. 75.00 69 66.00 59

Z - Top 75.00 69 70.50 64

Z - Bot. 75.00 69 65.50 59
EOS Datasheet

Hardness 119±5 HBW

It is possible to evidence a high repeatability of results between the various build
directions, with all the specimens from Batch 1 presenting the same average hardness.
On the contrary specimens from Batch 2 highlight a substantial difference in hardness
between the various areas of the build. The bottom of a part was found to be consistently
softer than the top layers. This phenomenon can be linked to the fact that the bottom
of the specimen has to remain at high temperatures for a much longer period of time,
giving rise to a coarsening of the structure and to a decrease in hardness, while the top
layers retain the fine structure caused by the high cooling rates associated with SLM.

The differences between the two batches are linked to the effect of the stress-relieving
heat treatment: the high temperatures give rise to a microstructural homogenization, as
seen in Section 4.3.1, which explains the similar results in all of the different locations.
The greater levels of hardness recorded in stress-relieved specimens may be due to fact
that, in addition to the removal of anisotropy, stress relieving may also cause the pre-
cipitation of silicon and Mg2Si particles, which are responsible for the hardness increase
(AlSi10Mg being a precipitation hardening alloy).

4.5.2 Italian Experimental Results

In Italy it was also possible to separately test as-built and stress-relieved parallelepiped
specimens and to repeat measurements on both parallel and perpendicular faces with
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respect to the build direction (Z-axis). Table 4.9 summarizes the results obtained for
all three batches.

Table 4.9: Brinell hardness results for batches A, B & C

Batch A Batch B Batch C

HBW (Avg) As-B S-R As-B S-R As-B S-R
Face Perpendi-
cular to Build

Direction
103.30±2 109.30±1 105.53±1 109.43±2 109.61±1 109.43±1

Face Parallel
to Build Direction 81.66±6 82.6±1 88.80±1 89.86±2 91.00±1 92.73±3

EOS Datasheet
Hardness 119±5

For Italian batches it was possible to achieve good levels of hardness, comparable
with High Pressure Die Casting (HPDC) results. The high cooling rates typical of
the SLM process yield a finely grained structure, which can be expected to show good
hardness levels already in the as-build state. It is also possible to observe a small yet
repeatable increase in material hardness after stress relieving. The hardness increase
can be linked to the precipitation hardening effect introduced by the heat treatment,
causing precipitation of Mg2Si particles within the material structure.

Moreover, it is possible to notice a significant difference in results from the parallel
or perpendicular direction with respect to the build direction. Values from the parallel
face refer to material layers that have remained at elevated temperature for a long time
causing a grain coarsening, while the perpendicular face is the top layer, which has
solidified last and remained at high temperature for a shorter amount of time, leading
to a finer microstructure and higher hardness values.

The difference in results between specimens manufactured in North America and in
Italy can mostly be linked to different process parameters yielding different material
microstructures: the build plate temperature, as well as the volumetric energy density
values, are different, causing a great variation in thermal gradients inside the build cham-
ber and resulting in highly different material microstructures, as discussed in Section
4.3. This difference in results highlights the profound effect on material properties of
both process parameters (influencing the solidification conditions) and of post-process
heat treatment parameters, which can induce significant modifications to the mechanical
properties.

4.6 Tensile Properties

The mechanical properties obtained from the tensile test consist of the Elastic Modulus
(E), Yield Strength (YS), Fracture Strain (ϵ) and Ultimate Tensile Strength (UTS).
Results from all the batches and all the directions where collected to evaluate in detail the
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mechanical properties of the material and how they are affected by process parameters,
build orientation and post-process heat treatment.

4.6.1 North American Experimental Results

Tables 4.10 and 4.11 report results for the North American as-built and stress-relieved
material, together with target values provided by EOS for stress-relieved material, while
Fig 4.9 gives an example of the raw tensile test data from the Z-axis specimens of Batch
1.

Table 4.10: Tensile test results for Batch 1 (stress-relieved)

XY Specimens 45° Specimens Z Specimens

UTS [MPa] 269.5±1.4 266.3±1.0 270.1±1.7

EOS UTS [MPa] 345±10 / 350±10

YS [MPa] 169.8±1.6 173.5±1.9 173.1±3.9

EOS YS [MPa] 230±15 / 230±15

E [GPa] 74.2±2.6 75.4±5.8 75.3±2.0

EOS E [GPa] 70±10 / 60±10

ϵ [%] 11.34±0.34 12.62±0.67 8.89±0.87

EOS ϵ [%] 12±2 / 11±2

Table 4.11: Tensile test results for Batch 2 (as-built)

