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Summary

The purpose of this thesis is to investigate the influence of the design parameters on the
characteristics of the final component, providing guidelines that can help the engineer
in the design of additively manufactured components. The analysis is limited to two
additive manufacturing techniques (selective laser melting and electron beam melting)
and to three types of alloys (Al-alloys, Ti-alloys and Ni-alloys).

The initial identification of all the parameters is described in the introduction. After
an extensive literature research, the various characteristics, methods, and approaches
have been classified under different categories: models/approaches, process parameters,
defect types, production techniques, materials, properties, and inspection techniques.
Then, the production process has been investigated from its early design stages to the
final manufacturing phase. The analysis has been carried out in three steps.

In Step 1: Material selection the designer will find the properties and the related stan-
dards useful to characterize the raw powder, and a description of aluminium, titanium
and nickel alloys, with a focus on the main issues related to their manufacturability
through AM techniques. In addition, it can be found an introduction to more recent
solutions related to the choice of the raw powder such as: powder additives, composi-
tionally graded materials and hybrid materials.

Step 2: approaching topology optimization wants to give a basic idea of what is a topo-
logical optimization. The examples provided have been classified under two categories:
macro and micro topology optimization. The macro-topology optimization refers to
analysis performed on the whole component, while the micro-topology optimization to
those focused on the improvement of unit cells composing the lattice structure.

Step 3: Tuning parameters explores the manufacturing phase and aims at provid-
ing guidelines consisting in suggestions, analysis of the trends, process windows and
ranges of parameters and properties, that can be used as a reference or as a measure of
comparison in design or experimental activities. In the first part the typical microstruc-
tures resulting from additively manufacturing aluminium, titanium and nickel alloys
are briefly described. The most important part is devoted to the parameters-properties
relations. The factors related to material, part design, process-machine and environment,
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scanning, melt pool and heat treatments are analyzed individually to understand their
influence on mechanical and geometrical properties, defects and porosity.

Then, brief remarks related to AM economics are reported.
In the final part a case study is explored. The guidelines provided along the previous
three steps are used to apply a reverse engineering approach to an aerospace bracket
manufactured in Ti6Al4V alloy via selective laser melting.
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Introduction

Additive manufacturing (AM) is a formal term that includes many different production
techniques as expressed by Diegel et Al. [1]:

“Additive manufacturing (AM) encompasses a range of technologies that allows physical
components to be made, from virtual 3D models by building the component
layer-upon-layer until the part is complete.”

Adding material layer-by-layer is the basic principle of all the AM production methods
as stated by Gibson et Al [2]:

“The key to how AM works is that parts are made by adding material in layers; each layer
is a thin cross-section of the part derived from the original CAD data.”

Modern Additive Manufacturing first appeared in the mid-20th century and it slowly
developed in the following decades (Fig. 1). Its initial success has been due to the reduced
time needed to produce a single piece or a small number of pieces, this is why it is also
called rapid prototyping (RP) or rapid manufacturing. This definition is, especially today,
not very appropriate since the parts produced are very often final parts that can directly
satisfy many purposes and are not only prototypes. 3D printing is the most popular
definition given to the various additive manufacturing techniques and it better reflects
how the manufacturing process works [2]. Starting from a 3D CAD virtual model the
material is added layer-by-layer, as opposite to traditional manufacturing where the
material is removed from an initial bulk piece until the wanted shape is obtained [1].

AM can hence be more suitable than traditional manufacturing in many applications.
The difference do not rely only on the on the practical method adopted to produce a
component, but should be also considered during the design phases starting from its
early stages. The different approaches and methods adopted cover different areas of
what is called Design for Additive Manufacturing (DfAM) [4].

Recently the efforts to exploit its full potential are increasing very rapidly and this
can be easily perceived doing an on-line research (Fig. 2) or looking at how many publi-
cations related to AM have been published during the last years (Fig. 3).
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AM market trend

Total Additive Manufacturing Market Growth (3USM) by Segment

$80,000.0

Hardware Materials -

Figure 4: AM market growth and forecast [6].

In recent periods AM manufacturing market has experienced a very strong growth
like never before. Around 2010 AM was increasing at an annual rate of 33% and kept
increasing until today with an impressive market size of more than 20 billions in 2020
[8]. Despite of the fact that the implementation of AM in many sectors could be slow,
the number of experts and researchers is increasing and the market related to AM is
also expected to grow even more in the future (Fig. 4) [6]. Moreover, AM covers many
production sectors such as industrial, medical, automotive and electronics (Fig. 5), and
the expected technological improvements will reduce costs of 60% in the in the next 2-3
years and of a further 30% in the following years. Such a vast reduction of costs together
with a wide applicability of AM production processes will induce a further boost to the
expansion of AM [142].

Analysing the application market for 3D printing
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Figure 5: AM market distribution [7].
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Intercepting the need and identifying the requirement

Additive Manufacturing removes many limits to the design allowing to realize geometries
that are practically impossible to obtain with traditional manufacturing. This higher
design freedom implies a higher complexity.

Dealing with this novel and disruptive technology also means that many areas are under
research. As showed before the efforts on this way are increasing and many resources
are put in place to investigate all the possibilities that AM can offer since there are
aspects that still have to be better enlightened.

For example, talking about traditional manufacturing, when an engineer has to deal with
certain requirements and constraints he can be confident of well assessed standards,
thanks to which the best choice among many options can be made, looking for a trade-off
between weight, costs, reliability, performance and many other factors. The engineer
can rely on well assessed standards and be sure that the part produced will satisfy, inside
certain ranges of uncertainty, the initial requirements of the project.

Despite the fact that AM is experiencing a huge development, as previously showed,
there are also some barriers to a wider adoption of this technique. The lack of standards
leads to uncertain results. Even if different models to predict the behavior of the final
part are present in literature, still the behavior of the final product cannot be foreseen
with enough accuracy, and this obviously represents a big obstacle to a wider adoption
of AM [10].

Starting from these considerations the following need has been identified:

Foresee the behavior of the final product from its early design stages

Satisfying this need is then of fundamental importance but definitely not straightfor-
ward. Starting from the same raw material, in case of additively manufactured metal
parts from the same metal powder, does not guarantees that the final behavior will be
the same.

The behavior of a component highly depends on the characteristics of the material,
hence on its microstructure which is made of different elements such as texture, grain
size and degree of anisotropy. During the production process the metallic powder used
as precursor undergoes very high thermal gradients that contribute to the final mi-
crostructure [11].

Understanding the connections between the parameters used to tune the machine, the
microstructure and the properties is then crucial to satisfy the previous need.

Thus, the following requirement can be identified:

Understand "design parameters-properties” relations

Nevertheless, a step back is required before looking for these relations.
The parameters characterizing the AM process have to be identified and classified and,
only after that, their relationships with the properties of the produced part can be
inspected.
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A step back: AM features

After an extensive research in literature ([1][2][10][11][13][14][15][16][17][18][19]) the
following aspects have been selected (Fig. 6).

Production ]

Models/Approaches Process parameters Defect types i
techniques

‘ Materlals ‘ [ Properties ‘ ‘ |n$pec.t|on ]
technique

Figure 6: Classes used to classify various aspects.

In the following sections each one of these categories (Fig. 6) will be explored.

Models/Approaches

This category focuses on the statistical models adopted to analyze data and to the
software used to simulate the production process and so to estimate the results.
A further division in three groups have been made:

« Data elaboration models
« Process models

« Commercial process control solutions (software)

Data elaboration models

The elaboration of the data obtained experimentally is a key point to assess the relations
between the variables studied and the results obtained. Many publications focus only
on a limited number of parameters and study their effects on the final results. This
represents a limitation considering that if other factors, not taken into account, change,
also the reliability of such experiments fails. In other words, the results obtained could
be applicable only to particular experimental conditions and if these conditions change
it might be necessary to restart the experiments from the beginning.

One possible solution to this issue is to conduct extensive experimental campaigns so
that the effect of many variables can be studied under varying boundary conditions. The
outcomes would then surely be more reliable but the costs would increase of a very big
amount.

So, the choice of the appropriate statistic method becomes fundamental when looking
for optimal parameters that could be possibly generalized to more than one specific
case [11].
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Data elaboration
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Buckingham's Il (Pi) theorem

How to develop

DIMENSIONLESS
PARAMETERS?

PROCESS MAPS

Full Factorial Designs

Data-Driven Optimization Methods

Fractional Factorial Design

More Advanced Methods

AR

Taguchi Design

Space-Filling Designs

D-Optimal Designs

Response Surface Model (RSM)

Artificial Intelligence Al

STEDY-STATE THERMAL MAPS

Process Maps for Different Scales

ANALYSIS

THERMAL MAPS FOR TRANSIENT

SOLIDIFICATION MAPS

Figure 7: Classification of the Data elaboration models (Adapted from [11]).
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Pi theorem and Process Maps

Buckingham’s theorem, well known as Pi theorem, is based on dimensionless param-
eters that are developed with the adoption of the process maps. These maps relate
different variables, typically by placing numerical or experimental results on the x and y
axes, and can be used to understand the impact that they have on the production process.
Four maps are here considered and briefly explained:

« Steady-State thermal maps:
useful to predict the melt pool size since it relates 2 or 3 dimensionless parameters
(corresponding to a 2 or 3 dimensional map) that can be directly used by engineers
or researchers.

« Process maps for different scales:
aim at filling the gap between industrial activities (large-scale products) and labo-
ratory experiments (small-scale products).

 Thermal maps for transient analysis:
link the process variables to the thermal aspects (melt-pool, cooling rate, etc...).

« Solidification maps:
link the process variables to the solidification of the microstructure (grain size,
morphology, etc...) [20].

Process maps can be really useful but they also have two main drawbacks:

+ They are only established for bulk pieces and thin walls

+ They do not consider that the properties of the material could change with temper-
ature and can then be used only inside certain temperature ranges.

Data Driven Optmization Methods

Data driven methods are associated with the data derived from experiments and then
with the choice of a model to be applied to that data. One of the main advantage of
these methods is that they are not totally dependent on a specific process and so can be
applied also to other processes. Three methods are mentioned here:

o Full Factorial Design:
the basic idea is to analyze the influence of all the combinations of the parame-
ters on the final results. It involves a huge amount of data, that could become

unmanageable.

« Fractional Factorial Design:
analyses a portion of all the possible combinations.

7
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« Taguchi Design:
uses orthogonal arrays to analyze the possible combinations of factors.

Full factorial design involve a huge amount of data that could become unmanageable,
this is why the fractional factorial design might be preferred, even if certain interactions
between the parameters could be ignored. Taguchi design further reduces the number of
design points so that the number of tests to perform is also reduced. These models and
the ones reported in the next paragraph can be also categorized under the so called Design
of Experiments (DOE), while those reported in the previous paragraph are considered
physisc’s based models.

More Advanced Methods

Under this group the following models, that could be also seen as data driven methods,
are included:

« Space-Filling Designs:
adopted if many factors have to be analyzed when there are deterministic or near-
deterministic systems.

« D-Optimanl Designs:
uses matrices that are usually non-orthogonal and can be convenient when full
factorials or fractional factorials cannot be applied.

+ Response Surface Model (RSM):
made of a set of statistical and mathematical techniques.

« Artificial Intelligence:
includes various networks and algorithm that need to be trained and so a big
amount of data, that means a big number of experiments, must be available.

Process models

The two models (Fig. 8) can be adopted [18].

An example of numerical model is the Lattice Boltzman method that can also model
parameters that have a random effect such as powder bed, even if it is a very demanding
method.

Commercial process control solutions

A list of software solutions (Fig. 9) with some characteristics, that can be useful for the
designer, is provided [21].
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Process models

Numerical models

Analytical models

multiphysics FE

analysis

Lattice Boltzman method LBM

modeled with varying degrees of dimension, geometry,
scale and varying phenomena, or subprocesses

~N

Figure 8: Classification of the Process models (Adapted from [18]).

Commercial process control
solutions (software)

f

Simufact Additive

-

_ | simulate distortion and
residual stresses

ESI-Additive Manufacturing

-

sintering process

heat source and powders interaction issues to
»| identify defects and residual stresses during the

Autodesk Netfabb

predictions and
alterations of
deformations

ANSYS

CcoOMSOL

DEFORM

Figure 9: Classification of the Commercial software solutions.
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Process parameters

Many publications refer to the process parameters and to their effect on the quality of
the final part. Finding the best compromise between the many factors that the engineer
can tune is surely one the most active field of research, and the fact that the majority of
the studies do not reveal all the parameters involved in the process makes it even harder
to explore.

In the present work the process parameters have been divided in two groups:

« Process parameters (Fig. 10):
selected by the designer before the physical production of the part.

« In-process parameters (Fig. 11):
aspects that depend on the selection of the process parameters and are useful also
to monitor the process. These parameters possess a thermal capacity and this is
why they should be carefully studied. Moreover, they can be found in the inner
part of the melting process and this is how they are presented here.

The process parameters are often related through the energy density (E) that can be
expressed in a 3-dimensional form or, considering that the powder layer thickness is
very small, in a 2-dimensional form [21].

The relation in 3-dimensional form is expressed by:

EQBD) = _r
Vsd=*t
while in 2-dimensional form:
EQ2D) = _P
V%6

Where Pis the laser power, V the scanning speed, d the hatch spacing, ¢ the layer
thickness and 6 si the diameter of laser beam/spot size.

10
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Process parameters

LASER MELTING PARAMETERS

Laser power

scan speed

hatch distance

scanning path or deposition pattern

substrate temperature (base plate
operating temperature

chamber environment

powder layer thickness

building orientation

base powder (Feedstock type, form and
condition)

melted pool morphology

Heat treatment parameters

Figure 10: Process parameters.
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Momentum
and heat
transfer

v

feedstock (powder)

INPUT
ENERGY

melt pool
"IN-PROCESS possess a
PARAM ETE RS" heat-affected zone (HAZ) thermal
capacity
bulk part

sorrounding environment

v

residual RESULTANT
p MECHANICAL
stresses PROPERTIES

Figure 11: In-process parameters.
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After seeing which are the design parameters useful to tune the material properties it
can be useful to mention an example of how this parameters can be further subdivided.
This classification (Fig. 12) could be useful to perform a better design of the experiments
and so reduce the number of trials and errors simply by grouping together certain
parameters that are similar or by knowing which parameters can be adjusted and which

parameters are constant [18].

4 main categories:

+ laser and scanning parameters,

» powder materials properties,

» powder bed properties and recoat parameters
* build environment parameters.

Controllable
Parameters

Predefined

Parameters

scanning strategy, scanning
velocity, layer thickness,
pressure, gas flow velocity,
ambient temperature,

particle size distribution,
material absorptivity, melting
temperature, density,
absorptivity, emissivity,

Process

parameters
resultants

S

residual stress and melt-pool depth that can
be derived through other means, such as
modeling

melt-pool shape and size, spot temperature,
and temperature distribution that can be
measured on the spot through in situ process
monitoring systems.

Figure 12: Sub-classification of process parameters.
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Scanning strategy

There are some aspects of AM production process that only belong to this novel technique,
selecting the right scanning strategy is one them. Dealing with a laser or an electron
beam as source of energy means also taking into consideration features that in traditional
manufacturing are not present at all.

The purpose of this short paragraph is to show that, even if the deposited energy is
probably one of the predominant and most studied parameter, the designer should
be careful when assuming that certain variables are negligible [1] [21]. The effect of
different scanning strategies will be described later, here few examples of different
scanning paths (or strategies) are showed (Fig. 13).

(e)

Figure 13: Examples of common scanning strategies. At bottom: (a) raster, (b) bidirectional, (c)
offset-in, (d) offset-out, (e) fractal postmanufacturing processing.
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Defects

In general, the designer sees a defect always as a negative characteristic that must be
avoided, or at least minimized, to have the best possible outcome.

Referring to AM a list of defect and two main categories of defects have been identified
(Fig. 14):

« as-manufactured defects
+ as-designed defects

As-manufactured defects are those that come out from the manufacturing process
and are unwanted, their elimination or reduction leads to a better final result. On the
other side the so called as-designed defects should be approached differently and their
presence can be favorable. Porosity is an example: in traditional manufacturing is
definitely to be avoided but in AM can be controlled to produce, for example, a sponge-
like metal material [22] or to fabricate a part that, having the same external volume
of the corresponding bulk piece and with satisfying mechanical properties, can be lighter.

Materials

A short list of the most common materials, based on the researches carried out, has been
compiled. Then, this series reflects what are the most studied metal alloys and does not
pretend to be exhaustive (Fig. 15).

Properties

Similarly to the previous Materials section a list of properties is here presented (Fig. 16).
The majority of the properties are still the same of traditional manufacturing. In AM the
porosity (or relative density) takes on greater importance because, as previously said,
can be tuned to cope with individual requirements.

15
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P
Defect types J ={ of 2 types \

~ T
Strut waviness ’ as-manufactured as-designed
strut thickness variation Y \
arise from intentionally
manufacturing introduced in the
strut oversizing process lattice

bonded particles

stair step effect

porosity in the nodes

porosity in the struts

cracks

variation of the grain orientation

strut deviation from circular to ellipsoidal
cross section

shrinkage

Figure 14: Defects list and classification.

16



Introduction

Materials

Ti-6Al-4V Ni super-alloys
AlSi10Mg CoCr superalloy
AlSi12 Stainless Steel

Figure 15: Metal alloys most commonly studied.

Properties

Compressive Young Modulus UTS

Yield strength Ductility

fracture toughness Uniform elongation
Relative density (Porosity) Geometrical properties
Tensile strength

Figure 16: Properties most commonly studied.
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Inspection techniques

Quality assurance is one big challenge in AM. The main societies (ASTM and ISO) are
working to provide complete standards that cover the full manufacturing process, from
the analysis of the powder material to the measurement of the performances. A huge
number of parameters have an influence on the final product and ensure the repeatability
and the quality of the piece is a key point to enable a wider adoption of AM. To this aim
the designers may need to rethink the entire qualification process to find methods that
better guarantee the production of high-quality parts [18].

A list of the main inspection techniques with their characteristics has been elaborated
and it is here reported (Fig. 17; Fig. 18). These methods can be classified in two categories:

« OFF-LINE analysis:
performed on the part at the end of the production phase.

« ON-LINE analysis:
executed during the production process. It can be interpreted as a live-time moni-
toring.