XY Specimens 45° Specimens Z Specimens

UTS [MPa] 378.5±3.4 384.6±9.4 376.9±13.8

EOS UTS [MPa] 460±20 / 460±20

YS [MPa] 265.5±4.7 260.2±4.6 258.8±6.3

EOS YS [MPa] 270±10 / 240±10

E [GPa] 79.2±6 83.9±5.4 76.7±3.0

EOS E [GPa] 75±10 / 70±10

ϵ [%] 6.21±0.41 4.43±1.13 3.53±0.71

EOS ϵ [%] 9±2 / 6±2

The results highlight a consistently different tensile behavior between the two builds.
The first batch shows a ductile behavior, while the second one presents a less ductile re-
sponse. It is thus possible to appreciate the effect of the stress-relieving heat-treatment,
which is beneficial in reducing internal defects in the structure and effectively lowering
the residual stresses yielding a very ductile material. On the contrary the as-built struc-
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Figure 4.9: Tensile curves as produced by the Tinius Olsen Machine for the Z-axis
specimens of Batch 1
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ture, due to the very fine-grained structure resulting from the SLM process shows very
high levels of strength. The effects of the stress-relieving heat treatment are evident by
comparing the two builds as in Table 4.12. The stress-relieving treatment, at the price
of an average 30% loss in strength, yields a minimum increase of 82% in elongation,
with the most evident effect for the specimens built along the Z-axis, where the residual
stresses due to layer-wise manufacturing are greater to begin with.

Table 4.12: Percent variation in mechanical properties between as-built and
stress-relieved AlSi10Mg specimens

XY Specimens 45° Specimens Z Specimens

UTS -28.8 -30.8 -28.3

YS -36.0 -33.3 -33.1

E -6.3 -10.1 -1.8

ϵ +82.6 +184.9 +151.8

Table 4.13: Common mechanical properties for sand-cast and permanent mold-cast
AlSi10Mg ([75][76])

Condition UTS [MPa] YS [MPa] ϵ [%]

Sand-cast / As-cast 140 80 2

Sand-cast / T6 aged 220 180 1

Permanent mold / As-cast 170 90 2.5

Permanent mold / T6 aged 260 220 1

Permanent mold / T61 aged 330 255 6
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Although neither batches meet EOS target values for, respectively, stress-relieved
and as-built specimens they do exceed the mechanical properties expected from conven-
tional cast metal. It is possible to notice that even properties normally attained with
complex heat treatments (such as after T61 aging) are met and even surpassed also by
the as-built material. It is possible to see how stress-relieved specimens exhibit a behav-
ior exactly comparable with T6 aged cast material, as stated by EOS, while increasing
the elongation tenfold. The as-built specimens on the other hand show properties com-
parable with high-performance T61 aged foundry alloys. At any rate, the worsening
of tensile properties, compared to the target values provided by EOS, could be traced
back to non-optimized process parameters, yielding a porous structure in all directions
(as evidenced by the micrographs), causing a marked decrease of strength due to the
actual cross-sectional area of the gauge length being less than the theoretical area. The
porosity could also be a common failure initiator by causing crack initiation at lack-of-
fusion sites. On the other hand a mostly ductile behavior is conserved due to the stress
relieving process.

An important finding is that the process parameters, although not capable of attain-
ing the target values provided by EOS in terms of mechanical properties, yield parts that
do not show excessive anisotropy. It is not generally true that Z-axis specimens show
higher UTS or YS than XY specimens, on the contrary as-built specimens show slightly
greater strength in the XY direction, while stress-relieved ones show comparable results.
The only trace of anisotropy can be found in the elongation behavior of the material: in
the as-built material it is possible to notice a decrease in elongation of 43.2% between
the XY and Z-axis specimens. This difference is however reduced to only 21.6% after
stress-relieving the material, confirming the usefulness of the process to reduce residual
stresses and the anisotropy due to layer-wise manufacturing.

It is moreover interesting to underline that the variability of the results, as shown
in Fig 4.10, is minimal. The process parameters are able to deliver parts with high and
most importantly consistent performance levels.

4.6.2 Italian Experimental Results

Tensile tests were conducted on specimens grown in both orientations (XY and Z-axis)
and in both as-built and stress relieved conditions. Tensile test results are here shown
in Fig 4.11 a-d, reporting the stress-strain relationships for as-built and heat treated
specimens from batches A, B and C.
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(a) Batch A - Engineering stress-strain curve
of XY-plane specimen

(b) Batch A - Engineering stress-strain curve
of Z-axis specimen

(c) Batch B - Engineering stress-strain curve
of XY-plane specimen

(d) Batch B - Engineering stress-strain curve
of Z-axis specimen

(e) Batch C - Engineering stress-strain curve of XY-plane
specimen

Figure 4.11: Engineering stress-strain curves for specimens tested in Italy
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Contrary to what was observed for the specimens built and tested in North America,
the specimens tested in Italy do not show an excellent repeatability of results: speci-
mens built along the same direction from Batch A and B show significantly different
behaviors. Z-axis specimens from the two batches show different elongation, Batch B
being less ductile, while XY-plane specimens from Batch A exhibit a clearly lower level
of mechanical strength and elongation with respect to Batch B, although they share the
same production parameters with a 30 µm layer thickness; at the same time batches B
and C show comparable behavior always in the XY direction, with Batch C slightly less
ductile, although they differ in production parameters, Batch C having a 60 µm layer
thickness. The differences between Batch A and B in the XY-plane as well as in the Z
direction are even larger after the stress relieving process. Anisotropy of the mechanical
behavior can moreover be evidenced, especially in Batch A, with specimens grown along
the Z-axis showing higher UTS than XY-plane specimens, but lower YS and elonga-
tion. Specimens from Batch B on the other hand show anisotropy only in the elongation
behavior, with Z-axis specimens being evidently more fragile.

The post-process stress relieving heat treatment has an evident effect on batches
A and B, in both cases determining a decrease in UTS and YS, and an increase in
elongation. The XY specimens from Batch A seem to be outliers, since they show only
a limited decrease in strength but show a remarkable increase in ductility. Results
from Batch C have to be analyzed considering the different process parameters used
for the build. The specimens show excellent mechanical properties: strength levels are
comparable with those found in specimens grown in the Z-axis in batches A and B, while
the ductile behavior proper of specimens grown in the XY-plane is maintained. The post-
process heat treatment however does not significantly affect mechanical strength, but at
the same time increases even more the ductility of the material, resulting in an optimal
combination of high strength and ductility.

It is important to compare results from Batch C with the results obtained in North
America, as the two were built with the same layer thickness. While the results in the as-
built condition are comparable, the lack of effects from the heat treatment is reason for
further investigation: the process differences lie in the different temperature of the base
plate during the build (200 ◦C vs 165 ◦C in North American specimens) and in the energy
density, lower for italian specimens. The combination of a higher process temperature
with a lower energy density can effectively reduce the level of residual stress throughout
the part, leading to a decrease of the effectiveness of the stress-relieving process.

4.7 Fracture Surface Characterization

SEM fractography allows for closer investigation of the fracture surfaces and mecha-
nisms, which can highly differ depending on the specimen characteristics.

79



4.7.1 North American Experimental Results

Specimens from both batches were analyzed under the SEM, in order to gain a bet-
ter understanding of the fracture mechanics of the material both in the as-built and
heat-treated condition, comparing specimens in all of the three directions. The general
behavior is one of ductile fracture, as typical of aluminum alloys, although the fracture
mode varies between the build directions and is affected by the heat treatment. The
different build directions can be expected to react differently to the applied stress due
to the different layer orientation, as per Fig. 4.12.

Figure 4.12: Schematics of the interaction between build and stress orientation for (a)
XY-plane and (b) Z-axis built specimens

As-built specimens in the XY plane show fracture propagation through the layers,
with a progression mechanism in which the single laser tracks fracture once the fracture
load is reached, leaving a gap in the structure referred to as tunnels, and give a pref-
erential pathway for crack growth. This can be observed Fig 4.13 a, which shows the
small gaps left behind by the pre-existing laser tracks. When observing the structure
at higher magnification (Fig 4.13 b) it is possible to recognize a ductile intergranular
fracture, which also highlights the layered nature of the material, all the grains being
oriented parallel to each other. It is however also possible to notice the presence of
lack-of-fusion sites throughout the structure, which conceal unmelted powder particles
and cause localized brittle fracture as seen in Fig 4.13 c-d.

As-built specimens in the Z direction on the other hand are prone to undergo fail-
ure due to inter-layer fracture, possibly enhanced by material defects such as internal
porosity and lack-of-fusion sites. The fracture surface appears very rough, with evident
cavities caused by local structural defects as shown in Fig 4.14 c-d, where it is possible
to observe loose powder particles that were not melted during the build process, leaving
behind a defect that causes an evidently brittle fracture. However where the structure
does not present defects (Fig 4.14 a and b) it is possible to observe the evidence of a duc-
tile inter-granular fracture. The high cooling rates of SLM process indeed cause silicon
segregation at the grain boundaries, creating a weaker point in the structure which con-
stitutes a preferential fracture path, as confirmed by the lower elongation with respect
to XY-built specimens.