Looking at Fig. 17 one will find that the majority of the OFF-LINE methods are already

widely adopted and for this reason will not be further described here. On the other
side, it can be worth giving a brief explanation about Electro-magnetic waves control that
is based on the measurement of the electro-magnetic waves emitted by the melt-pool
during the process. This technique mainly refers to laser-based process where the melted
metal reaches high temperatures and emits electro-magnetic waves mainly belonging
to the infra-red spectrum. This information sent by the melt-pool can be analyzed and,
based on the waves distribution along the spectrum, it can be understood which are
the temperatures of the metal. This information can, in turn, be correlated to the final
properties of the material and the presence of residual stresses.
Moreover, adopting ON-LINE analysis the engineer can even stop the process if the data
acquired during the monitoring is too far from the expected values. Instead of putting
many effort in the detection of defects, as it is done when the OFF-LINE analysis is
adopted, such defects can be prevented. In this way time and resources can be saved with
a consequent economic advantage, even if the technologies to integrate data coming
from the sensors with physical models still have to be fully developed.

18
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Inspection
techniques

X-ray computed tomography

OFF-LINE Analysis

Atomic force microscopy

OFF-LINE Analysis

-
MATERIAL PROPERTY DISTRIBUTION

Y

&

micro-computed tomography (I-CT)

OFF-LINE Analysis

-
DIMENSIONAL INACCURACIES: strut
waviness, strut thickness variation

&

Optical microscopy

OFF-LINE Analysis

\ MICROSTRUCTURAL IMPERFECTIONS:

scanning electron microscopy (SEM)

OFF-LINE Analysis

surfacce defects, qulitatively

/ dimensional inaccuracies.

Electron backscattered diffraction (EBSD)

OFF-LINE Analysis

MICROSTRUCTURE DEFECTS: variation of
the grain orientation

Electro-magnetic waves control

ON-LINE Analysis

Measure EM waves emitted by
the melt pool

real-time nondestructive evaluation

ON-LINE Analysis

(NDE)
—»[ thermal diagnostic/monitoring ]

Figure 17: Inspection techniques.



Introduction

N

seJaued [ewWlauy Y -
(54319W013]9378) UONRIGIA - [t

SuLI0)lUOW Pag JIPMOd

eJawed YIN - $JOSUIS (J1UOSEIYN) DASNODY -
eiawed J
¥l 2dA3-1339W0j0qo.dIW -
peoudde
Supioyuow paseq: - ~N
2poIpoIoyd - 51919WO0JAd -

eIaWed SO -
:Swia1sAs parejay

sapopyoyd uo:
J333Wou1dds -

sy31 aqons -

Josuas

Juawade|dsip JaseT -
P3.BIJUI BABM 1IOUS HIMS -
elawed SOND -

iswiyshs paielay

eJawed @D - |-t
seJawed payesu] -

:Buonuow jood-pN

N
(Bupeds yarey osje

pue yiSiay aunseaw o1) Adodsoads sasen - |-t
(1sed ay ui) sase| au -

Bunioyuow ASojoydiow Jakeq

J

~N

saipoloyd Jase - |-t

Surioyuow a1es K1aAldp Japmod

J

N

J22[1J ¥IN UMM BIaUEed 023 -
s1919Wo.Ad payesu) -

:Bunioyuow jood-)3 N

J

SJUBWIBINSERIN PNO|D JUI0d WOJ) uoleInRq
51119W039 Jo uonezijeoT [eneds

SIUBWRINSEI|\ PNOJD JUI0d
Jo Suijdwes wopuey

uonedidde
40} SPOYIRN

SMOPUIM SUINOIA YIIM SIUSWIBINSEIN
pno|d 1104 jo Suldwes [enuanbas

J

449d
uolsn4 pag Japmod

L

uonisodag
A815u3 2.1

\
=

yde.o 310mIaN e se eyeq pnojd
juiod Sunuasaiday
Joy yoeouddy onauoayy ydeso

Kioay ydeuo jesdads A\

SULI0)IUOIA SS320.d Paseg-Iosuas

AN3IW3INSYIN
ALIDILINI
IVNOISNIWIa

euy 3INIT-440

ejep pnop2 juiod gg

iques.

3D point cloud data and Sensor-Based Process techn

Figure 18

20



Introduction

Scanning technologies

One of the biggest advantage of adopting scanning technologies in AM is that they
enable the possibility to perform Reverse Engineering. An object can then be scanned
and replicated, or the engineer can compare the ideal 3D CAD model with the model
obtained by scanning the part and be able, for example, to see which geometrical features
correspond to the ideal shape and which ones are far from the CAD and then quantify
the errors. A list of scanning technologies, subdivided into three categories based on
their working principle, is given (Fig. 19).

Scanning Technologies

ACTIVE NON-CONTACT SCANNERS:
emit light or radiation (X-ray,

CONTACT SCANNERS: PASSIVE NON-CONTACT SCANNERS:
gamma ray, etc.) to capture the ) . )
A contact 3D scanner uses probes ) L rely on ambient light and reflection
K . A reflection or radiation from an
to communicate tactilely with the from surfaces for measurement.

object to measure the part of

object to be scanned .
interest.

Probes and robotic arms Time-of-flight Stereoscopic system

Contact scanner

Coordinate measuring machinec CMM Triangulation Photometric system

Contact scanner

Hand-held laser scanners. Silhouette technique

Structured light

Modulated light

Volumetric techniques like computed
tomography

Figure 19: Scanning technologies.
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Standards

AM standards are still in progress, many ASTM and ISO standard have been published
even if a complete knowledge is yet to be achieved, and so the standards cannot fully
cover the whole production process. In several publications the standards typically
adopted for traditional manufacturing are used ([109]) even if standards made ad-hoc
for AM would surely suit better. The basic structure of AM standards together with
many classification can be found in literature ([18][23]). Here a short list of features
with their relative standards is given (Fig. 20).

Metrology standards

ISO 12780 Geometrical product
specifications (GPS)—straightness.

Straightness

ISO 12181 Geometrical product
specifications (GPS)—roundness.

Roundness -

ASTM D7127 Standard test method for

measurement of surface roughness of

abrasive blast cleaned metal surfaces
using a portable stylus instrument.

Roughness —

ASTM B962 Standard Test Methods for
Density of Compacted or Sintered
Powder Metallurgy (PM) Products Using
Archimedes Principle.

Density —®

Figure 20: Metrology standards.
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File formats

AM components are designed in a 3D CAD format which is then converted into another
format before being printed. The data coming from the 3D CAD file can then be con-
verted in another format depending on the software used. Many of these softwares are
produced by the same companies that produce the program to create 3D objects while
many others are not shared by the enterprises.

A list of the most common Data formats adopted with main advantages and disadvan-
tages is presented (Fig. 21, Fig. 22). The software are classified in "Traditionally used”
and "Under development”. AMF is developed by the cooperation between ASTM and
ISO organizations while 3MF is the result of a collaboration between Microsoft and its
partners. GrabCAD print is not classified under these two categories because it works
in a slight different way enabling the AM machine to print directly from the CAD file [18].

Advantages

Data Format

\_ {isan approximation of the%
model

- ASCll is big size
-STL non human readable

- accepted by most AM systems in

the industry ) . )
) - since not contain topological
STL (stereolitography) -simple data: Missing facets or gaps;
-independent from any CAD Degenerate facets (where all its
software edges are collinear); Overlapping

- ASCll fromat is human readable
-STL small size

facets; Nonmanifold topology
conditions.

- needs validity check before
wer steps /
(accepted by many but all AM x

systems
- include redundant information,
lack of support for facet

information :
Traditionally used representation and complex
a\lgorithms. /

IGES (initial graphics exchange - Accurately represent CAD model
specification) - Contains many geometrical

) ) - house more information, such as - contains a lot of data that may nb
STEP (standardized graphic exchange product related data that covers the be required for AM processes
format) entire life cycle of a product. - requires new algorithms and
- widely used due to its interpreters to decipher the data
Traditionally used . .
nonproprietary nature f\orAM, similar to IGES /

Figure 21: Data formats.
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OB (object file).

Traditionally used

éry similar to STL in both \

formats and the ability to support
3D meshes

- able to support texture and
material information,

animation, and object hierarchy
- universally accepted due to its

simplicity /

NURBS (nonuniform rational basis spline)

Traditionally used

(ability to represent complicated \
lines and shapes while keeping the
overall file size small

- decreases the amount of data

- not widely supported by the
community

Qquired to achieve similar results.}

VRML (virtual reality modeling language)

Traditionally used

AMF (Additive Manufacturing Format)

Under development

3MF (3D Manufacturing Format)

Under development

GrabCAD Print

- print directly from any natively
supported CAD format

Figure 22: Data formats.
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Classification method

The results of the research have to be properly classified so that they can be elaborated
to satisfy the need previously mentioned. The tool chosen to classify each publication
found is at the same time very intuitive and effective. It simply consists of tables where
two aspects, one in a column and the other one in a row, can be compared and the
relation between them can be analyzed.

Considering the huge number of publications related to AM the choice of adopting tables
has two main advantages:

« allows to immediately identify which areas are the most studied;

« allows to easily focus on few characteristics at a time and highlights their relation-
ships.

Three tables have been created among which the most important is related to "Design
parameters-properties” relationships and will be deepened later in this work (Fig. 25).
The other two tables refer to "Data elaboration models/approaches - Material” (Fig. 24)
and "Production technique - Cell type” (Fig. 23) are useful to see the focus of the majority
of the publications found but, due to limited time, will not be further examined.

All the tables have been built based on the different categories previously found that are,
in some case, reduced to adapt to the results of the research. By zooming in enlarging
the images one will notice that each publication correspond to a small green, or red if
the article does not provide much useful data, square that is a sticker where the citation
is written.

The tables are very detailed and it is difficult to read what is written on them without
enlarging the image. On the other side, to correlate the different elements, it is important
to have the elements composing the first row and first column on the same image, so
the author preferred to not divide the tables in many parts and leave them under their
original form. The images provided are in very high resolution and this allows an easier
exploration of their content.
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Pathway definition

The aim of this thesis was to satisfy the need previously specified by fulfilling the
requirement. The research and classifications showed along this chapter have been
conducted to understand the characteristics of the AM production process, by identifying
the various features classified in the lists reported above. Then, the focus has been put
on the parameters-properties relations that have to be inspected as prescribed by the
requirement.

After the research made it has been concluded that trying to foresee the behavior of a
component only focusing on the relations between parameters and properties would be
too limiting. The number of variables characterizing the AM design and manufacturing
phases is so high that the approach to the problem must be widened.

Hence, the various steps must be taken into account from the very first design concept
until the final post-process treatment or the final test. Considering that the choices
made by the engineer during the various phases are interconnected he should be aware
of the various advantages and disadvantages when he decides to follow a path instead
of another.

For instance, it can be supposed that the designer have a list of customer requirements
to satisfy, so he decide that to have lightness and strength one alloy is what he needs.
The piece is then produced and heat treated. After the thermal treatment a modification
occurs inside the material due to the formation of precipitates that compromises the cor-
rect functioning. This cannot be accepted but the piece must be heat-treated, otherwise
it would not have the mechanical properties requested. What to do then?

This simple example is obviously far from a real case but it is useful to understand the
importance of knowing how the whole AM system works.

The scope of this thesis is then to provide the designer a suitable tool to make him aware
of all the possible options that he has at disposal: starting from the choice and analysis
of the raw powder, moving to the topology optimization approaches and then to the
selection of the proper process parameters.

Greater attention will be devoted to process parameters-properties relations, already
mentioned in the table in Fig. 25, that is one of the most active field of research. In the
final part the life-cycle, economic and sustainability perspectives of AM will be explored.
The decisional process that will be described is schematically reported in Fig. 26, where
the section regarding the manufacturing phase (lower part of the figure) will be in-
vestigated by deepening the parameters-properties table (Fig. 25). Each argument will
be explored in the following sections assuming that the customer requirements have
already been elaborated and are crystal clear, so that the engineer can start to look for
the best compromise to satisfy such requirements.
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Many aspects are encompassed inside the term Design and, when referring to AM, it
becomes Design for Additive Manufacturing (DfAM).
DfAM does not consist in drawing an existing component to produce it using AM
technologies but it aims at exploiting all the potentials that this disruptive technology
can offer. The Design process should be thought not only to reduce the weight of a part
or to obtain inner geometries otherwise impossible to create. The engineers should be
aware of all the advantages, and also limitations, that AM can give and consequently
find a trade-off between all the available options [1]. The current part describes the
design phases that in this work includes: Material selection and approaches to Topology
optimization. The designer will find in the following sections various options among
which the compromise that suits better the case under analysis has to be found.
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Step 1: Material selection

There are many ways to print a 3-D part and a variety of materials can be used: from
polymers to metals or composites. The focus of this work is on metal powders used for
powder-bed fusion processes (Laser Beam Melting (LBM) and Electron Beam Melting
(EBM)) that are between the most adopted production techniques and are also widely
used in the aerospace sector.

The analysis that will follow is schematically reported in Fig. 27. The main part is
dedicated to metal powders and their analysis as well as to more recent research topics:
the additives that can be mixed with the powders, the compositionally graded materials
and the hybrid materials.
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Step 1: Material selection

Powders

As shown from Fig. 28 metal powders are one of the most used materials in AM.

Conventionally the production of metal powders is made by Gas Atomization [25] even
if other methods exist, like the one described by Canakci et al. in [26].

80O
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S00
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300
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100

Ceramic

VPP

Figure 28: Number of material products for the main AM production techniques (2020) [24].

Types of powders

In the present a description of some materials is available. The distinction between
Traditional powders and New type of powders rely on the fact that, even if research is
still in course on both sides, the first are better known while the latter are newer and
their behavior has still to be understood. As a direct consequence the choice of adopting
Traditional powders is more precautionary and keep the designer on the safe side while
working with a recently invented powder would obviously increase the level of risk.

Traditional powders

Even if a full understanding of the materials used in AM and their behavior during the

production process is yet to be reached, the alloys in this section are between the most
known and used by the producers (Fig. 29).

Titanium alloys

Titanium alloys are relatively new materials because they started to be used around
the 1950. Titanium is very attractive because it has a high strength/weight ratio, a
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Figure 29: Metal products available for each year [24].

very good corrosion resistance (provided by the oxide layer that naturally forms on
its surface) and its properties remain unchanged until elevated temperatures (around
550 °C).

Titanium is in practice never used in its pure form but it can be useful to observe
its properties compared with those of iron and aluminum so to have a reference point
(Table 1).

Table 1: Titanium, Aluminum and Iron properties.

Properties Titanium Aluminum Iron
Density [kg/m’] 4540 2700 7860
Modulus of elasticity [GPa] 120 69 200
Melting point [°C] 1668 660,32 1535
Thermal conductivity coefficient [W/mK] 6-16 210 80,2
Thermal dilatation coefficient [pm/m°C] 9-11 24 11-12

The main disadvantage of these alloys is the high cost that involves both the raw
materials and the production costs. The price of a titanium ingot can be 90 times higher
than that of a steel ingot. Moreover, due to its singular properties (low ductile yield and
high strength), the machining of titanium with conventional techniques can be very
challenging due to the high spring-back effect, for which strong rigid setups are needed
that can, in turn, create high pressures and temperatures at which undesired chemical
reactions can occur. To avoid the heating of the surface the cutting speeds have to be
kept low and this makes the process last longer increasing costs [27]. The increase in
production cost (Fig. 30) can be limited by adopting AM technologies especially if a
small batch or customized parts have to be produced.
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The other reason why one could decide to use titanium alloys produced by AM
methods is the higher properties that the final component holds. Indeed, comparing
various production techniques it is evident how the adoption of AM production methods
can bring positive outcomes also when referring to mechanical properties (Fig. 31).

In conclusion, even if not much information about the processability of powders can be
provided, costs and mechanical properties can be alone valid reasons to choose to use
titanium alloys.

Aluminum alloys

The main reason that push the adoption of aluminum alloys is the strength over weight
ratio and the high corrosion resistance (properties in Table 1). However, processing
Al-alloys is difficult due to the following reasons:

« low density;

+ poor flowability;

« high thermal conductivity;

« high reflectivity;

« high susceptibility to oxidation;
« susceptibility to hot cracking;

« susceptibility to hydrogen porosity formation.
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Figure 31: Ti-6Al-4V UTS, YS and elongation for different production techniques [21].

For these reasons a high amount of energy is required, the temperature should be kept
under constant monitoring and the working environment has to be well controlled. In
addition, different secondary phases can appear depending on the alloy processed and
their presence has to be carefully regulated to obtain an optimal microstructure [11] [27].

Nickel alloys

The term superalloys also refers to nickel-iron-base materials while the term Ni-base
superalloys is attributed to those materials that have the nickel as the only one alloying
element [11].
In general Ni-alloys produced via AM techniques can exhibits better mehanical prop-
erties. The level of processability varies based on the type of alloy selected. Certain
Ni-alloys are easier to produce while the risk of weld cracking is present for other types.
Possible solutions to increase the processability of such materials can be the utilization
of fractal scan strategies, to ensure a good flow of powder and inert atmosphere to
avoid contamination of the part by air molecules or to use a surface energy density and
pre-heat the powder. The graph in Figure 32, even if referred to weldability, can be a
useful "processability map” helpful in the choice of the right alloy to be processed with
AM production techniques.
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New types of powders

Looking for new types of powders specifically developed or created for AM represents a
big challenge. The efforts in this field of research are increasing and, considering the
great design freedom that AM methods allow, many aspects still have to be discovered.
Giinther et al. [34] study the microstructure of CrMnNi processing it for the first with
EBM technology. Thanks to the heat-treatments intrinsically present in the EBM produc-
tion process a very fine microstructure is obtained with no preferred grain orientation,
that can hence be considered isotropic. The material obtained has also a low sensitivity
to the process-induced defects. Omoniyi et al. [35] develop a new photoactive-based
piezocomposite materials by using as matrix the adhesive (NOA 65) combined with
particles of Barium Titanate as dielectric filler, allowing to 3D print sensors and actuators.
Wang et al. [36] study the use of nano-modified and nano-structured particles to enable
the creation of components made of materials, such as ceramics and high strength alloys,
otherwise hardly processable. The use of coatings for metal substrate, the adoption of
reinforced particulates and other aspects are reviewed by Neng et al. [37].
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Powder analysis

In powder-based fusion processes the characteristics of the powders play a crucial role.
The analysis of the powder with proper methods is then essential to obtain a high-quality
component and to understand the influence that the powder properties have on the final
result. Powders are mainly classified according to:

. Size

+ Morphology

+ Chemical Composition
+ Flow Characteristics

« Density

« Laser Absorption Characteristics (absorptivity)

Methods, standards and examples of the measuring techniques can be found in Ta-
ble 2 (elaborated from [18]). These characteristics are very important and determine the
quality of the final part. For instance, particles of smaller size guarantee a thinner layer
and improve surface finish, the shape of the particles can improve flowability. A chemical
analysis is needed especially if re-cycled powder is used. Good flowability means good
uniformity in the spread powder that, in turn, means a final component with lower poros-
ity. Density is also an index of the quality of the raw material. Knowing the absorptivity
of the powder, set between 0 and 1, one can understand the amount of energy that will
be necessary, that can also varies depending on the characteristics of the source of energy.

The number of publications in literature that aims at discovering and analyzing the
relations between the powder feedstock characteristics and the properties of the final
component is not very big and, in addition, the majority of the articles is quite recent.
Haferkamp et al. [29] show that the apparent density is higher than the density of a single
layer of powder, the density of a single layer increases if finer powders are used and find
out the existence of a limit for the particle size distribution under which the spreadability
hindered. In another publications from the same author [30] it is demonstrated that the
flowability is improved if the particles are more spherical allowing higher layer density.
On the opposite higher porosity is present for lower flowability of the powder deriving
from low circularity of the particles even if, above a level of circularity of 0.8 this relation
is no more valid and there is no influence on the density of the part. Young et al. [31]
proposes novel techniques to characterize the powder feedstock, highlighting the fact
that by adopting traditional techniques certain properties, such as compressibility and
compactibility, of the powder would not be identified and two lots of powder could be
wrongly classified as equivalent.
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Step 1: Material selection

Powder additives

Adding elements to the powder feedstock seems to be very useful to ease the production
process of certain materials or to obtain a component with enhanced properties [37].
Another example is provided by Yunlong et al. [38] that analyses the effect of the addition
of Zr and Mo to Nb-Ti-Si based alloys obtaining an increase in the fracture toughness
of about 30% and a significant decrease in hardness. The addition of nanoparticles
additives (TiC) is experimented by Oropeza et al. [39] that use them to process the
nanoparticle-enhanced aluminum 7075, obtaining an alloy easier to produce and free of
cracks. Canziani et al. [40] proposes the use of supra-particles made of polystyrene/silica
composite to be used with the base powders in powder bed fusion processes. These
tailored particles with high flowability and well defined composition and morphology
positively influence the powder flowability and so a higher-quality powder bed can be
obtained.

Functionally graded materials

Functionally graded materials (FGMs) are materials composed of two or more phases.
The difference with respect to composite materials rely on the fact that the materials
composition gradually varies from a region to another, which means that the distinction
between different phases is not so net like in the case of composite materials. FGMs
can provide many advantages, for example gradually varying the composition of a
component from its core part to the outer surface can be beneficial for the corrosion and
wear resistance, concentrating and enanching the certain properties of a component in
those regions where they are needed.

Among the various options two systems, related to AM, are here reported:

+ Blown Powder AM Systems:
include direct laser deposition (DLD) and laser engineered net shaping (LENS) and
involve the use of nozzles to deposit different materials in the desired quantities
allowing to realize a gradually varying composition of the material.

« Powder-Bed AM Systems:
include the selective laser melting systems. In this case the variation in composition
can be realized only along the building direction, it is more difficult to vary the
composition because the powder is supplied by a pre-filled tank but, being the
thickness of each layer very reduced, the gradual variation in composition can be
obtained with good accuracy.

One of the most important requirement can be identified as the "flexibility of the
feedstock”, meaning that the success of the manufacturing process strongly depends on
how easily the composition of the feedstock can be tuned. However, to exploit the full
potential of these materials the designer should not exclusively focus on the production
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phase but also on the design, recognizing, for example, the need of a 3D CAD model
made of FGMs instead of discrete materials and the importance of selecting the proper
analytical model to foresee the properties of the component [11].

Interesting research about FGMs has been done by members of the jet Propulsion
Laboratory (USA) and collaborators [41]. The evolution of ¢ phase has been analyzed
in different alloys [42]. The blown powder DED system was successfully implemented
to produce compositionally graded cylinders made of FeCo-2V and 316L stainless steel
(magnetic dissimilar alloys), and molecular dynamics simulations were correlating the
tensile strength with the composition of the component [43]. DED production method
was again used to join dissimilar metals (SS316 and C300 Maraging steel) and tensile
strength equal to the stainless steel was measured together with a decrease in elonga-
tion [44].

FGMs are still under development and not very used in industries but a full under-
standing of their properties would for sure boost their expansion and decrease the need
for welding or joining together different materials.

Hybrid materials

This section could seem somehow similar to the previous two related to Powder additives
and Functionally graded materials. However, the term Hybrid materials can be related
to the previous two sections but can also refer to other solutions in which multiple
materials are used, that also includes the so called multiple materials additive manufac-
turing (MMAM). A similar expression hybrid manufacturing is given to that category of
production process that combines already assessed manufacturing method, like CNC,
with novel AM techniques, here not considered.

The number of publications related to hybrid materials is increasing and concerns
various aspects, few examples that could be useful for the engineer to overcome some
design limitations are reported. The feasibility of making a metallic structure in Inconel-
718 and Co-Cr, where the two materials are set in distinct regions of the components, is
analyzed in [45]. Chueh et al. [46] printed a component made of metal and composite
through a multiple material laser powder bed fusion system that uses an ultrasonic
vibration-assisted powder delivery system and also providing a more extended anal-
ysis of MMAM [48]. De Pasquale and Sibona [47] investigate the increase in energy
absorption capability of a material composed of a metal lattice structure combined with
polymers, observing an impressive increment in the strain energy of up to 75%. A
numerical tool to analyze the composite/metal structure and able to automatically select
the design that holds the best structural performance is introduced by Di Caprio et al. [49].
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Other solutions

Solutions different from those that can be encompassed in one of the previous sections
are very difficult to find, however, for the sake of completeness and for eventual future
extension of the present work this section has been added. An interesting research has
been conducted by Varela et al. [50] that used a non-spherical precursor, cheaper than
the powder commonly used, to produce a component in Ti-6Al-4V that resulted to have
properties comparable to the one manufactured using the spherical powder.
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Step 2: approaching topology
optimization

According to the path previously defined the main aspects of topology optimization will
be here described. A number of examples will then be proposed according to the general

classification adopted of macro and micro topology optimization. A schematic of the
content can be seen in Fig. 33.
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Figure 33: Topology optimization approaches.
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Topology optimization and how it works

Additive manufacturing technologies allow a design freedom that has never been avail-
able before. Objects with very complex geometries can be made and many different
options are available at each design step. Then, a question that for sure the engineer
will have to answer while designing an object is:

Where to put the material to get the best achievable result?

The answer is: Topology Optimization (TO). Indeed, TO consist on “finding the
ideal material distribution given certain objectives and load cases” [1]. Ideally any shape
can be realized but in practice there are different types of constraints that can be due,
for example, to limitations on the manufacturability as well as to interactions of the
component under analysis with the structure. Once that these limitations and the load
cases (boundary conditions) are clear the design space can be defined and topology
optimization can be performed.

TO is not the only method that can be adopted, size optimization and shape optimiza-
tion are, together with TO, the most common approaches. The general objective of the
optimization methods is to change certain design variables to improve the design of the
object and can be done in different ways. Size optimization search for the best values of
certain given dimensions while shape optimization adjust the shape of the surfaces to
improve the outcome. Size, shape and topology optimization hold an increasing degree
of complexity and all of them are commonly adopted along the same optimization pro-
cedure. Usually the first to be applied is TO and after, in the order, shape and size are
used to further sharpen the design (Fig. 34) [2].

The problem of topology optimization can be seen, in a simple mathematical form,
as a function f(x) that has to be minimized or maximized, where the x of the function
are the variables that coincide with the design points. In real applications TO problems
are obviously more complex and can require assumptions and decisions based on the
judgment of the designer. The logical path followed to find a solution, that is not always
present or not always unique, is an iterative procedure performed by a software and
is described with an algorithm. Depending on the idea at the base of the optimization
strategy there exist a considerable number of algorithms (two basic examples have been
reported in Fig. 35).
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49



Step 2: approaching topology optimization

Topology optimization approaches

The TO problem, that could be extremely simplified as a "material distribution problem”,
can be faced in different ways. In the present work all the approaches has been classified
under two main categories:

« “macro-topology” optimization:

includes all the approaches that perform optimization at a macroscopic level, con-
sidering the whole shape and geometry of the component;

« "micro-topology” optimization:

includes all the approaches that perform optimization at a microscopic level, focus-
ing on the optimization of the structure at the lattice level.

Typically, to perform an optimization at macroscopic level the object of interest is
meshed in a set of voxels that assume the value of 0 or 1 corresponding to the value
of the density. In other words they can represent a void or a full-material” volume.
Intermediate values are unwanted because they can be a problem during the production
phase. This is why these approaches are also called Volume-Based Density Methods.
Optimizations at microscopic level are also very common and aims at finding the best
number, position and geometry of struts and nodes. Micro-topology optimization ap-
proaches, also called Truss-Based Methods, focus on much smaller volumes (e.g., unit
cell) and aims at finding the best lattice configuration [2].

Considering the many possibilities that the designer have it can be possible that
different topology optimization methods are needed for different components. The
two sets of examples provided in the following paragraph, together with the most
common approaches ([2][21][53]) and with reviews already published (general reviews:
[51][52][54][55][56][57], software review: [58]), can then be useful to tailor the proper
method case by case. It also should be said that the piece cannot be produced straight-
forward after the optimization, a simulation of the building phase is needed to avoid
ruptures and undesired defects during the manufacturing phase [1].
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Macro-topology optimization

Table 3 contains publications referred to macroscopic characteristics such as mechanical
properties of the components, geometry and shape of the part, relative density and
support structures. These can be useful when an optimization of the outer geometry of
the component needs to be performed to improve its full shape.

Table 3: Macroscopic topological optimization approaches.

Key words

Description

Bib. ref.

Support structures,
SIMP method,
cantilever beam.

Procedure consists of 2 steps. First a simulation of
the production process is performed and the loads
and residual stresses are identified for the worst case
scenario. This data is then used to perform topol-
ogy optimization and find the best geometry for the
support structures. Validation is made analyzing the
case of a cantilever beam.

[59]

Level of penalization,
industrial codes.

The validity of three approaches is proved (stress-
constrained, continuous compliance and discrete
compliance optimization problems). Specimens are
then produced via SLM techniques to find the best
method and to measure the level of penalization.
Stress-constrained optimization resulted to provide
the best result.

[60]

Reverse Engineering,
level set based TO, 3D
inspection.

The positive outcomes coming from the integration
of reverse engineering, topology optimization and
additive manufacturing is demonstrated with the de-
signing and manufacturing of a simple mechanical
component. The object has been first scanned, then
re-designed, produced and tested. A considerable
mass reduction has been obtained.

Aircraft bracket,
aluminium and
Ti6Al4V.

The design, optimization, production and testing of
an aircraft bracket are explored. Different loading
cases are analyzed and FEA has been adopted. Chang-
ing material, from aluminium to titanium alloy and
performing TO a 28% weight reduction has been
achieved.

[62]

Continues in the following page
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Continues from the previous page

Key words Description Bib. ref.
Two case studies are presented. In the first case a [23]
comparison between the SIMP and the LSM algo-

SIMP methodj LSM rithms is conducted for both 2D and 3D case. In the

methf)d’ 3-point second case the shape of a specimen for the 3-point

bending test. bending test is optimized and then fabricated and
tested.

Stereolitography and selective laser melting tech- [63]

Building direction,
anisotropy,
microstructure and
macro mechanical
performances.

niques are used to produce resin and titanium ma-
terials. Tests are performed to understand how the
mechanical properties are influenced by the building
direction and to analyze anisotropies of stiffness and
strength. The design is optimized considering two
aspects separately: printing direction and isotropy.
Results are then compared.

Begins in the previous page

Micro-topology optimization

Characteristics of the lattice, struts defects and features related to the elementary unit
cell are described in the publications of Table 4. A ”small-scale approach” can be adopted
in cases where the proper type of unit cell has to be defined and its influence on relative
density or on the mechanical properties of the component needs to be clarified.

Table 4: Microscopic topological optimization approaches.

Key words Description Bib. ref.

Geometric defects are embedded in non-perfect mod- [64]
els. Behavior and properties of the unit cell are ana-
lyzed and then topology optimization is performed.
Method of Moving Asymptotes is used to compute
the design variables. The analysis is then applied to

fixed-beam and L-shaped beam for verification.

Process-induced
defects, cell
orientation,
tetrahedron-based
and octet-truss unit
cells.

Continues in the following page
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Continues from the previous page

Key words

Description

Bib. ref.

Multi-scale strategy,
NURBS curves,
octahedral lattice
structure, FE-based
homogenization,
automatic dynamic
penalization (ADP)
method.

The optimization of a representative volume element
(RVE) is performed considering geometrical, manu-
facturing, thermodynamic and structural constraint.
Geometry of the RVE is generated recurring to the
B-spline and NURBS curves then FE-based homoge-
nization has been performed. Both local and global
parameters have been used to generate the FE model
of the lattice structure. The numerical optimization
procedure resulted in equivalent mechanical proper-
ties and a weight saving up to 39%.

[65]

FCC, VC and ECC
structures, porosity,

Gibson-Ashby model.

Face Center Cube (FCC), Vertex Cube (VC) and Edge
Center Cube (ECC) lattice structures are manufac-
tured via SLM method with different porosity lev-
els. Both standard and optimized structures are then
tested under different loading conditions and Gibson-
Ashby maps are developed. In general, optimized
specimens have better mechanical properties. FCC
and VC have better mechanical properties than ECC
that, in contrast, has the highest energy absorption
capacity. The influence of yield phenomena becomes
negligible at levels of porosity lower than 70%.

[66]

Begins in the previous page
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Manufacturing

55






The physical production of the component is here analyzed. Following the process
that actually takes place, the production techniques will be briefly explored. Then,
attention will be put on the thermal history of the component which means that the
behavior of the melt pool will be deepened. After the solidification of the material its
properties are investigated. The cornerstones of the manufacturing process, most of
which will be analyzed in the following, are schematically summarized in Figure 36.
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Figure 36: Manufacturing phases.
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Step 3: Tuning parameters

The parameters that will be investigated here have been presented in the introduction
of this work. Tuning the parameters to see their effects on the produced component
and to find the optimal set of parameters is probably the most active field of research
related to AM. If an enterprise is able to perfectly control the outcomes it can obviously
have an absolute advantage over the competitors, and this is one of the reasons why
many resources are invested in this field and many companies do not publicly share the
results of their research. However, a considerable amount of interesting publications
can be found in literature and general trends can be delineated. This is what will be
done along this step by comparing one, or few, design parameters at the time with the
properties from Fig. 25, re-written and adapted in Fig. 37. Inside the group of design
parameters one will also find “defects”, even if the defects are obviously not considered
as a design parameters. It has been included in the design parameters for convenience,
to easily analyze the effects of defects on materials properties.

Due to time constraints the analysis will be mainly focused on three alloys: nickel,
titanium and aluminium, and on two production techniques: selective laser melting and
electron beam melting, both included in the powder bed fusion production methods.

Understanding the design parameters - properties relation is of fundamental impor-
tance. By properly tuning the parameters the engineer will create a piece that is as close
as possible to the ideal CAD model. Understanding this third step will not provide a per-
fectly precise set of parameters, because the production of a single component involves
so many variables, just to mention a few: the type of machine used, the quality of the
powder, that can change even for the same alloy type, and the melt pool morphology,
that in practice it would be impossible to provide a “ready-to-use” set of parameters.
Instead, taking step three the designer will save time and efforts, he will understand
what could be the ranges inside which the parameters has to be searched, he can have
a benchmark and then be aware of the direction that the production process is taking,
he can estimate from the initial stages of the design what are the properties of the final
component and, if something goes wrong, identify the probable causes.
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Step 3: Tuning parameters

Design Parameters

[ Properties

SCANNING FACTORS

PART DESIGN
FACTORS

Laser power (energy) P

building orientation

scan speed v

hatch distance h

Location and type of support structure

Compressive Properties

Yield, UTS, elongation, fracure toughness

Ductility/HARDNESS

Spot size and geometry

Overhang and platen substrate finish

Relative density (Porosity)

scanning path or deposition pattern

MELT POOL
CHARACTERIZATION

ENVIRONMENTAL
FACTORS

melted pool morphology

chamber environment

PROCESS-MACHINE
FACTORS

HEAT TREATMENT AND
POSTO-PROCESSING

substrate temperature (base plate operating
temperature);

powder layer thickness t;

Blade and machine factors.

Heat treatment parameters

MATERIAL FACTORS

base powder (Feedstock type, form,
condition and properties)

Defects

Geometrical properties
(Strut dimensions) / defects

Melt pool morphology and temperature

Figure 37: List of design parameters and properties.
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Step 3: Tuning parameters

Production techniques

There are various methods to additively manufacture a component, a scheme of the
most adopted techniques in the building industry is reported in Fig. 38. The choice of
the proper manufacturing method can rely both on the experience of the engineers and
on systematic methods (e.g., [69]).
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Figure 38: AM techniques and methods [68].

Among the many possibilities, only selective laser melting (SLM) and electron beam
melting (EBM) will be analyzed herein. Both SLM and EBM methods are powder bed
fusion (PBF) production techniques that, as can be deducted from Figure 28, is one of
the most used for manufacturing metals and it is expected to grow even more in the

future (Fig. 39).

2017 2027
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Figure 39: Evolution of polymer 3D printing hardware revenues from use in professional envi-
ronments: 2017 vs. 2027.

Explanations of the basic functioning of SLM and EBM methods is not presented here
but can be easily found in literature [11, 2, 1].
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Step 3: Tuning parameters

Materials microstructure

Before investigating how the microstructure changes in relation to the process parame-
ters, it is also useful to mention its main features. Different compositions of the alloys
obviously mean different microstructures that present diverse characteristics. General in-
formations about titanium, aluminum and nickel alloys will be provided in the following
sections and can be used as a reference point.