The as-built specimens grown in the 45° direction show a particular behavior, as
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(a) Ductile fracture - 100x magnification (b) Ductile fracture - 2000x magnification

(c) Lack of fusion - 200x magnification (d) Porosity-induced local brittle fracture - 500x
magnification

Figure 4.13: SEM image of the fracture surface of XY-plane as-built specimens
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(a) Fracture surface roughness - 40x magnifica-
tion

(b) Ductile fracture - 1200x magnification

(c) Lack of fusion site with unmelted powder
particles - 150x magnification

(d) Porosity-induced local brittle fracture - 600x
magnification

Figure 4.14: SEM image of the fracture surface of Z-axis as-built specimens
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(a) Ductile fracture - 100x magnification (b) Ductile intergranular fracture - 2000x mag-
nification

Figure 4.16: SEM image of the fracture surface of XY-plane stress-relieved specimens

it is possible to observe the fracture mechanisms observed on both Z and XY-built
specimens, depending on the particular layer (and laser track) orientation. In Fig. 4.15
a, it is possible to observe both the smooth fracture surface typical of XY specimens and
the rough intergranular fracture of Z-built specimens. The two fracture mechanisms are
evenly distributed across the specimen surface, indeed the specimens have an elongation
which is roughly between that of XY and Z specimens, confirming that the two fracture
mechanisms interact with each other. It is however also possible to notice, as per the
other two directions, the presence of widespread lack-of-fusion sites (Fig 4.15 e-f), with
consequent porosity and embrittlement of the microstructure.

The heat treatment process has visible effects on the microstructure, yielding a no-
ticeable reduction in lack-of-fusion sites and a homogenization of the grain structure.
Observing stress-relieved specimens in the XY plane (Fig. 4.16) it is possible to notice
that the general appearance of the fracture surface is still the same, with a fairly smooth
fracture surface in which it is possible to observe intergranular fracture at higher magni-
fications. It is important to notice that the heat treatment homogenizes the structure,
reducing the anisotropy in grain orientation that was initially due to the directional
cooling during layer-wise manufacturing, as visible in Fig. 4.17.

Specimens built in the Z-axis show a greatly different fracture surface, which exhibits
intergranular fracture even more clearly due to the segregation of silicon particles at
the grain boundaries. The silicon segregated at the grain boundaries creates a harder
interface which causes the characteristic dimpled surface after intergranular fracture. It
is also possible to observe that fracture progresses along the borders of pre-existing laser
tracks, which become the preferential path for crack propagation. It is however possible
to notice that, differently from the XY-built specimens, the initial porosity could not be
entirely eliminated and it is still possible to highlight local brittle fracture areas.

Specimens built in the 45° direction after stress-relieving show a ductile fracture
surface, without evident defects and with the fracture propagating both through and
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(a) As-built specimens showing directional
grain growth - 8000x magnification

(b) Stress-relieved specimens - 8000x magnifi-
cation

Figure 4.17: Comparison of as-built and heat treated grain structures for XY specimens

between layers, as seen in Fig 4.19. Differently from the as-built structure though, in the
stress-relieved specimens the intergranular fracture is more evident due to the increased
silicon segregation at the grain boundaries. It was also possible to observe evidence of
silicon particles precipitated in the structure, evidenced by the higher brightness in the
back-scatter electron SEM image (Fig 4.19 c)
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(a) Fracture surface showing evidence of pre-
existing laser tracks - 100x magnification

(b) Brittle local fracture induced by unmelted
powder particles - 1000x magnification

(c) General ductile intergranular fracture - 2000x magnification

Figure 4.18: SEM images of the fracture surface of Z-axis stress-relieved specimens
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(a) Ductile fracture surface - 100x magnifica-
tion

(b) Inter and intra-layer fracture propagation,
with intergranular fracture - 2000x magnifica-
tion

(c) Silicon precipitate - 2000x magnification

Figure 4.19: SEM images of the fracture surface of 45°-axis stress-relieved specimens
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4.7.2 Italian Experimental Results

SEM fractography was carried out on both as-built and stress-relieved specimens, ob-
serving specimens built in the Z direction as well as in the XY plane, to gain a more
complete understanding of the material fracture behavior. The SEM images show a
general behavior of ductile fracture to be predominant in all the specimens, although
fracture develops with different mechanisms depending on the specimen build direction.
Specimens built along the XY-plane show fracture propagation through the layers, with
a progression mechanisms in which the single laser tracks fracture, once the fracture
load is reached, and give a preferential pathway for crack growth. This can be observed
in the SEM image in Fig 4.21b, which shows that the fracture surface is characterized by
small holes of different depths, referred to as tunnels. These tunnels are the evidence of
where the laser beam went during the build: their fracture leaves a gap in the structure
as the crack propagates along other track segments with preferential orientation.

Specimens built in the Z direction on the other hand show failure propagation be-
tween the layers, with fracture proceeding through weak parts of the structure where
complete adhesion of the layers could not be achieved, and roughness can be noticed on
the fracture surface, following the contours of the detached layers as in Fig 4.21a, signal-
ing a ductile fracture mode. It is possible to recognize this as an inter-domain fracture,
occurring in the separation zone between the various meltpools. The borders of the
meltpools have been found [77] to have much coarser grains than the centers, and more-
over it was observed in section 4.3 that segregation of silicon particles happens at the
grain boundaries and is especially evident at meltpool borders, due to the high cooling
rates proper of SLM. It is possible to confirm this phenomenon by observing Fig 4.22a:
the bright lines at the grain border are segregated silicon particles. The combination of
these two aspects causes the fracture to remain ductile in nature and to propagate along
the meltpools and grain boundaries. The cavities observed in Fig 4.21a and Fig 4.22a
are therefore not porosities or tunnels but dimples caused by inter-granular fracture.

SEM images of heat-treated specimens show the influence that stress-relieving has
on the microstructure and on the fracture mechanism. The heat treatment causes an
even more evident silicon segregation at the grain borders and especially at the melt
pool boundaries. In case of specimens grown along the Z-axis, as it is possible to observe
this in Fig 4.24a, this translates into an even more evident ductile inter-domain fracture,
with dimples typical of ductile fracture visible on the whole surface. It is also possible
to notice limited grain growth when compared with as-built specimens (see Fig 4.25),
as the silicon segregation at the grain boundaries prevents excessive grain growth.

Specimens grown in the XY-plane on the other hand do not show significant mi-
crostructural changes between the as-built and stress-relieved conditions. The parts
always show gaps corresponding to pre-existent laser tracks and the fracture occurs
along preferentially-oriented tracks.
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(a) Z-axis specimen (b) XY-plane specimen

Figure 4.20: Low-magnification image of the fracture surface of as-built specimens

(a) Z-axis specimen (b) XY-plane specimen

Figure 4.21: 100x image of the fracture surface of as-built specimens

(a) Z-axis specimen (b) XY-plane specimen

Figure 4.22: 1500x image of the fracture surface of as-built specimens
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(a) Z-axis specimen (500x) (b) XY-plane specimen (100x)

Figure 4.23: Image of the fracture surface of stress-relieved specimens

(a) Z-axis specimen (b) XY-plane specimen

Figure 4.24: 1000x image of the fracture surface of stress-relieved specimens

(a) As-built specimen (b) Stress-relieved specimen

Figure 4.25: 2000x image - Comparison of the fracture surface of as-built and stress-
relieved Z-axis specimens
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Chapter 5

Discussion of Results

This study was focused on determining the mechanical properties of AlSi10Mg processed
via Selective Laser Melting and understanding how process parameters affect the me-
chanical behavior of parts. This manufacturing process is still novel and therefore many
of its aspects are still not fully understood.

The main results achieved with the two experimental campaigns in Italy and North
America were a complete mechanical characterization of the material (excluding fatigue
behavior), analysis of the influence of different process parameters, and of the influence
of a post-process heat treatment on the tensile behavior.

The starting material, i.e. a pulverized AlSi10Mg alloy, was analyzed in both ex-
perimental campaigns, to verify that test results were not skewed by a defective powder
batch. Both suppliers were able to deliver a good quality starting material, with a cor-
rect chemical composition and a proper particle size distribution which guarantees the
flowability properties required during the SLM processing.

The chemical analysis carried out in North America on both as-built and stress-
relieved parts confirms that the parts are representative of an AlSi10Mg alloy, confirming
that no contamination of the material occurred during the build process and that the
machine used in the study can handle the production of reactive materials with ease.
Moreover the chemical analysis can give a first glimpse of what will be confirmed later on:
the heat treatment effectively changes the material microstructure, and that is already
visible by the change in chemical composition between the as-built and heat treated
material.

Table 5.1: Comparison of chemical composition between as-built and stress-relieved
specimens

Si Mg Fe Cu Mn Zn Ti Al

As-built 10.144 0.376 0.130 0.009 0.003 0.008 0.007 Bal.

Stress-relieved 9.557 0.447 0.187 0.025 0.003 0.010 0.018 Bal.

Variation (%) -6.1 15.9 30.5 64.0 0.0 20.0 61.1 n/d
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As visible in Table 5.1 after the heat treatment the parts are subject to a great loss
in Silicon content, due to the fact (confirmed by SEM image) that part of the silicon
forms precipitates throughout the structure and thus generates a second phase which
reduces the weight percentage of silicon dissolved in the aluminum structure.