Titanium alloys microstructure

Titanium shows an hexagonal lattice structure (HEX) for temperatures below 882.5° C
(B phase) and a body centered cubic (BCC) structure for temperatures above 882.5° C
(o pahse), this is why is defined as a transition element. The transition temperature
(882.5 °C) can be modified by adding [3-stabilizer elements (Fe, Mo, V, Cr, Ni, Cu, W, Co,
Nb, Ta) or o-stabilizer elements (Al, C, O, N, B). So, based on these elements and on the
microstructure exhibited, titanium alloys can be classified as: o alloys and near-u alloys
that are characterized by low tensile strength at room temperature and by high corro-
sion resistance; (3 alloys and metastable {3 alloys that have a lower resistance to plastic
deformation, high ductility, high anisotropy, low elastic modulus and high corrosion
resistance; o+ alloys characterized by higher values of the strength due to the bi-phasic
structure [27].

One of the most used titanium alloys is the Ti-6Al-4V (pahse diagram in Fig. 40) that is
also extensively studied in many publications related to AM and present in the standards
(ASTM F2924-14 and ASTM F3001-14).

Typically its microstucture produced by Selective Laser Melting technique shows

columnar prior 3 grains together with acicular o’ even if many are the factors that influ-
ence it. For example, it has been observed that controlling the input energy a very fine
lamellar (a+@3) structure can be obtained. Usually the component has residual stresses
due to the high thermal gradient experienced during the SLM process and it cannot be
used as it is, then post-processing is needed. During the heat treatment below the 3
transus, if the dwell duration is increased then the evolution of globularized o grains
increases while, if it is above the [ transus, larger o colonies are observed [11].
The presence of the o+[3 phase has a great positive influence on the properties of the
components and on the process parameters. The post-process heat treatments parame-
ters can be adjusted to increase the amount of this phase on the produced part. Lower
importance, but still not negligible, is attributed to other variables such as the oxygen
content, that can influence the hardness and the strength of the alloys [27].
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Figure 40: Ti-6Al-4V phase diagram [28].

Nickel alloys microstructure

The so called Ni-based alloys are in practice Ni-Cr alloys characterized by a face cen-
tered cubic matrix that contains carbides inter-metallic precipitates. These precipitates
guarantee notable mechanical properties to the alloy that can also operate at elevated
temperatures. The addition of other metals (Al, Ti, Ni, Ta) contributes to the creation of
the v’ phase while Mo, W and Cr improve the strength. A list of the alloys frequently
used in PBF is reported in Figure 41. Among the many alloy types analyzed the most
common in literature are [70]:

« INCONEL® 625:
is a Ni-Cr-Mo alloys characterized by very good corrosion resistance.

« INCONEL® 718 and HAYNES® 230:
Ni-Cr-Fe-Mo-Cu alloys. INCONEL® 718 has a very good strength in a wide range
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Step 3: Tuning parameters

of temperatures and an high resistance to oxidation. HAYNES® 230 has an excellent
strength at high temperatures.

« HASTELLOY® X:
solid-solution strengthened nickel alloy that exhibits exceptional oxidation resis-
tance and very high strength until 1200 °C.

Alloy Cr Co Mo W Al Ti Ta Fe Nh Re Hf Ir Ni
CM 247 LC 8.0 9.3 0.5 9.5 5.6 0.7 32 - - - 1.4 - Bal.
CMSX-4 6.5 9.6 0.6 6.4 5.6 1.0 6.5 - - 30 0.1 - Bal.
HASTELLOY X 220 1.5 9.0 0.6 0.25 - - 18.5 - - - - Bal.
HAYNES 230 220 - 2.0 14.0 0.3 - - - - - - - Bal.
HAYNES 282 200 10.0 8.5 - 1.5 2.1 - 0.7 - - - - Bal.
INCONEL 625 215 - 9.0 - 0.2 0.2 - 25 36 - - - Bal.
INCONEL 713LC 120 - 4.5 - 5.9 0.6 - - 2.0 - - 0.1 Bal.
INCONEL 718 19.0 - 3.0 - 0.5 0.9 - 18.5 5.1 - - - Bal.
INCONEL 738LC 16.0 8.5 1.75 2.6 3.4 3.4 1.75 - 0.9 - - - Bal.
INCONEL 939 224 19.0 - 20 1.9 3.7 - - 1.0 - - 0.1 Bal.
NIMONIC 263 20.0 20.0 5.9 - 0.5 2.1 - - - - - - Bal.
RENE 41 19.0 11.0 1.0 - 1.5 3.1 - - - - - - Bal.
RENE 80 14.0 9.0 4.0 6.0 3.0 4.7 - - - - 0.8 Bal.
RENE 142 6.8 12.0 1.5 4.9 6.15 - 6.35 - - 28 1.5 - Bal.
WASPALLOY 19.5 13.5 45 - 1.3 3.0 - - - - - Bal.

Figure 41: Ni-alloys for PBF [33].
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Step 3: Tuning parameters

Aluminum alloys microstructure

Microstructure of aluminium alloys strongly depends on the alloy composition. In
general they are characterized by o-Al matrix where different types of secondary phase
can be found such as: precipitation hardening phases, constituent particles (primary
precipitates), divorced eutectic phases and dispersoids (secondary precipitates) [11].
Al-Siand Al-Si-Mg alloys are subjected to particular interest by the researchers. AlSi10Mg
is particularly suitable for AM production process, its composition is near the eutectic
(Fig. 42) and the range of solidification temperature is short. The presence of silicon
improves the flowability of the melted metal that can easily wet the solid sub-strate,
and also increases the absorptivity of the powder, while magnesium forms precipitates
(Mg,Si) that strengthen the material [71].
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Figure 42: Al-Si phase diagram [72].
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Step 3: Tuning parameters

Parameters-Properties analysis

The analysis of the relations that correlate the design parameters to the properties and
the characteristics of final components is developed by the greatest part of the publi-
cations present in the literature. However, the approach commonly adopted consists
in selecting a specific number of design parameters and correlate them with certain
properties or characteristics of the produced part. Examples can include the analysis
of the relation between laser scanning speed and porosity, between laser power and
surface roughness or between laser energy and compressive strength. Despite of the
fact that the outcomes of such studies can be very interesting, their validity, and more
precisely their applicability and repeatability, are limited to very specific cases and it
can be very difficult to replicate the exact conditions that would then produce the same
results. In addition, by focusing on the influence of a limited number of parameters
other factors are obviously neglected even if their negligibility is, very often, not demon-
strated. Considering the great attention that the researchers give them it seems that the
parameters that play a major role in the production process are those strictly correlated
with the energy beam: beam power, scan speed, hatch distance and scanning strategy.
Even if the effects of other factors are not so pronounced and it could be assumed that
they have a negligible influence, the number of variables that, in this way, would be
considered as unimportant is so high that it becomes hard to believe that they are all
irrelevant, or that their combined effect has no influence on the final result.

The aim of the following sections is to analyze the relations linking the design pa-
rameters, starting from the characteristics of the raw powder, to the properties of the
produced components, including geometric features, defects and mechanical behavior. A
quantitative and precise description would require a huge amount of time and resources,
however broad considerations can be made and general guidelines will be provided.
The detailed analysis of the big table correlating design parameters and properties
(Fig. 25) presented in the introduction has been done. In general each publication refers
to more than on aspects and hence occupy more than one cell of the table. So, the first
passage was to modify the table to make each article appear only once in the table, the
cell where it has been placed is to be considered as the argument on which the article
is more focused. A further classification related to the alloys analyzed have been done
according to the legend shown in Figure 43.

’ Colours Legenda

Al-alloy Ti-alloy Ni-alloy Other

Figure 43: Legend of the colors used in Figure 44.

Despite of the classification made it has to be said that the greatest part of the
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Step 3: Tuning parameters

publications regarding Al-alloys and Ti-alloys refer to a reduced number of alloys that
are AlSi10Mg, AlSi12Mg and Ti6Al4V. The Ni-alloys are quite varied even if is great
attention given to the Ni-base superalloys. The materials labeled as Others are in general
stainless steels and articles where virtual experiments are performed.

Then, the analysis of the new big table obtained (Fig. 44) has been done by sub-dividing
it in a number of smaller tables that are presented in the following sections.
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Figure 44: Design-Properties table alloys classification.
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Material factors on properties

MATERIAL FACTORS

Yield, UTS, elongation, fracure toughness

Geometry and defects

base powder
(feedstock type, form, condition and
properties)

Ductility/HARDNESS

Figure 45: Material factors on properties.

Usually the data provided by the powder suppliers are the powder density distribution
(PSD) and the chemical composition. It is anyway a common practice to analyze the
powder before using it so to have a more detailed description, also considering the fact
that different suppliers could provide slightly different powders with similar PSDs.
Figure 45 presents a number of publications related to this topic.

Some characteristics of the metal powders used as raw material has already been men-
tioned in Step 1: Material selection while others, together with their meanings, are here
reported (from [95]).
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« Basic flowability energy: amount of work done while moving the blade within the
powder bulk in a downward motion.

» Specific energy: amount of energy to move the blade within the powder bulk in
an upward motion in an unconfined (i.e., low stress) environment as there is no
constraint on top of the powder bulk.

« Tapped density: the bulk density of the powder when it is consolidated.
« Compressibility: shows the change in volume as a function of applied normal stress.

+ Cohesion: amount of shear stress needed to flow the powder while the applied
normal stress is zero.

« Pressure drop: indicates how easily the gas can permeate the powder while is under
applied compression (3 kPa) and the gas flows from below the powder bulk.

« Aeration energy: indicates how easily the powder fluidizes when it is subjected to
gas flow.

The properties listed above are intercorrelated, it is thus advisable to observe them
all to have a clear picture and to inspect the same characteristic from different points of
view. The specific energy is an index of the flowability but, being measured with the
blade moving upwards it expresses the flowability in a low-stress environment, while
the capability of the powder to fluidizes when crossed by a gas flow is defined by the
aeration energy.

The dimension of the powders is one of the most studied characteristic. Analyzing two
different batches composed of fine and coarse powder it has been observed that the
oxygen contents is slightly higher for the fine powder. The basic flowability energy and
the capability to compact under the re-coating arm was, in turn, slightly higher for the
coarse powder (3.3% vs. 2.5%), pointing out that a coarser powder may behave better
during the re-coating phase.

Nevertheless, these differences are so small that the two batches can be considered
comparable as it can be observed in Table 5, where the order of magnitude of such
parameters can also be captured (values are referred to Ti6Al4V alloy).

The dimensional distribution of the powder particles is expressed by the PSD that
usually has a bell curve shape. In general this curve can be wider or sharper (Fig. 46 a) ).
The shape of the curve gives information about the behavior of the powder providing
both the dimension and the distribution of the particles.

The dimension of finer powders is obviously smaller, that translates into an higher
surface-to-volume ratio resulting in more frictions and so in lower flowability and higher
“stickability”. The empty spaces between the particles are reduced and so it is the capa-
bility of a gas to permeate the powder. On the contrary a coarser powder is expected to
have a higher flowability.

A wider PSD implies the presence of a batch where there are considerable amounts of

70



Step 3: Tuning parameters

Table 5: Powder properties for Ti6 Al4V fine and coarse powders (from [95]).

Powder properties Fine powder Coarse powder
Powder size distribution (um) 15-45 15-53
Basic Flowability Energy (m]) 280 + 3.6 282.0 £ 2.5
Specific Energy (m]J/g) 1.6 +0.2 1.8 +0.1
Conditioned Bulk Density (g/ml) 2.6 +0.2 2.8+ 0.0
Tapped Density (g/ml) 2.8+0.0 29400
Compressibility (%) 26+0.5 33+0.1
Cohesion (kPa) 0.10 £+ 0.00 0.10 £ 0.02
Pressure Drop (mbar) 9.5+ 0.6 7.1+0.2
Aeration Energy (m]) 53+0.9 5.0+ 0.3

particles of different sizes. When mixed the finer particles tend to adhere between each
other resulting in separated agglomerates of fine and coarse powder, this phenomenon
can also be observed in case of sharper PSDs but it is less evident (Fig. 46 b) ). Empty
spaces appears around these agglomerates improving the compressibility and the per-
meability of the powder. A higher permeability results in a lower pressure drop.
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Figure 46: a) PSDs for fine and coarse powders, b) agglomerates of fine and coarse powder [95].

Data about the PSDs can be found in Table 6 where the limited data published is
reported in two commonly used forms:

« Providing the size range and the mean value in micron.

« Using the statistic method D10, D50 and D90 that indicates that the 10, 50 and 90%
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Step 3: Tuning parameters

Together with the powder size distribution and the other properties listed above
also a more detailed analysis can be done to inspect the chemical properties by using,
for example, an ion beam-scanning electron microscopy to observe the spericity of the
particles and the presence of satellites particles (Fig. 47 a) where the arrows indicates the
satellite particles and the circles the particles with non spherical shape). The inner part
of the particles can be analyzed observing the cross sections (Fig. 47 c) ). Few entrapped
gas pores can be detected and usually are the result of the gas atomization process used
for the powder production. A scanning electron microscopy can be useful to see the
powder microstructure (Fig. 47 c) ). In this particular case the IN939 Ni-base superalloy
was inspected resulting in few satellites, a good sphericity, a reduced presence of gas
pores (order of magnitude of 20 um) with a total porosity around 0.4%. The presence of
dendrites (1-2 pm width) enriched in Ti, W and Nb while Ni, Cr and Co has also been
found in the inter-dendritic regions [105].
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Figure 47: Powder analysis revealing: a) powder satellites (arrows) and powder sphericity (circles),
b) PSD, c) inner gas pores, d) SEM images [105].

Relations between materials factors and properties of the final component are not
very much explored, however certain aspects can be observed and will be described in

the following.
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Material factors on mechanical properties

Productions techniques such as selective laser melting and electron beam melting allow
to easily add extra components to the base alloys commonly used. It is the case of the
SLMed Al-Mg-Sc-Zr alloy that exhibited interesting mechanical properties together with
a brittle crack. After aging at 325 °C for 4 hours the material showed a yield strength (YS)
of 510 MPa, an ultimate tensile strength (UTS) of 531 MPa and an ¢ around 15%. The
intrinsic toughening has been attributed to the precipitates that formed at the boundary
of the melt pool while the a-Al matrix contributed to the extrinsic toughening. The
post heat-treatment improved the homogeneity of the properties even if discontinuous
yielding was still present [100][121]. Pre-alloyed TiB,/AlSi10Mg is another example of
the combination between aluminum alloy and other components produced via SLM. An
improvement in tensile strength and elongation has been obtained both along the vertical
(139% and 208%) and horizontal (19% and 13%) directions if compared to AlSi10Mg [73].
The two batches of powder (Ti6Al4V) analyzed in the previous section didn’t exhibit
considerable changes in the mechanical properties, the € was a bit higher in the coarse
powder but the YS and UTS were very close. Hence, considering the small number of
publications related to the influence of the PSD on the mechanical properties of the
components no general conclusions can be made because the slight effects observed
cannot be linked directly to the different PSDs but could be due to other reasons [95].

Material factors on ductility and hardness

Due to the fact that the Ti6Al4V coarse powder produces components with smaller
defects an increase in ductility has been observed [95].

Another study proposed the addition of variable quantities of Mo and and Zr in a Nb-
alloy produced via laser direct energy deposited (L-DED). This resulted in variations of
the microstructure and in different values of the hardness, both before and after heat
treatment at 1400 °C for three hours (Fig. 48) [38].
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Figure 48: Hardness of the Nb-alloy with addition of Mo and Zr before and after HT [38].
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Inconel 690 alloy (FCC) cladding 316L SS (FCC) is manufactured trying to obtain
a material with better mechanical properties and improved corrosion resistance. The
sub-grain boundaries of Inconel 690 are adopted for coherent twin boundaries so that the
precipitation of carbides can be avoided and the corrosion resistance can be enhanced.
In addition, the Inconel cladding showed superior mechanical properties compared to
the SS 616L substrate, in particular an increase of 33% and 23% has been observed in
hardness and yield strength, respectively, together with 21% elongation that decreased of
7% after aging at 685 °C for 50 hours. Thanks to the columnar and highly textured grain
boundaries the free energies at the interface are reduced so that, at high temperatures, the
precipitations at the grain boundaries are reduced and the capability of the component
to operate is improved [129].

Material factors on geometry and defects

As previously mentioned the coarse powder has a lower surface-to-volume ratio that
results in a lower energy absorption capacity and then in higher cooling rates. This,
together with the higher number of empty spaces created by a non-uniform distribution,
produces a higher number of defects. On the contrary, specimens produced using a finer
powder contain a lower number of defects even if they can be greater in size. The ranges
of volumetric defects size for the fine and coarse powder are 171-130 pm and 113-83 pm,
respectively. The density is above 99.99% in both cases. The higher energy density
required by the coarse powder to reach full melting seems to be also the reason why
the specimen produced with coarse powders have a higher surface roughness. Indeed,
partially melted particles have been observed in all the specimens but they are higher
in number when the coarse powder is used. The analysis of the number of defects as a
function of the location on the build plate (east or west) also revealed that parts produced
with fine powders are more “location-independent” (Fig. 49) [95].
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Figure 49: a) defects size and density and b) surface roughness for fine and coarse powders and
different building locations. [95].

The powder production method seems to have a certain influence on the quality of
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the powder. Comparing plasma-atomized (PA) and gas-atomized (GA) Alloy 718, the
latter shows a more irregular morphology. Satellites particles are present in both the
powders. After recycling agglomerates of powder particles has been found. The pores
content was higher for the GA powder while fine secondary phase was present in PA
powder [15].

Material factors - Guidelines

Considerations on the influence of the material factors on the characteristics of the final
component can be made and can be used as a reference for further activities.

Powders with a narrower PSD (lower span) have a higher flowability.

Powders with a wider PSD occupy better the space available resulting in higher
powder bed density (PBD).

When powders with a wider PSD are mixed tend to form separated agglomerates
of fine and coarse particles.

Real PBD is typically lower than theoretical PBD.

Measured powder layer density (PLD) of a single layer differs from measuring many
layers at once.

PLD seems to decrease for decreasing layer height.
Higher PLD is obtained with finer powders.

Powder cohesion, wall effect and percolation effect are more relevant during the
layer deposition phase.

A more uniform PBD can be reached with a lower aeration energy.

Coarse powders have higher flowability and higher capability to compact under
the re-coating arm that makes them behave better during the re-coating phase.

No considerable differences in mechanical properties has been observed between
specimens produced with fine and coarse powders.

Coarse powders have a lower energy absorption capability (due to lower surface-
to-volume ratios) and an inferior packing state (more empty spaces) resulting in a
higher number of defects.

Fine powders have a lower number of defects of bigger dimensions that may be
connected to the splashing during production.

For fine powders, the location on the building platform has no influence on the
presence of defects (not true for coarse powders).
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« Specimens from fine powders show higher ductility attributed to the lower number
of defects.

« Fine powders shows a higher degree of roundness even if the difference is negligible.

« Pieces produced using coarser powders have higher surface roughness due to the
higher number of partially melted particles.

« Plasma-atomized (PA) powders have a more regular morphology than gas-atomized
(GA) powders.

« Recycled batches contain agglomerates of powder.

« After-recycling: GA powders have higher porosity content than PA powders where,
in contrast, a secondary phase has been observed.
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Part design factors

In the present section the part design factors considered are mainly the building ori-
entation and the lattice cell size and shape. Their influence on mechanical properties,
geometry and defects will be explored.

Part design factors on mechanical properties

Yield, UTS, elongation, fracure toughness

Compressive Properties ‘

Ductility/HARDNESS

building orientation

PART DESIGN
FACTORS

| Lattice structure type

Figure 50: Part design factors on mechanical properties.

In Figure 50 the building orientation and the lattice structure type are shown as a
function of the main mechanical properties. In the following the relations between these
elements will be investigated. It has been chosen to not explore one mechanical proper-
ties at the time because it would result inconvenient, considering that each publications
usually analyses the influence of one factor on more properties at once and, more impor-
tant, taking into account that the designer has to select the proper factors being aware
of the consequences of such choice on many aspects to accomplish the final requirements.

Building orientation on mechanical properties

Considering the basic functioning of the powder bed fusion technologies the orientation
of a piece on the building plate (building orientation) plays a crucial role. The manu-
facturing phase is performed layer by layer and the high temperature gradients taking
place influence differently the microstructure of the same component depending on its
orientation resulting in different mechanical properties.

In the present section the effects of building orientation on bulk parts will be analyzed
while the inspection of lattice structures will be done later.

Specimens are mainly analyzed along the horizontal and the vertical building direction,
and the exhibited properties varies depending on the alloy used.

Considering 316L stainless steel specimens produced via SLM, the yield stress is higher
for the horizontally built ones than for those built vertically, the difference is approx-
imately 75 MPa. This has been observed both in case of machined and "as-printed”
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state. The ductility of machined specimens is approximately 1/3 lower [77]. A similar
trend has been observed for the aluminium alloy TiB,/AlSi10Mg where the UTS, YS
and elongation decrease moving from horizontally (536.9 + 14.4 MPa, 332.3 + 6.7 MPa,
and 16.5 + 1.7 %) to vertically (517.3 + 9.1 MPa, 277.9 + 6.9 MPa, and 15.4 + 1.6 %) built
specimens [73].

Ti6Al4V alloy microstructure is characterized by a prior 3 columnar grains parallel to
the building direction. So, in case of horizontally printed specimens these grain are
perpendicular to the loading direction and it is supposed that the stresses concentrate
near the grain boundary at the o/{ interface where some defects are present, resulting
in lower ductility. Manufacturing the specimens along the vertical direction the prior
8 columnar grains are aligned with the direction of the tensile stress applied encourag-
ing more pronounced necking phenomena that result in higher reductions of the cross
sectional area and higher ductility.

These differences in the microstructure lead to have slightly lower strength and ductility
for the horizontally built specimens, and this is true both for SLM and EBM and for
specimens of different sizes (Fig. 51). It can also be noted that the specimens produced
via EBM hold a bit lower strength and higher ductility that those produced via SLM. In
addition looking at SLMed samples, the strength increases and the elongation decreases
when the size of the part decreases. These variations of the mechanical properties
are more evident for smaller components (size < 4 mm) and for EBM, while the effect
is almost negligible for SLM[83]. These trends of the mechanical properties strongly
depends on the microstructure.

Lattice type on mechanical properties

Among the various elements characterizing the elementary cell of the lattice structures
the size and shape of the elementary cells are those of major concern. The two follow-
ing paragraphs aim at clarifying the relations between these features, the mechanical
properties and the failure mechanisms.

Various attempts to understand the lattice behavior are done via finite element model-
ing (FEM) but some critical issues have been encountered. The number of parameters
characterizing one elementary cell is very high considering that, just to mention a few,
the thickness of each strut element have to be measured as well as the geometrical
dimensions at each node to have a decent description of the lattice shape. This allows
to estimate the mechanical properties only of a limited number of unit cells. A reverse
engineering approach and proper statistical methods may be a solution to some critical
issues but the experimental characterization remains still fundamental [88].

Lattice cell features on mechanical properties

Shape and size are the two main design parameters influencing the mechanical
properties of the component. The basic idea followed by the majority of the researchers
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Figure 51: Tensile properties of Ti6Al4V for SLMed and EBMed specimens, for different sizes
and orientations (dashed rectangles refer to wrought alloys) [83].

is to observe separately the effect of these two factors: varying the shape keeping the
size fixed and viceversa.

Nonetheless, in the present paragraph it has been decided to shortly focus on the cell
shape and size and then, considering that for our purpose the two properties are strictly
correlated, to move to broader considerations.

The most common types of cells are classified accordingly to the presence of vertical
elements. The body-centered-cubic (BCC) cell has no vertical struts that, instead, can
be found in the FCCZ, FBCCZ, FBCCXYZ. Under compressive loads the presence of
vertical struts notably improves the mechanical properties. The variation of Young’s
modulus and o, in SLMed AlSi10Mg components made by cells of the same size is
evident from Table 7.

It has been observed that the BCC exhibits a bending-dominated behavior while
other typologies (FCCZ, FBCCZ and FBCCXYZ) follow a stretch-dominated behavior.
The latter have vertical struts aligned with the direction of the load. The FBCCXYZ for
Ti6 Al4V and the FBCCZ for AlSi12Mg (Fig. 52) show the highest moduli [98].

The effect of different unit cells made of Ti6 Al4V has also been studied in case of
dode thin, G-structure and rombi dodecahedron for a cell size of 4 mm. The trend of
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Table 7: Young’s moduli and &, for BCC to BCCZ cell types in AlSi10Mg (elaborated from [81]).

Cell size Strutsize Young’s Modulus (MPa) o,,,, (MPa)
(mm) (mm) BCC BCCZ BCC BCCZ
4 1 271 1139 10 29
4 1.2 745 1721 23 54
5 1 65 720 4 15
5 1.2 299 1146 10 29
200 may e
T i | BCC
18.0 /. 2 { —em BCCZ

s 1 \ | —--FBCCZ
16.0 [+ lyT'[ \ f Fecz

] %\] / FBCCZ | — Fcc
14.0 7/ \

12.0

10.0 / ¥

Stress (MPa)
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Figure 52: Stress-strain curves for different unit cell types (AlSi12Mg, uniaxial compression
tests) [98].

mechanical properties observed was not the same for different sizes of the cells (7 and
10 mm), it is then evident that the analysis seen until now should be combined with that
related to the cell size [85].

In Table 7 it can be noted that higher properties belong to the structures characterized
by greater struts thickness (1,2 mm). An even more interesting result can be depicted
observing that the properties reported in the first and fourth rows are somehow com-
parable, this means that similar properties can be obtained with a smaller unit cell and
thinner struts. However, the densities of the two unit cells considered are very close
suggesting that lattice density is also a relevant parameter. Thicker struts (in this case
1,2 mm) allow to have a greater cross section and a higher capability of bearing loads,
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while smaller cell sizes (4 mm) lead to higher density that means higher mechanical
properties[81].

Exceptions to this trend can be found considering the fact that the same specific modulus
has been measured for the same cell type of different size (2 and 3 mm), in this case a
lighter component exhibit similar stiffness[98].

In addition, mechanical properties of EBMed Ti6Al4V lattice structures decrease for
increasing cell size. Instead, the increase in mechanical properties appear strongly
dependent on the increase in relative density of the unit cell [85], and an increase in the
unit cell size can worsen the load bearing capacity [123].

Attention must be paid to local plasticity phenomena that can occur under compressive
loading resulting in Young’s moduli lower than those commonly observed (1 or 2% strain)
underestimating the stiffness of the parts. This does not occur for bulk pieces.

The previous observations have been made considering compression tests, moving to
a tensile curve some differences have been noted between EBM and SLM production
techniques. Usually EBM is considered to be faster than SLM that, in turn, is more
precise in modeling small features. In the case of Ti6 Al4V cubic lattice structures the
building direction does not have a considerable effect on the mechanical properties
rather than the production technique that has a crucial role. This may be attributed
to the higher precision of SLM method considering that the thicknesses are, in this
particular case, quite small (0.4-0.6 mm). The average Young’s moduli for the SLMed
specimens are 64.390 + 2.53 MPa (horizontal) and 63.411 + 3.792 MPa (vertical), while for
EBMed ones are 38.349 + 9.164 MPa (horizontal) and 36.431 + 2.811 MPa (vertical) [80].
Lattice structures seems to be promising also for the production of impact absorbers.
Performing an impact test on BCC and BCCZ unit cells (cell size: 4 and 5 mm, strut
thickness: 1 and 1.2 mm) resulted in increasing energy absorption capacity for increasing
density of the unit cell [82].

Lattice cell characteristics on fracture mechanism

Starting from a simple cubic lattice structure made of Ti6Al4V three failures modes
have been identified. In the first mode the collapse of an entire layer due to buckling
at the strut intersections has been observed, the second mode is characterized by the
presence of shear forces that caused the brittle fracture of horizontal struts while the
third mode is a combination of the previous two. In both mode one and mode two there
is the collapse of one plane over another (densification) along 90° and 45° planes with
respect to the vertical direction, respectively (Fig. 53). The first failure mode occurred
for SLM and EBM and involves simultaneously an entire layer, in the other two modes,
that are only related to EBM, single cells collapse in random locations probably due to
defects or imperfections [80].

Considering different types of cell it is evident that the effect of vertical structural
element is important as it was also for mechanical properties. For BCC and FCC, that do
not have vertical struts, a large deformation has been observed prior to failure (both
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Figure 53: (a) cubic Ti6Al4V lattice structures failures modes, mode 1 SLM (b) and EBM (c), mode
2 EBM (d), mode 3 EBM (e), 45° brittle lattice failure for EBM (f) (g) (h) [80].

for AlSi12Mg and Ti6Al4V) while the horizontal crushing of a layer occurred for stiffer
lattice structure with vertical struts [98].

The collapse of a plane along the 45° direction with respect to the vertical axis can also
occur for both BCC and BCCZ (Fig. 54). In this case AlSi10Mg SLMed specimens have
been tested and the collapse of the structure has been attributed to the deformation of
the horizontal plane for the BCC, and to the buckling of the vertical struts for the BCCZ.
It has to be noted that after collapsing the separation of the component in two parts did
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not occur only for the BCCZ specimens [81].

(a)

Figure 54: Collapse of lattice specimens (SLMed in AlSi10Mg) for BCCZ (a) and BCC (b) [81].

In general, the failure process identified by mode 1 (always present for SLM and
sometimes for EBM) can be compared to that of metal foams and trabecular structures
where, after reaching the maximum load, one plane collapses over another one and a new
equilibrium point is reached. Then this process repeats and the component undergoes
what is called densification. In practice the failure of the component is not catastrophic.
This failure mode is attributed to the dissipation of energy over a large area as opposite
to the other types of failure that are caused by local defects [81] [80].

The first failure mode is the most interesting considering that the collapse of the compo-
nent can be pre-designed resulting in a controlled process that is crucial, for example,
for impact absorbers or for structure that are required to be compliant.

Differences can also be present in case of machined or and as-printed components.
Compression tests conducted on SLMed 316L stainless steel specimens revealed that
brittle fracture prevailed for the machined samples while ductile fracture occurred for
the as-printed ones [77].

Part design factors on mechanical properties - Guidelines

Bulk components

« Vertically built specimens exhibit slightly lower mechanical properties than hori-
zontal ones for stainless steels and Al-alloys.
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« Vertically built specimens exhibit slightly higher mechanical properties than hori-
zontal ones for Ti6Al4V alloys (due to prior- 5 columnar grain characterizing the
microstructure)

Lattice structures

« The parameters that have greater effects both on mechanical properties and failure
mode are:

— cell type (together with the presence/absence of vertical struts)

— cell relative density (given by cell size and strut diameters)

« For a fixed cell type the relative density is the most influencing parameter.

« In general the performances (mechanical strength, Young’s modulus, absorbed
energy) improve for higher density levels.

« Presence of vertical struts plays a crucial role.

« Failure modes can be designed. Intentionally compliant structures can be realized
by manufacturing cells without vertical struts.

« Lattice structures failure modes seems to be independent from the alloy used.

« Ductile fracture and brittle fracture behavior prevail for "as-printed” and machined
specimens, respectively.
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Part design factors on geometry and defects

Geometry and defects

building orientation

Lattice structure type

PART DESIGN
FACTORS

Location and type of support structure

Overhang and platen substrate finish

Figure 55: Part design factors on porosity, geometry and defects.

Part design factors have an important effect on the geometry and the defects that the

produced component will have. Porosity as a function of the building orientation and the
type of unit cell is marginally investigated, this is the reason why, despite of the initial
intentions, greater attention will be put on the influence of the building orientation on
the surface and part quality and on the lattice characteristics.
First of all it can be interesting to understand if the removal operations performed at the
end of the manufacturing phase have consequences on the quality of the component.
Wire EDM cutting is commonly used to remove the part from the build plate and it has
been observed that it has a negligible influence on the surface flatness, both considering
the downskin and the upskin surfaces [74]. In Figure 56 also the effect of heat treatments
on surface flatness is reported and it is greater than the effects due to wire EDM cutting.
It has also been observed that the heat treatments improve the flatness of downskin sur-
faces and that they do not have a considerable effect on upskin surfaces [89]. However,
the effects of heat treatments on properties will be investigated later in this work and
will not be deepened here.

In the following sections the effects of part design factors will be investigated before
on bulk specimens and then on lattice structures.

Building orientation on manufacturability and surface characteristics

Building orientation is the most studied part design factor.

Analyzing the effects of the building orientation on specimens produced without supports
it has been found that the manufacturability can be assured for build angles (angle
between the build plate and the dowskin surface) equal or greater than 50°. Lower angles
can be manufactured but the designer should be aware that there is an high risk for
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Figure 56: Effects of EDM wire cutting and heat treatment on upskin and downskin surface
flatness (SLMed Ti6Al4V) [74].

the part to collapse. Another aspect seldom considered is the angle between the part
and the coating blade. In this particular case where SLMed Ti6Al4V specimens with
simple shapes are produced, this angle has been fixed at 45° to reduce the interactions
between the parts and the powder. However, general considerations cannot be made
and individual choices has to be taken case by case.

Once that the manufacturing phase is concluded a first external observation at the
micrometer scale can reveal the presence of weld tracks. These are clearly visible on
horizontal surfaces and their presence and distribution depend on the scan strategy
adopted. Increasing the build angle the staircase effect appears and the welded tracks
gradually disappear until reaching an inclination angle of 40° where they are no more
visible being hidden by the partially melted particles attached to the surface. As a
consequence, for angles above 40° the surface isotropy increases to almost 100%, meaning
that the surface is more uniform. This is quite obvious considering that the anisotropy
factors are the weld tracks themselves that disappear.

The flatness of the upskin and downskin surfaces is also a function of the building
orientation. Flatness of horizontal surfaces (10° to 40°) is very poor if compared to
vertical surfaces (above 70°). Printing a specimen with a build angle between 50° and 70°
and without supports can show a curved shape with the downskin and upskin surfaces
exhibiting different level of flatness (Fig. 57) [74].

Building orientation on surface roughness

The analysis of the surface roughness of 3D printed parts can be complex due to the
many factors influencing the final results. As a consequence many parameters can be
used to describe in detail the characteristics of the surface, analyzing both two and three
dimensional aspects. Due to limited time, in this context only two commonly adopted
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Figure 57: Effects of building orientation on the upskin and the downskin surface flatness [74].

parameters will be investigated: R, and Ry.

R, is defined by ASME B46.1 as the “arithmetic average of the absolute values of the
profile height deviations from the mean line, recorded within the evaluation length”.
R, can be identified referring to the staircase (Fig. 58) effect and it is defined as:

d

sin(a)

sm

Figure 58: R, and the staircase effect [74].

R, is usually lower for the upskin surfaces that have a higher surface quality than the
the downward surfaces. For EBMed specimens made of Ti6Al4V it has been found an
average R, around 6 pm and 17 pm for the upward and downward surfaces, respectively.
The different results are attributed to different phenomena occurring during the manu-
facturing phase. The upper surface quality is affected by the staircase effect while the
particles adhesion worsens the lower surface finish. So, moving from horizontal to verti-
cal orientations the trend of R, is different, for upward surfaces there is a linear relation
between the build angle and R, while for downward surfaces the surface roughness has
a minimum around 70°. In the latter case the sloping angle does not go below 50° due to
manufacturing constraints previously explained, and the trend is independent from the
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orientation of the part (Fig. 59). This is reasonable considering that the staircase effect
depends upon the build angle while the particles adhesion, involving the lower surfaces,
is related to the heating phenomena occurring during melting. This makes the R, for
the downward surfaces independent from the building orientation [90].
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Figure 59: Sloping angle effect on R, for upward a) and downward b) surfaces [90].

R, has been analyzed for SLMed Ti6Al4V specimens. In general the R, decreases
for increasing build angle for profiles both parallel and perpendicular to the welding
tracks. The real trend is somehow in contrast with the expected one (Fig. 60) and the
possible explanations are related to the attached particles that could interfere with the
measurements of R, and to the differences in the melt pool behavior between the core
and the external part of the components. In this case a back-and-forth scanning strategy
has been adopted and this has to be specified when referring to the R, because, if the
profiles where the Ry, is measured are perpendicular to the weld tracks: it coincides
with the hatch spacing when R, is measured on the top surface, and with twice the
hatch spacing when it is measured on the side surface. Instead, if the selected profiles
are parallel to the weld tracks the R, can directly measures the magnitude of the
staircase effect. In Figure 61 it is evident the effect of the back-and-forth scan strategy.
The influence of other types of scanning strategy on R, should be individually inspected.