The analysis of the material microstructure revealed interesting and important infor-
mation. In both North American and Italian specimens it was found that the material,
in the as-built condition, has a very fine microstructure, with evident laser tracks and an
evident segregation of silicon particles at the meltpool boundaries. In fact the cooling
rates experienced by the material are highest at the borders of the meltpools, as the
molten metal is in contact with the rest of the structure silicon particles do not have
time to precipitate on their own to create a second phase or to form precipitates with
magnesium, and they create a locally homogeneous Al-Si structure, with silicon atoms
concentrated at the grain borders.

After heat treatment however the observed structure change. No modifications can
be observed in the Italian specimens, with the stress-relieved specimens showing very
similar features to the as-built ones (same laser tracks were observed, as well as the
same silicon segregation at grain boundaries as in the as-built specimens). On the
other hand, the specimens tested by the North American supplier displayed important
changes: the microstructure became highly homogeneous, without evident laser tracks
in any direction and with silicon evenly distributed at the grain boundaries, although it
retains the fine-grained structure typical of SLM parts. The heat treatment can therefore
be useful to reduce the anisotropy induced by the layer-wise manufacturing, without
causing excessive grain coarsening which would lead to a corresponding reduction of
strength.

It is however necessary to report the important amount of porosity found in both
as-built and stress-relieved specimens, in both North American and Italian specimens,
although differences can be noticed between the two experimental campaigns. The spec-
imens observed in Italy display a predominantly spherical porosity, closely resembling
powder-induced porosity, although it is chiefly located at the meltpool borders, possibly
indicating problems with lack of fusion of powder particles during the melting process.
The porosity does not seem to be heavily affected by the thermal treatment, which only
reduces the average dimension of the pores, without eliminating them. On the other
hand specimens tested in North America show porosity throughout the entire structure,
not only spherical-shaped but also with sharp contours, typical of process-induced de-
fects. It is also important to point out the difference between the porosity of specimens
taken from the top and the bottom of bars built along the Z-axis built bars: speci-
mens at the bottom show an evidently lower amount of porosity, because the higher
temperature to which they are exposed favors atomic mobility, effectively achieving the
closure of the biggest pores. The heat treatment seems to have the opposite effect to
the one experienced in Italy, as micrographs of stress-relieved specimens show a much
higher level of porosity. This porosity is also highly aligned, possibly pointing to some
process-induced defects that were not healed by the heat treatment.
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On the Italian side it was possible to verify the density of the material for all three
production runs. It can be observed that builds with equal production parameters (Build
A and B) share the same levels of porosity, highlighting a good process repeatability,
while an increase in layer thickness causes an increase in porosity, as the lower volumetric
energy density determines an increase of the number of incompletely melted sites. It is
however important to highlight that in any case the measured porosity is greater than
claimed by EOS, possibly due to non-optimal process parameters causing an incomplete
melting of the powder. It was moreover possible to study the porosity before and after
stress-relieving. It was found that the heat treatment does not significantly change the
porosity percentage in the material.

The analysis of the material hardness yielded some important results, as it was
possible to observe, both in Italy and in North America, an increase of hardness after
heat-treatment. The treatment at high temperature allows precipitation of silicon par-
ticles within the structure and creates the precipitation hardening effect typical of the
AlSi10Mg alloy.

It was also possible to observe how different process parameters can yield different
hardness values: Italian specimens built with a 60 µm layer thickness showed higher
levels of hardness compared to those with a 30 µm thickness: the higher layer thick-
ness causes a lower cooling rate of the meltpool, as the thermal inertia of the molten
material is higher, and thus allows for the formation of a small number of precipitates
throughout the structure which are instrumental in increasing the hardness. On the
other hand specimens manufactured in North America with a lower base plate heating
temperature (165 ◦C vs. 200 ◦C) showed consistently lower hardness values: the lower
average temperature in the build chamber results in faster cooling rates, which do not
allow significant precipitation, effectively reducing the hardness of the material. It is
indeed possible to observe that North American specimens showed a greater response
to the heat treatment process with a hardness increase of around 13%, compared to the
1–6% increases found in Italian specimens.

The tensile test results provide the most important data regarding the mechanical
characteristics of the material and the influence of the heat treatment. All the specimens
show excellent tensile performance already in the as-built state, due to the fine-grained
structure evidenced by the microstructural analysis, even surpassing the specifications
required for cast materials. It was however possible to detect in all the as-built specimens
a certain degree of anisotropy, particularly evident in the elongation of the material as,
the fracture mechanism changes depending on the orientation of the specimen: spec-
imens grown along the Z-axis show an evident inter-layer fracture, enhanced by the
internal defects of the material, while specimens grown in the XY-plane display higher
elongation thanks to the intra-layer fracture, propagating through pre-existent laser
tracks, which have increased ductility.