Differences have been identified also comparing SLM and EBM techniques. SLM is
performed at lower temperatures, lower scanning speeds and lower energies compared
to EBM where a higher temperature is kept during the whole manufacturing process.
Then, in EBM the heat diffuses much easier and the amount of partially melted particle,
that usually are also bigger in size, is higher. The EBM has the advantage to be faster
than the SLM that, in turn, guarantees a higher surface quality [83].

It is now clear that the staircase (or stair stepping) effect and the particles adhesion are
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Figure 60: Effect of build angle on R, for profiles perpendicular a) and parallel b) to the weld
tracks [74].
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Figure 61: Effect of back and forth scanning strategy on R, [74].

the two main phenomena degrading the surface quality. The building orientation should
be carefully considered while designing the part, and the laser scanning parameters can
be varied during the manufacturing phase to overcome the problem of over-melting
that causes the powder particles adhesion. Thus, for instance, changing the scanning
strategy or the scanning parameters to modify the melting area while manufacturing
the part can result in a non-uniform heat distribution, resulting in a better downward
surface finish [90].

Support structures on manufacturability and defects

The presence of support structure is sometimes strictly necessary or strongly recom-
mended especially for those components characterized by complex shapes. To reduce
the fabrication time and the amount of powder needed and to ease their removal, the
supports are usually designed with high levels of porosity. As a consequence, powder
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Figure 62: EBM vs. SLM surface finish [83].

particles are entrapped between the supports and the component, and the initial layers
are built on a mixture of solid metal and powder particles. The consequences has been
observed while manufacturing Hastelloy X specimens via SLM where the production
process had to be interrupted because balling phenomena occurred, causing the defor-
mation and then, after the contact between the specimens and the re-coating blade,
the delamination. The component has been successfully fabricated with the following
parameters parameters: 80 W laser power, 400 mm/s scan speed for the supports and
170 W laser power, 1000 mm/s scan speed and 0.08 mm hatch distance for the part. An
alternative solution can be to increase the density of the supports, so to have a higher
and more uniform heat flow from the part to the supports. By doing so the fabrication
time increases and it is more difficult to remove the support, this is why this option is
not desirable [92].

In addition to the fact that the presence of supports is mandatory under certain cir-
cumstances, the key element that link them to the produced part is the heat transfer
between the two. The capability of a component to diffuse heat determines the presence
and the magnitude of temperature gradients inside the component itself, resulting in
temperature differences between the core and the external part and causing sub-surface
stresses. The fact that the supports can have a considerable effect on the heat that the
part is able to diffuse makes them one of the most important factors in influencing the
sub-surface stresses. Experiments on AISi10Mg specimens produced via L-PBF revealed
that the supports improved the heat transfer during the manufacturing phase reducing
the stress state. In general, the measured sub-surface stresses are tensile and are always
below 40% of the YS. Moreover, it can be said that closed geometries hinder the stress
release resulting in higher sub-surface stresses. Vertical specimens are characterized by
tensile stresses near the surface that change to compressive ones moving deeper, and
curved walls have higher sub-surface stresses than flat walls [91].
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Part design factors on lattice geometry and defects

Due to their small size the manufacturing of the struts exhibit manufacturing constraints
that limit the design freedom of the lattice structures. Typically horizontal struts have
many geometric defects, are over-sized, have many partially melted particles attached,
and their length has to be limited also when they are supported at both ends to avoid
manufacturing complications. Thus, it is recommendable to not have building inclination
of the struts lower than 30° [89].

Other limitations, still related to SLMed specimens, are represented in Figure 63. To
keep a precautionary approach it can be suggested to avoid strut diameters lower than
0.3-0.4 mm and 0.5 mm for Ti6Al4V and AlSi12Mg, respectively, and strut spans larger
than 5 mm regardless of the alloy used.

Material | TiGAI4V | AlSi12Mg

Angle (degrees)

Material | i ' ~ Asit2mg

Span (mm)

(=]
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= ar == 5E as e

b)

Figure 63: Ti6Al4V and AlSi12Mg SLMed lattice struts manufacturing constraints. Legenda:
L = many defects, M = some defects, H = successfully manufactured. a) strut diameter vs. build
angle, b) strut diameter vs. span [98].

Observing more in detail the struts it can be inferred that the same issues (particles
adhesion and stair stepping) analyzed in the previous parts are responsible for surface
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quality as it was for bulk specimens. However, it seems that in this case the building
orientation is less influencing the surface roughness (Fig. 64).
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Figure 64: SLMed AlSi12Mg lattice struts build angle on surface roughness [98].

Considering the different types of unit cell an average density increase between 20%
and 30% has been observed. The variations from the ideal CAD models are mainly
due to geometric defects at the intersection between struts and nodes and partially
melted particles attached to the surfaces [98]. This addition of material around the nodes
of the structure increases the relative density of the unit cell but does not imply an
improve of the strength of the part because the material added is characterized by an
high porosity [89].

Part design factors on geometry and defects - Guidelines

« Wire EDM cutting operations for part removal have a negligible influence on
surface flatness.

« The angle between the re-coating blade and the part should be considered to reduce
the interaction between the part and the powder.

« Build angles grater than 50° are suggested.

« For build angles from 0° to 40° the weld tracks are visible, above 40° attached
partially melted particles prevail.

« For (unsupported parts) build angles from 0° to 40° the surface flatness is poor,
from 40° to 70° the part assumes a curved shape, above 70° the surface flatness
considerably improves.
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« Up-skin and down-skin surfaces generally assume different values of the surface
flatness.

« Building location has no influence on the surface roughness of the upward surface.

« Staircase effect and partially melted particles adhesion degrade the surface finish
of upward and downward surfaces, respectively.

« R, is lower (better surface finish) for upward surfaces.

« R, is linearly dependent on building orientation for upward surfaces.

+ R, is independent on building orientation for downward surfaces.

« Ry, decreases for increasing build angle

« EBM is faster than SLM that, in turn, guarantees a higher surface quality.

« Variations of the scanning parameters and the scanning strategy to reduce the
melting area can improve the surface finish of downfacing surfaces (for EBM).

« Support structures characterized by high porosity are faster to produce and easier
to remove.

« Support structures have the greatest effect on sub-surface stresses.

« For Lattice struts: inclinations above 30°, diameters above 0,5 mm and spans lower
than 5 mm are suggested.

« Strut length may influence the strut surface roughness.

« Strut surface roughness is independent upon the location of the measurement along
the strut.

« The actual relative density of the unit cells is 20%-30% higher than the ideal models.

+ The material added to the unit cell (increasing relative density) due to imperfections
does not imply an improvement of mechanical properties.

« Oversize in the strut geometry may be compensated modifying the CAD model.
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Process-machine and environmental factors on properties

| Mechanical properties ‘ | Relative density (Porosity)

ENVIRONMENTAL chamber environment ‘
FACTORS |

substrate temperature (base plate
PROCESS-MACHINE operating temperature);
FACTORS powder layer thickness t;

Blade and machine factors.

Figure 65: Process-machine and environmental factors on properties.

The environmental factors refer to the environment inside the build chamber while
the substrate temperature, the blade and machine characteristics, the powder layer
thickness and other powder properties are defined as process-machine factors, and have
been analyzed in Step 1: Material selection.

The studies focused on the effects of process-machines and environmental factors on
properties are very few (Fig. fig:ProcessFactorsProperties).

The effects of process-machine factors on porosity are focused on the influence that the
powder properties have on the porosity of the final component. Considering SS 316L and
AlSi10Mg alloys produced by PBF, it has been found no dependency of porosity upon
the particle circularity, the Hausner ratio and the powder layer density. Nonetheless,
these results are in contrast with others present in literature and cannot be considered
of general validity [30].

Moving to the environmental factors a slight effect of the protective environment on
the mechanical properties has been observed. Laser direct energy deposition has been
used to produce AISI 316 SS in two different protective atmospheres: N, shielding gas
(SG) and N,-filled build chamber (BC). The BC solution led to slightly higher YS (12%),
UTS and ¢ (Fig. 66).

These effects are mainly attribute to the effects of the protective atmosphere on
the oxide content of the part. For BC finer oxides has been observed which were also
half in amount. Actually, it should be pointed out that a certain amount of oxides is
already present inside the raw powder, and that BC is better than SG in preventing their
formation but, in both cases, the oxides content was acceptable [93].

Due to the limited number of results the only one suggestion can be provided.

+ The protective atmosphere inside the build chamber can have a slight influence on
the oxides formation, and then on the properties of the manufactured component.
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Figure 66: Effect of N, shielding gas (SG) and filled build chamber (BG) on stress-strain curve for
SS 316L [93].
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Scanning factors

In the present section the effects of scanning factors on mechanical properties, ductility
and hardness, porosity and geometrical properties, and defects will be analyzed consid-
ering individually, when it is possible, aluminum, titanium and nickel alloys.

This section does not pretend to find the perfect numerical values for each one of the
design parameters, that would require much more time and resources than those actually
available, but to give a picture on what are the trends that the properties follows and to
provide process windows to help the engineer in identifying the proper set of design
parameters.
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Scanning factors on mechanical properties

Yield, UTS, elongation, fracure toughness

scan speed v
SCANNING |
FACTORS

| scanning path or deposition pattern

Figure 67: Scanning factors on mechanical properties.

Al-alloys

The dependence of mechanical properties upon laser power, scanning speed, hatch
spacing and energy density has been investigated in case of SLMed AlSi10Mg and Al6061
alloys.

The graphs reported in Figure 68 refer to SLMed lattice specimens under compression
while those in Figure 69 are referred to SLMed AlSi10Mg bulk specimens [96] [13].
Analyzing them it can be seen that:

« Machined samples have a higher UTS than as-built ones (Fig. 69). Differences are
in the range 20-50 MPa. This is probably due to the influence of surface roughness
on mechanical properties.

« UTS is more affected than YS by changes in the laser scanning parameters (Fig. 69 a) ).
« Laser power is the parameter with the greatest influence on both UTS and YS.

« In general, for lattice structures the maximum strength increases for increasing
laser power regardless of the other parameters.

« The trend of the stress has a maximum for the lowest scanning speed, then it
decreases until a minimum and increases again. This is evident in Figure 68 (lattice)
where a wider range of scanning speeds is considered (1000-7000 mm/s) while it is
almost constant in Figure 69.

+ YS decreases for increasing laser power, while slightly increases for increasing
hatch spacing and scan speed (Fig. 69, bulk parts).
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+ The maximum values of the stress and the strength are:

- Max. stress = 36.4 MPa (Fig. fig:PowerSpeedOnStressStrain ). Obtained for:
400 W, 1000 mm/s.

- Max UTS = 396.5 MPa (Fig. fig:PowerSpeedOnStressStrain ). Obtained for:
370 W, 1300 mm/s and 0.19 mm hatch spacing.

Despite of the fact that the two studies considered refer to lattice structures and bulk
specimens, it is interesting to notice that the values of the laser scanning parameters
giving the max. stress and max. UTS are not so far between each other: 370 and 400 W,
1000 and 1300 mm/s.

Now, focusing on SLMed Al6061 bulk specimens (Fig. 70) further consideration can be
deducted.

« Energy density and scan speed have a great effects on both UTS and YS.

« UTS and YS decrease for increasing energy density:.

« UTS and YS increase for increasing scan speed.

« High UTS and YS are obtained for higher values of the hatch spacing (0.19 mm).

« Max. UTS of 184 MPa (range: 150-184 MPa) is obtained for 1300 mm/s scan speed,
0.19 mm hatch spacing and 47.2 J/mm? energy density.

« Max. YS of 172 MPa (range: 125-172 MPa) is obtained in the energy range: 40.5-47.2 J/mm>,
when the other parameters are high.

On an overall, Al6061 specimens exhibit lower mechanical properties than AlSi10Mg
ones and this is attributed to the presence of Si in the microstructure.
It is evident that a good trade-off among the various laser parameters has to be found
for each alloy type. It might be assumed that using lower scanning parameters a finer
microstructure and thus higher mechanical properties can be obtained, this is actually
not correct, because experiments put in evidence that lower scanning parameters can
result in keyhole pores and in lack of fusion defects, while too high scanning parameters
produce an excessively coarse microstructure and hydrogen pores.
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Figure 68: SLMed AlSi10Mg lattice specimens under compression. Stress-strain curves for
different (150-400 W) laser powers at fixed (7000 mm/s) scanning speed a) and for different
scanning speeds (1000-7000 mm/s) at fixed (400 W) laser power c¢). Maximum stress vs. laser
power at fixed scanning speed (7000 mm/s) b) and maximum stress vs. laser scanning speed at
fixed laser power (400 W) c). Effective and specific normalized strength vs. laser power at fixed
scanning speed (7000 mm/s) e) and f), and for different scanning speeds (1000-7000 mm/s) at

fixed (400 W) laser power g) and h) [96].
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Figure 70: SLMed Al6061 specimens. UTS dependence upon laser power, energy density, hatch
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Ti-alloys

Ti6 Al4V have been manufactured via SLM. Compressive tests have shown that,

despite of the initial expectations, the minimum porosity level was reached for an energy
density around 110 J/mm? but the highest mechanical properties have been found around
150 J/mm?®. In general a decrease in the mechanical properties is observed for increasing
porosity (Fig. 71 b) ), however the results are quite scattered and trying to find the
scanning parameters leading to the minimum porosity level does not imply that the
maximum mechanical properties will automatically result (Fig. 71 a) ).
During the experiments the laser power has been kept constant (200 W) and the laser
scanning speed (600-1250 mm/s), the hatching distance (30-120 um) and the energy
density (40-400 J/mm?) have been varied. The mechanical properties obtained were
896-1468 MPa compressive yield strength (YCS) and 1323-1904 MPa ultimate compressive
strength (UCS) [97].
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Figure 71: a) energy density vs. compressive yield strength (CYS) and ultimate compressive
strength (UCS), b) porosity vs. CYS and UCS [97].

Mechanical properties ranges of Ti6Al4V alloy produced via SLM can also be depicted
from Figure 72.

Ni-alloys

In addition to the other laser parameters that are more often analyzed, it is interesting
to observe the effects of scanning strategies on mechanical properties. Different samples
have been manufactured in Ni-base superalloy IN738LC by SLM for various ranges of
the laser parameters: 150-400 W, 0.05-0.12 mm and 800-3500 mm/s, and adopting three
different scanning strategies:
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Figure 72: Mechanical properties at room temperature of SLMed Ti6 Al4V specimens [16].

+ A: 90° rotation (vectors parallel and perpendicular to the reference directions)
« B: 90° rotation (vectors at +45° to the reference directions)

« C: 67° rotation (around the reference directions)

The samples has been tested before and after heat-treatment, at room temperature
and at 850 C°. Despite of the fact that the specimens produced with the scanning strategy
B hold the highest anisotropy, they also exhibit the highest YS (228 GPa), followed by
those manufactured with the scan strategy C (YS = 204 GPa) and A (YS = 196 GPa).
Additionally, another important result derives from the analysis of the YS anisotropy. It
has been proved that adopting the proper scanning path there is the possibility to tailor
the crystallographic texture, meaning that the anisotropy of the mechanical properties
can be designed with high precision (in the order of magnitude of few powder layers)
along different directions. In this particular case the texture has been modified to pass
from transverse anisotropic YS to transverse isotropic YS [101].

Unexpected events that stop the manufacturing process can also occur and their effects
have been analyzed. Luckily process interruptions have negligible consequences on the
mechanical properties of AISi10Mg, Inconel 625 and Inconel 718 printed components [99].
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Scanning factors on hardness
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Figure 73: Scanning factors on mechanical properties.
Al-alloys

Analyzing the effect of laser scanning parameters on the hardness of AlSi10Mg
specimens manufactured via selective laser melting the following considerations can be
made [13][102][104]:

« Laser parameters have a greater influence on the hardness along Z direction than
along XY plane (Fig. 74).

+ Micro-hardness is higher along XY plane (115-118 HV ) than along Z direction
(86-103 HV) (Fig. 74).

« Maximum micro-hardness along Z direction (103 HV) is obtained at 27 J/mm?>
energy density (Fig. 74 a)).

+ Micro-hardness increases for increasing hatch distance and scanning speed while
it decreases for increasing laser power and energy (Fig. 74 and Fig. 75).

« Scan speed and hatch distance are the parameters that have a greater influence on
hardness (Fig. 75) (energy density not considered being a combination of the three).

« For DMLS a processing window (1.2-1.8 J/mm?) has been found at hy=0.17 mm,
values at which a scanning speed increase until 900 mm/s has no effect on the
properties [104]. Then, if one parameter changes also the others have to change
according to the energy density equation that links them [104].
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« In general, an increase in porosity has a detrimental effect on hardness but the
set of parameters resulting in minimum porosity may not also give the maximum
hardness, even if the differences are very small (for DMLSed specimens [104]).

- Highest density of 99.07% at 195 W, 700 mm/s and 0.17 mm (Hardness = 112 HB).

- Highest hardness of 113 HB at 180 W, 700 mm/s and 0.1 mm (Relative den-
sity = 98.61%).

« Higher hardness values are often attributed to smaller micro-structural grains.

« AlSi10Mg specimens exhibit in general higher hardness compared to Al6061 ones
due to the higher Si content.

« Hardness of AlSi1l0Mg as-built samples is usually higher than the hardness of the
corresponding cast alloys that is around 75 HV.

In case of Al6061 it can be seen that the effects of scanning parameters are in general
greater than in case of AlSi10Mg. Hatch spacing has a much more considerable effect,
and it can be seen that the lines representing the different values of the hatching distance
intersect in certain points, meaning that a careful choice of the hatch spacing needs
to be done because the assumption of a direct linear correlation can lead to undesired
outcomes (Fig. 77).
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Figure 74: SLMed as-built AlSi10Mg specimens. Effects of laser power, energy density, hatch
spacing and scan speed on micro-hardness along the X direction a) and along the XY plane [13] .
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Figure 75: SLMed AlSi10Mg specimens. Main effects (laser power, scan speed and hatch distance)
and interaction plots for hardness (HB) [102] .
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Figure 77: SLMed as-built Al6061 specimens. Effects of laser power, energy density, hatch spacing
and scan speed on micro-hardness along the Z direction a), and along the XY plane b) [13] .
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Ni-alloys

Experiments focused on single tracks scanning revealed that the maximum values of
hardness for Ni-superalloy 247LC are obtained for the highest values of energy density.
The scan speed resulted to be secondary and the void content (porosity) to be strictly
correlated with the hardness. In contrast, no connections between micro-hardness and
crack density have been found [14].