A closer analysis of the results, starting from the North American specimens, reveals
that, while exceeding requirements for cast materials, they do not meet the EOS targets
for SLM parts. Observing SEM fractographs of as-built specimens it is possible to
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notice evident porosity, caused by unmelted powder particles, throughout the structure.
The accumulation of defects inside the material limits the mechanical performances
and contributes to the embrittlement of the structure. Specimens built along the Z-
axis mostly suffer from the effects of internal porosity, showing an elongation which
is nearly half of that predicted by EOS and a higher standard deviation for strength
measurements, as the failure is initiated by internal defects which are highly inconsistent
from part to part. On the other hand specimens built along the XY and 45° direction
show a more limited variability of results, as printing defects such as lack-of-fusion sites
are parallel to the load and lead to less decrease in cross-sectional area.

The stress-relieving heat treatment has evident effects, causing an improvement of
the ductility of the material, together with a reduction of strength. It is however to be
noticed that the percentage improvement in ductility surpasses the decrease in strength,
and the resulting specimens also show an evident reduction of anisotropy, with Z-axis
specimens being subject to the greatest increase in elongation. This can be traced back
to the stress-relieving effect (which is most effective in Z-axis specimens which are most
affected by the layer-wise manufacturing), to the microstructural homogenization effect
of the heat treatment, and to the evident reduction in lack-of-fusion sites throughout the
structure. SEM images after stress-relieving reveal fracture surfaces which are mostly
ductile, with limited local brittle fracture due to porosity. It was moreover possible to
observe a reduction of the effects of directional heat conduction, with a loss of directional
grain growth, as in Fig 4.17, confirming the reduction in anisotropy. After stress relieving
it is also possible to observe silicon precipitation throughout the structure, confirming
the reason behind the hardness increase observed on the stress-relieved specimens.

The tests carried out in Italy highlight a possible problem with SLM manufacturing,
that is, batch to batch variability: batch A and B present evidently different results
for specimens built along both the XY plane and the Z axis, although the same ma-
chine settings were used for manufacturing, with the difference growing larger after
stress-relieving. There is no clear evidence for a definite explanation for this behavior,
therefore it is possible to hypothesize that process-induced defects such as unmelted
powder particles and inter-layer cracking could be the cause of the variability of the
results. Since these defects are difficult to predict and control throughout the structure,
they do not affect all the builds in the same way.

It is however possible to observe also in the Italian specimens an anisotropy similar
to that found in North American specimens, with Z-axis specimens showing higher
strength and much lower elongation. The process differences within batches A/B and
C raise the need for a separate analysis. Specimens from Batch A and B in the as-built
state display slightly lower strength values but much higher elongations than North
American-built specimens, while in the stress-relieved state they have comparable, if
not higher, elongation and strength values (particularly XY-built specimens from Batch
B). Also specimens from batch C show slightly higher elongation and lower strength
in the as-built state, while showing much greater strength and lower elongation in the
stress-relieved state compared to the North American one.
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It is thus possible to infer that generally the higher base plate heating temperature
adopted in Italy (effect visible when comparing Batch C with the North American
specimens) causes an increased ductility in the as-built state due to the lower residual
stresses in the structure, while it also causes a lower response to the stress-relieving heat
treatment. On the other hand the lower layer thickness generates again higher residual
stresses due to the intense thermal cycling undergone by the structure and causes a
more evident response to the heat treatment, while the strength in the as-built state is
mostly retained thanks to the more finely-grained microstructure.
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Chapter 6

Conclusions

This research was aimed at obtaining a characterization of the static mechanical prop-
erties of the AlSi10Mg alloy manufactured via Selective Laser Melting, analyzing at
the same time the influence of heat treatment on the alloy. After two experimental
campaigns carried out in North America and in Italy it is possible to draw a series of
important conclusions regarding the behavior of the alloy and the future steps required
prior to its introduction in the automotive field.

The initial analysis on the microstructure confirmed that the material, when pro-
cessed with SLM, possesses the peculiar microstructure observed in the literature review,
with extremely fine grains, visible laser tracks and non-negligible porosity. The silicon
segregation at the meltpool and at the grain boundaries emphasizes the effect of the high
cooling rates experienced during the build. These microstructural features highlight the
anisotropy of the structure and the influence of defects on the tensile properties. The
heat treatment, however, causes a general homogenization of the structure which will
be beneficial for the ductility of the material.