The influence of laser exposure time and point distance have been observed by keeping
the laser power and the hatch distance fixed (200 W and 0.1 mm). Consequently the
energy supplied varies as well. There is a slight increase in hardness (from 290 to 320 HV)
for the SLMed Alloy 718 manufactured specimens even if the results are quite scattered
and a clear relation cannot be delineated (Fig. 78) [94].

The same alloy fabricated by EBM technique showed no significant differences between
macro and micro-hardness along all the directions except from a slight increase between
the core and the external part of the component. The average hardness resulted to range
between 350 HV and 377 HV, and it seems to be dependent upon the focus offset that
has the major effect on the formation of v’ and y” precipitates [15].

Ni-alloys produced via laser solid forming have been investigated too. It is the case of
Inconel 625 single track clads for which the highest hardness has been obtained for 1 kW
laser power, 1200 mm/s scanning speed and 25 g/min powder feed rate [103].
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Figure 78: SLMed as-built Alloy 718 specimens. Effects of laser energy on hardness [94].
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Scanning factors on porosity
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Figure 79: Scanning factors on porosity.
Al-alloys

Considering the peculiar alloy TiB,/AlSi10Mg it has been noted that for fixed laser
power (320 W) and hatch distance (0.15 mm) the relative density increases for increasing
scan speed from 98.5% (at 900 mm/s) to 99.5% (at 1500 mm/s) [73].

Nevertheless, an increase in scan speed not always reduces porosity, as it is shown in
Figure 80, where a decrease is present and it is very rapid for scanning speed higher than
1250 mm/s, regardless of the method used to produce the AlSi10Mg raw powder [30].
Analyzing single laser tracks applied to AlSi10Mg a processing window has been iden-
tified for: 8-10 J input energy, 0.25-0.4 J/mm linear energy, 225-300 W laser power,
1250-1750 mm/s laser scanning speed, 20%-30% weld overlap [108].

Probably the scan speed is the most influencing parameters but its relation with porosity
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has yet to be fully understood.
Considering bulk specimens it can still be affirmed that:

« Scan speed has the greatest impact among the various laser scanning parameters.
« The presence of entrapped vapor or gas pores is always present in Al-Si alloys.

« The building orientation do not modify the general trend of the “porosity - linear
energy” function (Fig. 81).

+ Lower values of the energy are preferable to obtain low porosity and low rough-
ness (Fig. 81).

« A too high (> 50%) or too low (< 10%) weld overlap does not guarantee an improve
in hardness.

Porosity of lattice struts does not vary linearly with the energy density or the laser
scanning speed (Fig. 82), in this case optimal values of laser power and scan speed are
around 250 W and 4000 mm/s [96].
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Figure 80: SLMed TiB,/AlSi10Mg samples. Scan speed vs. relative density for different raw
powders [30].
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Figure 81: Energy input (J) vs. porosity for 90° (a) and 35.26° (b) inclination (OL = weld over-
lap) [108].
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Figure 82: SLMed AlSi10Mg lattice struts. a): laser power vs. area fraction of porosity at

fixed scan speed (7000 mm/s). b): scan speed vs. area fraction of porosity at fixed laser power
(400 W) [96].
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Ti-alloys

SLM manufactured specimens with low porosity have been fabricated by various
researchers. The common aim is to find a suitable processing windows and considering
Ti6Al4V alloy two analysis seem to be relevant to this purpose.

In the first case the ranges of scanning parameters are: 200 W constant laser power, scan-
ning speed 600-1250 mm/s and hatching distance 30-120 um [97]. From the dependence
of porosity upon energy density (Fig. 83) emerged that:

« Minimal porosity has been reached at 110 J/mm?® energy density.

« Porosity decreases for increasing energy density (porosity <1% for energy den-
sity >90 J/mm>.

« A processing window for low porosity (around 0.6%) has been identified for energy
densities from 92.6 to 137.3 J/mm?>.

A similar study not investigating the effect of the hatch distance but varying the laser
power ( 40-160 W laser power and 120-1560 mm/s scan speed) found that [106]:

+ A good processing window has been identified from 720 to 1200 mm/s scan speed
at constant laser power (160 W). Other windows are also available but they are
narrower (Fig. 85 a) ).

The two processing windows are not in perfect agreement meaning that the effects
of the energy density range around 90 J/mm?® (roughly between 60 and 130 J/mm?®) need
further investigations, and also that the scanning parameters are not the only relevant
factors in tuning porosity.

Common considerations can still be formulated:

« Pores are not very sensitive to manufacturing imperfections [75].

» Lower energy density causes lack of fusion defects, while too high levels of energy
cause keyholes voids, that collapsing leave voids of vapor, and also small pores
caused by the inert gas [107].

+ Energy density and porosity are not directly correlated.

High porosity generally comes together with large defects size.

Observing instead the effects of the scanning parameters on porosity for EBM Ti6Al4V
manufactured specimens some evidence emerges clearly [106]:

« The speed function index has the greatest effect, the line offset and the focus offset
are still important while the max current is the least relevant.
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« In general, the effects of the four scanning parameters can be identified (Fig. 85 b) ):

— Porosity decreases for increasing max current.
— Porosity increases for increasing line offset (especially above 0.18 mm).
— Porosity increases for increasing focus offset (especially above 0.16 mm).

— Porosity decreases for increasing speed function index.

porosity (%)

0 50 100 150 200 250350 400
energy density (J/mm3)

Figure 83: Energy density vs. porosity for constant 200 W laser power, 600-1260 mm/s scan
speed and 30-120 pm hatching distance (SLM, Ti6Al4V) [97] .

The effects of two different scanning strategies have been analyzed. EBMed specimens
have been produced with a raster scan strategy while SLMed ones with stripes of
3 mm (Fig. 84). It emerged that the porosity content for EBM was lower regardless of the
scanning strategy adopted, indeed this was attributed to the higher energy supplied and
to the higher temperatures characterizing the EBM process. The pores generally formed
at the turning points, this is the additional reason why porosity is, in this particular
case, higher for SLM and, accordingly, the areas with higher porosity for the EMBed
specimens are those near the edges [83]. Hence, the proper scanning strategy can be
used to tune the porosity distribution inside the manufactured components.
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Figure 84: Scanning strategies for EBM (a) and SLM (b) Ti6 Al4V manufactured specimens [83].
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Figure 85: a)Porosity vs. scanning factors for SLMed Ti6Al4V samples. b)Porosity vs. scanning
factors for EBMed Ti6 Al4V samples ( b1) and b4) result from Taguchi experimental factors) [106].
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Ni-alloys

Porosity of SLM manufactured Hastelloy X has been analyzed as a function of laser
power and scanning speed for three different values of the hatching distance [92].

+ The effects of scan speed and laser power are greater for higher values of the
hatching distance, in particular at:

— hy =0.11 mm: high porosity regardless of the laser scan speed and power (Fig. 86 (c) ).
- hy =0.08 mm: lower porosity for 185 W regardless of the scan speed (Fig. 86 (b) ).

- hy = 0.05 mm: apart from points far from the trend, the scan speed is more
important for increasing laser power (Fig. 86 (a) ).

« The lowest porosity (around 0.065%) obtained for a hy = 0.05 mm, a power of 195 W
and a scan speed of 1000 mm/s (Fig. 86 (a) ).

« Generally higher porosity is obtained for larger hatching distance.

Similar results emerged from the analysis of Inconel 939 (IN939) specimens manufac-
tured via LPBF [105]. Keeping the spot size and the laser power constant at 50 pm and
95 W with a layer thickness of 20 um, it resulted that:

« A low hatch distance of 0.03 mm represents the best trade-off, in particular:

— At scan speed = 1000 mm/s: the porosity level is very low (around 0.14%) in
favor to a higher cracking density (approx. 0.8 mm/mm?).

— At scan speed = 1800 mm/s: the cracking density (around 0.08 mm/mm?) is
reduced to a minimum but porosity increases (around 0.67%)

In this case a compromise should be found considering also the possibility to apply a
post-process heat treatment, such as hot isostatic pressing, that can have a beneficial
effect on crack density,this can be a case in which a higher crack density after the
manufacturing phase is desirable.

A set of samples have been fabricated in Alloy 718 by SLM technique for various
levels of point distance and exposure time (constant power (200 W) and hatch distance
(0.1 mm) ) [94].

« In general, the porosity decreases for high values of the exposure time regardless
of the point distance (Fig. 86).

+ Low porosity can be obtained with low point distances (40-53 pm) and high exposure
times (200-220 pm), upper right corner in Figure. 86.
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Figure 86: Dependence of porosity on laser power for 870, 1000 and 1200 mm/s scan speed at 3
hatching distances: a) 0.05 mm, b) 0.08 mm and c¢) 0.11 mm (SLM, Hastelloy X) [92] .
« 122 J/mm° laser energy input corresponds to the lowest porosity value.

« Higher point distances induce larger lack of fusion defects.
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« 75 pm layer thickness is better than 50 pm especially for small point distances.

Data on on a different type of Ni-alloy (Alloy 230) can be found in [122].

Exposure time (pm)
Point 180 190 200 210 220

distance (pm) A!
40
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59

Point distance [um]) Exposure time [us]

180 190 200 210 220

40 120 127 133 140 147
46 104 110 116 122 128
53 91 96 101 106 111
59 81 86 90 95 99
65 74 78 82 86 90

Figure 87: Optical microscopy images for different laser exposure time (us) and point distance
(um) with relative values of the laser energy input (J/mm?®) (SLM, Alloy 718) [94] .
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Scanning factors on geometrical properties and defects

Geometry and defects
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Figure 88: Scanning factors on geometrical properties and defects.

Al-alloys

AlSi10Mg is among the most used aluminium alloys. SLMed lattice struts resulted
to be generally over-sized with respect to the nominal design, thus the effects of laser
power and scanning speed on the struts diameter have been investigated [96].

« Increasing the laser scanning speed (at 400 W constant power) the strut diameter
decreases until a value of the speed around 3000 mm/s after which its effect becomes

almost negligible (Fig. 89 a) ).

« Strut diameter is directly proportional to laser power (Fig. 89 b) ).

These are attributed to the amount of energy supplied resulting in a certain melt pool
behavior. It is common to have over-sized diameters due to increase in the melt pool

width.
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Figure 89: Dependence of the strut diameter on: a) laser scanning speed (power = 400 W); b)
laser power (scan speed = 7000 mm/s). Nominal diameter = 300 um [96].

The fabrication of internal channels is also explored and compared to the ideal CAD
model. Optimized parameters resulted in a dimensional accuracy of 0.04-0.07 mm. Three
different energy density levels have been found: 70, 79 and 47.4 J/ mm?, for the down-skin,
up-skin and the core, respectively. In general, a good range can be identified between 60
and 80 J/mm? [110].

Ti-alloys

Geometric defects are mainly investigated with the aim of finding suitable compensa-
tion strategies to avoid common errors such as larger or smaller geometric mismatches
and stair case effects, or to find an optimal set of parameters [111] .

For SLMed Ti6Al4V samples the minimum possible diameter has been found to be
200 pm [75], while a suitable volumetric energy density range seems to be approximately
between 15 and 17 J/mm?® [87].

Ni-alloys

Strategies to reduce the surface roughness of the superior surface of SLMed Hastel-
loy X lattice structures, that imply an increase in the laser spot and a reduction in the
scan speed, have the opposite effect on the surface roughness of lateral surfaces that, in
contrast, is improved by reducing the laser spot overlap and increasing the scan speed.
A compromise has been found for high peak powers that avoid balling, uniform the melt
pool and improve the wettability [89].

The raising of the edges in L-PBF produced Hastelloy X samples is also investigated and
its cause is not attributed to the proper choice of the scanning parameters but to the high
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temperature gradients related to this production technique that triggers internal residual
stresses. In particular the layer exposed to the laser absorbs heat and expands while the
previous one, being colder, goes under contraction. Stresses at the interface between the
two subsequent layers are supposed to be the cause of the raising of the edges. Surface
roughness is also investigated and it seems to be caused by two phenomena [92]:

« The spatters of liquid from the melt pool.

« Partially melted particles adhered to the part surface.

The best surface finish (R, = 1.51£0.01um) is given by 195 W laser power, 870 mm/s
scan speed and 0.08 mm hatch distance.
Experiments using single laser tracks on the Ni-superalloy 247LC revealed that the
voids content is strictly related to the energy density. A threshold has been identified at
81 J/mm® below which the void content rapidly increases. Values above the threshold
give a low amount of voids and are desirable but not higher than 163 J/mm?, value at
which the crack density increases [14]. Deeper surface investigations using a larger
amount of surface parameters can be necessary [114] but, due to limited time, can not
be done in the present work.

Focus offset seems to play the major role in EBMed Alloy 718 specimens. Keeping the
focus offset low can guarantee both a fully dense part and a low surface roughness [15].
The same alloy type produced via L-PBF contains mainly lack of fusion defects and
gas porosity. The former can be avoided by selecting the proper set of laser scanning
parameters that are equally all relevant, while gas porosities can never be fully avoided.
Alloy 718 also revealed to be sensitive to cracking during welding. The risk of HAZ
cracking can be reduced by applying the proper heat treatment and by welding along
the direction parallel to the grain orientation [12].

Other alloys

AISI 304 stainless steel is subject to a slight deformation that depends on the scanning
speed and on the number of layers deposited. The higher the scanning speed and the
more pronounced is the part distortions. These distortions basically consists of vertical
displacements that depend on the gradients of temperatures formed on the upper surface
of the component during the fabrication. Increasing the scanning speed the part do
not have time to dissipate the heat accumulated before the following layer is deposited
resulting in higher deformation [115].
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Melt pool analysis

Melt pool morphology and temperature
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Figure 90: Design parameters on melt pool morphology.
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Figure 91: Melt pool on properties.

The thermal phenomena taking place during the fabrication phase, the melt pool
(MP) morphology, the defects and the resulting properties of the manufactured part
are all correlated and are commonly studied considering their mutual relations. This is
the reason why it has been decided to inspect these aspects (Fig. 90 and Fig. 91) in one
section only.

There are three basic thermal phenomena transferring heat from the energy source
(Fig. 92 a) ): radiation, convection and conduction.Their magnitude can depend on the
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properties of the powder, such as the energy absorption capacity, as well as on the
parameters characterizing the energy source.

‘ Laser beam ‘

Radiation Convection

Figure 92: a) Schematic of the thermal phenomena occurring during L-PBF process [17]. b)
Vertical section of the melt pool with nomenclature [136].

Ti-alloys

FEM analysis seems to be a promising method to simulate the behavior of the melt
pool. Estimations validated by experimental activities take into consideration the three
ways of energy transfer just mentioned, as well as the fact that the material properties
change with temperature and also with the material state (powder, liquid and solidified
metal). Examples related to SLM of Ti6 Al4V powder can be found in literature [117] [17]
and identified for this particular case a peak temperature around 2500 °C, a peak and a
semi-continuous colling around 106 °C and 103 °C, and a maximum temperature gradient
of 50 °C.

316L stainless steel

The effects of the laser scanning parameters resulting from a multi-physics numerical
model have been plotted for 316L austenitic stainless steel (Fig. 94 and Fig. 93). The two
red horizontal lines define the range of temperatures. If the MP temperature goes above
the evaporation temperature there is a mixing between liquid metal and vapors resulting
in defects like spatters, holes and overcooking. If, instead, the temperature of the melt
pool goes below the melting temperature defects (lack of fusion, unmelted particles) are
present. In Figure 93 A) it can be observed how the MP shape, modeled as a Gaussian
curve, changes as a function of the spot size diameter: the higher the spot diameter the
wider the MP bead. Attention should be put on the MP width that does not follow the
same trend, in Figure 93 A) (b) the MP width is around 5 nanometers for 100 um spot
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size, while in Figure 93 A) (c) a lower width (approx. 5 nanometers) is obtained for a
greater spot size diameter (150 pm) [116].
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Figure 93: A) Gaussian distribution of heat for laser spot diameter of (a) 50 um, (b) 100 pm, (c)
150 pm and (d) 200 pm. B) Melt pool temperature vs. laser spot diameter for various scan speed
at 150 W laser power (SLM, 316L SS) [116].

The melt pool temperature increases for increasing power (Fig. 94) and decreasing
speed (Fig. 93 B) ), this obviously means that it is directly proportional to the energy
density. Simulations on single tracks revealed a uniform melt pool for a volumetric
energy density (VED) of 97 J/mm?>. Decreasing the VED to 81 J/mm? resulted in ellipsoid
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Figure 94: Melt pool temperature vs. laser power for various scan speed at 80 um spot diameter
(SLM, 316L SS) [116].

formations, that are followed by a narrowing of the MP when the VED is again reduced
to 48 J/mm?® [79].

FE simulations related to EBM production technique ([118]) or to other heat transfer
analysis ([86]) can also be found in literature.

Al-alloys

Some aspects similar to those described in the previous section have been observed
also in the case of Al-alloys .

« Too high MP temperatures can trigger the Marangoni effect causing the MP to trap
gas particles (usually hydrogen and Ar) that generate round gas pores.

« Too high laser power makes the MP unstable resulting in metal droplets splashing
and then solidifying in small spherical particles (balling effect).

« If the energy density is too low the powder is not sufficiently melted and the liquid
metal do not reach all the empty spaces before solidifying.

« When the hatch distance is too low insufficient melting has been observed.

In both cases the defects generated increase the porosity level. So the proper scanning
parameters has been identified with those giving the lowest porosity (Table 9), both in
case of TiB,/AlSi10Mg [73] and AlSi10Mg [96].
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Moreover, during melting the melt pool evolves and from being narrow gradually in-
creases in size becoming more and more unstable, then the molten metal droplets splashes
outside of the melt pool and then the MP becomes narrower and stable again. This
“stability-to-instability” cycle repeats constantly [96]. Applying a gradually increasing
energy density to an AlSi10Mg powder bed different defects appear:

« 27 J/mm?: key-holes pores due to lack of fusion.
« 38 J/mm>: key-holes pores decrease and MP size increases.
« 50 J/mm?®: key-holes pores disappear and the microstructure becomes coarser.