The initial non-destructive hardness testing of the specimens provided a first under-
standing of the anisotropy of the as-built material depending on part orientation and
position within the build structure: due to the different thermal histories, parts located
at different spots of the build chamber will display different properties. The longer the
material remains at the high temperatures generated in the build chamber during the
melting process, the more grain coarsening occurs, therefore specimens from volumes
of material first melted in the process show a performance decrease of around 6.5 %
compared to the last-melting layer. Hardness testing also allowed a comparison between
the mechanical properties of as-built and stress-relieved specimens: while it was found
that all specimens show lower hardness with respect to the ones advertised by EOS, it
was also possible to underline a clear effect of the heat treatment. The stress relieving is
instrumental in increasing the hardness of the material via precipitation of silicon par-
ticles in the aluminum structure, which are responsible for the precipitation hardening
of the AlSi10Mg alloy.

After the density and porosity measurements it was shown that all specimens show
higher levels of porosity compared to the EOS target values due to improper fusion of
the powder, a result of clearly non-optimal printing parameters. It was also possible
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to observe a slight increase in porosity after heat treatment, suggesting that the higher
temperatures may cause the entrapped gases to expand and increase the void content of
the material. This observation was consistent for all the batches even at different layer
thicknesses.

Tensile testing and surface fracture analysis gave the most valuable data regarding
the understanding of the material behavior and of the influence of the heat treatment.
Mechanical characteristics of the material are clearly not isotropic and not constant,
being dependent on the build direction, on the layer thickness and on the applied heat
treatment. Specimens grown on the XY plane generally show higher degrees of ductility
but lower strength than those built in the Z-axis, with specimens built along the 45°
direction showing a mixed behavior since the two different fracture mechanisms coex-
ist. Specimens grown in the XY plane are indeed subject to a fracture that proceeds
through different material layers, with the laser tracks acting like fibers that increase
the ductility of the material; while Z-axis specimens experience a mostly inter-layer
fracture that more easily propagates through internal defects at lack-of-fusion sites, as
seen in the SEM fractography. On the microscopic level all specimens undergo a ductile
intergranular fracture, with the fracture surface evidencing small grains surrounded by
segregated silicon particles, the difference being that Z-axis specimens are more subject
to embrittlement due to internal defects.

The stress-relieving heat treatment causes further silicon segregation at the grain
boundaries, homogenization of the structure and an important increase in ductility
accompanied by a generally less marked decrease in tensile strength. The heat treatment
can be said to be instrumental in reducing the anisotropy caused by the layer-wise
manufacturing and its influence has been verified for different layer thicknesses and
different build plate temperatures, observing a common behavior of highest impact on
the UTS and on the elongation of the material, with the effects mostly visible for Z-axis
specimens.

It can thus be concluded that SLM is a process that has the potential of yielding
parts which satisfy the traditional requirements of cast parts (as those reported in Table
4.13). However it was seen that a variety of defects impact the mechanical properties of
the material, leaving room for significant improvements. The primary target must be the
reduction in anisotropy, in order to produce parts whose mechanical properties can be
confidently estimated and used in simulation before the actual build of the component.
To this end the use of post-build heat treatment processes is to be considered unavoid-
able: it has been seen that stress-relieving achieves good improvements in ductility of
the material, but the next step would be the application of heat treatments such as
Hot Isostatic Pressing, which not only would achieve a reduction of the anisotropy, but
would also remove the internal defects of the material by closing internal pores, yielding
a material whose properties can be much more repeatable and independent of eventual
process variations. A further next step would be to study the behavior of the material
under cyclic loading: the fatigue behavior of SLM parts has been the subject of limited
studies also in the literature, and has however been found to be highly critical, as the

97



internal defects induced by the process cause important issues of stress concentration
and premature crack initiation, leading to sub-standard fatigue life and to a limitation
in the range of use for SLM parts with the current material properties. The application
of heat treatments aimed at increasing the material ductility and reducing the impact
of internal defects would open the way to the implementation of SLM parts also in
applications where fatigue loading has to be accounted for.

Overall, the main conclusions of the project are:

• As-built parts present a fine-grained microstructure with non-negligible porosity
and silicon segregation at grain boundaries, as expected from SLM processing.

• Porosity is mainly process-induced with evident lack-of-fusion areas causing local
brittle fracture.

• Anisotropy in as-built condition due to layer-wise manufacturing and different
sensitivity to defects: parts built along the Z-axis show more fragile behavior than
those grown in the XY plane.

• Fracture surface inspection reveals ductile intergranular fracture for all the speci-
mens, with brittle behavior caused by internal defects.

• Stress relieving is effective in homogenizing the structure and reducing residual
stresses, effectively increasing elongation and reducing anisotropy.

• SLM process is able to parts that satisfy the highest performance standards for
traditional AlSi10Mg manufacturing, and should be seriously considered for further
studies aimed at implementing this technology into niche industrial applications.

• Further studies should focus on validation of the material and the process for cyclic
loading applications, where sensitivity to defects is even greater.

• Further advancements can be made by reducing internal defects with more opti-
mized process parameters and/or applying more advanced heat treatments.
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