« 65 J/mm®: regions where hydrogen pores appear, the microstructure is coarse
and the MP boundaries are visible, and regions characterized by homogeneous
microstructure consisting of elongated columnar grains parallel to the building
direction.

It is now evident that the energy density plays a fundamental role in determining
the MP behavior, and an energy density around 50 J/mm?® seems to be optimal for both
AlSi10Mg and Al6061. However, Al6061 has a higher reflectivity with respect to AlSi10Mg
and is more prone to hot cracks, so further investigations should be conduced [13].
Hatch distance - energy density relations have been analyzed in case of DMLS process
for the AlSi10Mg powder. The width of the scan track decreases for increasing energy
values (Fig. 95 a) ) while the relation between the height of the scan track and the
energy density is not clear (Fig. 95 b) ). It has already been noted that the influence
of the scanning speed is more visible for higher values of the hatching distance [104].
An example of FEA method applied to PBFed AlSi10Mg alloy powder is also provided

in [119].
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Figure 95: a) energy density vs. width of the scan track and b) energy density vs. height of the
scan track for 3 different specimens (DMLS, AlSi10Mg) [104].
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In the previous sections it has been observed that the vertical lattice struts are closer
to the ideal 3D CAD model with respect to the oblique or horizontal ones. This can also
be explained looking at the melt pool. During the building of vertical struts the MP pool
is in contact with the previously melted layer while in case of oblique struts the MP is
in contact also with the raw powder, that undergoes a partial melting and sticks to the
strut causing geometrical mismatches and increasing the surface roughness [81].
Irregularities of the strut diameters are also caused, at higher powers and lower scanning
speed, by the violent interaction between the laser and the melt pool resulting in a
wider scanning track that produces larger strut diameters. These violent interactions
between the laser beam and the melt pool led to increased surface roughness and defects
and are again responsible for the increase of internal porosity. For SLMed AlSi10Mg
lattice struts, suitable values of the laser power and the scanning speed are 150 W and
7000 mm/s, respectively [96].

Ni-alloys

SLM of Alloy 718 showed that for longer exposure times the influence of the point
distance on the melt pool morphology is almost null. Decreasing the exposure time
the point distance becomes more relevant until a minimum value of 180 ps when: for a
smaller point distance the MP is narrower and deeper, and for a larger point distance
the MP beads are wider like those obtained for long exposure times. In particular the
width of the MP increased from 150+16 pm to 290+18 pum [94].

Considering the EBM production technique, the phenomena occurring at high MP tem-
peratures are similar to those seen for SLM: molten jet spattering and smoking (Fig. 96).

Figure 96: Interactions between the electron beam and the powder: a) spattered molten jets and
b) smoking [15].

In addition it has been observed that [15]:

« The speed function, that is the relationship between the scanning speed and the
beam current, plays an important role, and is strongly connected to the other
scanning parameters.

« If the MP length-to-diameter ratio is greater than 2:1 the MP shape changes from a
weld bead to a melt ball.
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« Build plate preheating influence the MP geometry making it larger and creates
more continuous scan tracks.

« Increasing the focus offset the MP becomes shorter and wider (Fig. 97).

« The melt pool height should be higher than the layer thickness to ensure welding
between two consecutive layers (Fig. 97).

Focus offset= 10 mA 20 mA 40 mA

Layer thickness

Build direction

Figure 97: Focus offset vs. melt pool shape [15].
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Heat treatments

Heat treatments on mechanical properties, ductility and hardness

Yield, UTS, elongation, fracure toughness
Compressive Properties

| Ductility/HARDNESS l

HEAT TREATMENT AND Heat treatment parameters ‘
POSTO-PROCESSING

Figure 98: Heat treatments on mechanical properties, ductility and hardness.

Al-alloys

In general heat treatments (HT) have a softening effect that decreases the strength and
hardness and increases the ductility of the component. The influence of heat treatments
on mechanical properties has been quantitatively analyzed to create process windows
(Table 11) composed of various ranges of the mechanical properties that depend on the
HT applied (Table 10) [91][137].

Table 10: Heat treatments (from [137]).

Nomenclature Temperature Time Cooling method Pressure

(*C) (min) (psi)
SR1 285 120 Air -
SR2 190 120 Air —
HIP 515 180 Inert gas 14,500
HIP + Té6 530 360 Quench -

The ranges proposed in Table 11 are obtained considering the widest possible intervals
from the data analyzed. Such ranges can appear even too large due to the fact that
they refer to different aging times (from 0 to 1000 hours). It is then suggested to
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observe the table together with the charts proposed in Figure 99, that compare the
mechanical properties for various heat treatments and, for each HT, the four aging times
are considered. However, it can be noted that the aging treatment mainly affects the
mechanical properties of those specimens that have undergone the HIP+T6 treatment.
In all the other cases such a large variation of the mechanical properties is not present.
So, considering also the fact that the heat treatments have can have considerable costs,
the designer should evaluate if they are really worth the price.

Table 11: Heat treatments on mechanical properties - process windows for AlSi10Mg (elaborated
from [91] and [137]).

Condition UTS YS € Modulus of elasticity =~ Hardness
(MPa)  (MPa) (%) (GPa) (HV)
Vertical direction Z (building direction)
As-built 460+20 240+10 9+2 70+10 -
As-built 386-466 217-245  3.6-8.6 - 123-140
Anneal 2h at300° 350+10 230+10 11+2 60£10 -
SR1 239-275 145-177 12.8-23.4 - 82-107
SR2 383-459 215-262  3.5-6.4 - 121-139
HIP 126-145  79-95 27.434.6 - 46-61
HIP + T6 138-313  90-248 13-31.6 - 57-120

Horizontal direction XY

As-built 460£20 270+10 9+2 7510 -
As-built 457-368 244-284 8.6-13.7 - 124-147
Anneal 2h at300° 34510 230+10 12£2 7010 -
SR1 239-276  151-184 19.3-25.5 - 83-99
SR2 350-388 229-256  9-13.2 - 118-131
HIP 129-147  81-99  28.6-38.6 - 44-61
HIP + Té6 147-288  99-235 11.5-31.3 - 58-111

Note: the property ranges provided in the form “min.value-max.value” are referred to
different aging treatments at 177 °C (in addition to the heat treatments already applied)
that last from 0 to 1000 hours. The "annealing time-properties” relation

is not always linear.
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Figure 99: Effect of heat treatments (Table 10) on properties of AlSi10Mg SLMed samples for
different aging times at 177 °C along Z and XY directions: (a) and (d) YS; (b) and (e) UTS; (c) and
(f) elongation (from [137]).
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Ti-alloys

The data in Table. 12 and the following considerations are referred to the Ti6Al4V
alloy.

« HIP increases ductility, elongation and resistance to fatigue and decreases YS and
UTS. The effect is much more evident in SLM than EBM [83] [125].

+ Chemical etching improves YS, UTS, elongation and ductility. It reduces the nega-
tive effect of a poor surface finish but, removing material on the surface, makes the
sub-surface porosities emerge (EBM, Ti6Al4V) [125].

« HIP can close or reduce the internal pores.
« “HIP + chemical etching” can then be a good combination.

« HIP below the 3-transus temperature gives better properties than that above the
B-transus [125].

» Lattice specimens exhibit a brittle behavior in the as-built state that can become
ductile after HT [123] [124] .

+ As-built EBMed lattice specimens can sustain a higher compressive load until a
certain level of strain (6-7%) after which there is a drop. Heat treated specimens
show a more gradual increase in the stress-strain curve (Fig. 100).

« The relative density of the unit cell is still strictly correlated with the compressive
properties.

Hot isostatic pressing treatments seems to be widely used with Ti6Al4V samples both
in case of lattice and bulk pieces. In general, the softening effect (increase in ductility
and elongation and decrease in strength) it is also valid for for Ti6Al4V as it was for
Al-alloys and, usually, it is valid for the majority of the alloys. Following this reasoning
it can be affirmed that the machined specimens exhibit the highest strength. Lattice
specimens and thin parts can not be machined but an improvement of the surface finish,
that results to be beneficial for the performances, can be obtained by applying a chemical
etching followed by a HIP treatment (Fig. 101). The above mentioned guidelines can
be useful but obviously there can be exceptions. It has also been observed that SLM
manufactured lattice specimens can keep their compressive strength and stiffness also
after the HT. However, the changes in mechanical properties are much more affected by
changes in size and shape of the unit cell than HT [124].

The designer should then be aware of selecting the proper geometrical parameters
characterizing the unit cell because, if the resulting properties do not satisfy the require-
ments, not much can be done by post-heat treatments. It is also interesting to note that
the HIP treatments above the B-transus temperature (above 850 °C) have slight effects

135



Step 3: Tuning parameters

600

400

()
-
o

Stress [MPa]

|
/
/
0

)
/
f
/
f
/
f

Ve

A
!

0.2

//”\V

Strain [%]

— As-Built
— Heat-Treated

0.4

Figure 100: Compressive stress-strain curves for as-built and heat treated Ti6Al4V lattice speci-
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Figure 101: Tensile stress-strain curves for EBMed Ti6Al4V specimens after various heat treat-

ments [125] .

on the YS and UTS while are really degrading the elongation (more than halved). In
contrast, the HIP treatments below the 3-transus temperature have a beneficial effect on
elongation but decrease the UTS (approximately of less than 30%). The yield strength
and the hardness are however only slightly affected by the choice of the HIP treatment

temperature [126].
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Ni-alloys

The effects of the following heat treatments on mechanical properties and hardness
(Table 13) of L-PBF Inconel 718 and DEDed Inconel 625 have been investigated.

L-PBF Inconel 718 [130]:

« SR (stress-relief anneal): 1065 °C for 90 min.

« HIP (hot isostatic pressing): 1120 °C for 240 min.

« HIP* (hot isostatic pressing): 1163 °C for 180 min at 15000 psi (approx. 103 MPa).
« SA (stress relief anneal): 720 °C for 480 min.

« SA* (stress relief anneal): 1060 °C for 20 min at 12000 psi (approx. 83 MPa).
+ Aging: 620 °C for 480 min.

DED Inconel 625 [120]:

« ST (solution treatment): 1200 °C for 30 min.

« Aging: 650 °C for 3000 min (50 hours).

« HIP** (hot isostatic pressing): 1150 °C for 180 min at 160 MPa.

From Table 13 it can be noted that, for Inconel 718, the maximum hardness cor-
responds to the minimum elongation and vice-versa. The connection between heat
treatments and the mechanical properties passes through the component microstructure.
In the present work the microstructure characteristics are not deepened, however it can
be mentioned that the equiaxed twinned grain structures containing carbides have the
most important effect on the mechanical properties of Inconel 718 [130] [127].
Another proof of the “heat tratment - microstructure - properties” relation can be found
in Figure. 102 where an opposite trend between the hardness and the lattice parameter
of the y phase is evident. Looking individually at the left chart (Fig. 102 (a) ) a non-linear
relation between the HT temperature and the hardness value is present and this is also
attributed to the presence of carbides [131].

The dependency of hardness upon heat treatments is totally different in the case of
L-PBF manufactured Ni-superalloy 247LC, indeed, the hardness in the as-built state
resulted almost equal to that of the heat treated samples [14].

Beneficial effects on anisotropy have also been found for the heat treated Ni-base super-
alloy IN738LC subjected to: recrystallization above the y’-solvus temperature (1250 °C,
3 hours), HIP (1200 °C, 4 hours, 100 MPa), post-HIP solution (1120 °C, 2 hours) and final
precipitation hardening (850 °C, 20 hours) [101].
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Table 13: Heat treatments on mechanical properties - process windows for L-PBF Inconel 718
and DED Inconel 625 (elaborated from [130] and [120]).

Alloy Mech. property Ranges Heat treatments
YS (MPa) Max 1260 SR + SA + Aging
min 600 SR
Max 1400 SR + SA + Agin
L-PBF Inconel 718  UTS (MPa) emne
min 920 SR
Max 43.1 SR
Smax (%)
min 114 SR* + HIP* + SA* + Aging
Hardness (HRC) Max 54 SR + SA + Aging
min 33 SR

Max 756 SA + aging + water-quenching
min 436 ST

YS (MPa)

Max 1087 SA + aging + water-quenching

DED Inconel 625  UTS (MPa)

min 893 ST
Max 55 HIP** + furnace cooling
Emax (%)
min 25 SA + aging + water-quenching
Max 237 SA + aging + water-quenchin
E (MPa) gmng q g
min 193 ST
400 3612
1 -
350
_ 3608
"I%; 300- R 2
A 3
2 250- s
<4}
- £ 3604
8 200- c
3 £
£ 150 K -
@ 3.600
100
50 : : 3.596- : .
As-built 450 600 800 000 080 1065 As-buit 450 600 800 900 980 1065
(a) Heat treatment temperature (°C) (b) Heat treatment temperature (°C)

Figure 102: Effect of heat treatment temperature on (a) hardness and on (b) lattice parameter of
v phase of L-PBF Inconel 718 [131].
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Heat treatment on porosity, geometry, and defects

Geometry and defects

HEAT TREATMENT AND
POSTO-PROCESSING

Heat treatment parameters

30:1(2021), pp. 565-574.

Figure 103: Heat treatments on mechanical properties, ductility and hardness.

Al-alloys

Solution heat treatment followed by aging improves the strength affecting the mechan-
ical properties but has no effect on the morphology of AlSi10Mg lattice specimens [76].

Ti-alloys

As already mentioned in the section related to the building orientation, the flatness
of the down-skin surface is more affected by heat treatments (Fig. 56) than by the wire
EDM cutting operated to remove the part from the build plate. A closer observation to
the Ti6Al4V specimens allows to see that the heat treatment had been able to remove
the small surface waves but the large ones are still present (Fig 104 (a) ) [74].
Chemical etching is able to both reduce the sub-surface defects (porosity < 1%) of
EBM manufactured Ti6Al4V specimens (Fig 104 (b) ), that for certain types of load like
bending fatigue are very detrimental for the component life, and improve the surface
finish (Fig 104 (c) ). With chemical etching a notable reduction of the sub-surface
pores can be achieved, while the porosity at the core of the component can be reduced
by hot isostatic pressing treatment, that is actually able to reduce the porosity of the
whole component (close to 0%) [125]. It has to be pointed out that the chemical etching
treatment resulted to be not homogeneous, the particles sticked to the component are
removed before the other defects, and convex surfaces are more impacted than concave
ones [125]. The quantitative effects of chemical etching and HIP on surface roughness
(R and R,) are summarized in Table 14. The previous parameters values in case of
as-built component are given as a reference: R, = 42.6 pm and R, = 405 pm.
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Table 14: Effect of HIP and chemical etching on surface finish (EBM, Ti6Al4V) (elaborated
from [125]).

Alloy Ranges  Heat treatments
R, (um) Max 390 HIP
t . .
EBM Ti6Al4V min 232 1 hour Etching
R (um) Max 433 HIP
a min 26.4 1 hour Etching
After Before After
Heat treatment Chemical Etching Chemical Etching

P T

w2000

x5000

x6800

(a)

Figure 104: (a) effect of the heat treatment on the surface waviness at nanoscale [74]. Effect of
chemical etching (30 min) on porosity (b) and surface roughness (c) (Ti6Al4V). [75] .
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Ni-alloys

The discussion about the influence of heat treatments on Ni-alloys mainly focuses on
the effects of such treatments on the crack susceptibility and residual stresses of PBF
Alloy or Inconel 718.

Referring to the internal cracks it has been noted that the average crack length and
the average maximum crack length decreases from the as-built condition to the HIPed
specimens, that exhibit values comparable to those of wrought alloys. Instead, the
average total amount of cracks is minimum in the as-built state and decreases for various
heat treatments until the maximum level is reached in the HIP treated samples, that is
again comparable to the amount of cracks present in wrought alloys (Fig. 105). These
trends can be explained in simple terms by saying that the heat treatments are able
to reduce the size of the cracks (approximately from 300 to less than 200 um) that, in
contrast, are higher in number. The standard deviations are however quite relevant and
very precise conclusions can not be deducted [12].

The heat treatments reported in Figure 105 are:

« Hot isostatic pressing (HIP): 1160 °C for 3 hours.
« Standard solution heat treatment (SHT): 954 °C for 1 hour.

« 2-step aging (AGED): 760 °C for 5 hour + 649 °C for 1 hour.

mAvg. TCL [pum] Avg. Total amount of cracks Avg. MCL [um]
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Matcrial Condition
Figure 105: Effects of heat treatments on the lenght and amount of cracks for PBF Alloy 718 [12].
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The HT temperature seems to play a crucial role in case of sub-surface residual
stresses (RS). The threshold level has been identified around 700 °C, heat treatments at
low temperature (at 450 and 600 C°) mitigate the residual stresses causing apparently
negligible changes to the microstructure , while heat treatments at high temperature
(from 800 to 1065 °C) are effective in reducing the residual stresses but also trigger modi-
fications in the microstructure that are also evident from the change in hardness (already
analyzed in the previous sections). Moreover, differences in the order of magnitude of
the RS have been found between the top surface and the lateral surfaces highlighting a
significant degree of anisotropy (Fig. 106) [131, 132].

HT Temperature: 450 and 600 °C HT Temperature: 800, 900 and 1065 °C
700
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Figure 106: Effects of HT temperatures on sub-surface principal stresses for L-PBF In-
conel 718 (from [131]).
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Defects

Different types of defects have already been explored in previous sections. Here a further
investigation will be done by mentioning some attempts aiming at including the defects
inside the finite elements models to make numerical simulations closer to real cases,
and by briefly showing the defects that can lead to failure in case of AlSi10Mg and

TiB,/AlSi10Mg).

Yield, UTS, elongation, fracure toughness

| Compressive Properties

Defects ‘

Figure 107: Defects on mechanical properties

Relative density (Porosity)

Par rabh
- . : :
hitps/dolorg/10.1016/,romfg 202005,

Figure 108: Defects on porosity.

The modification of the AlSi10Mg alloy with TiB, have notable effects on the mechan-
ical properties that have already been mentioned. In addition, effects on the fracture
mechanism have also been observed. The crack can start propagating from the melt pool
boundary where the microstructure is typically coarse, and also from the distributed TiB,
particles that can form small agglomerates (Fig. 109). The component can fail in different
ways and the failure mechanism is hardly predictable. The choice of TiB,/AlSi10Mg
alloy has for sure advantages in terms of mechanical properties but the engineer has
also to consider the further level of complexity that would be added to the component

design [73].

The incorporations of defects inside numerical models can be very convenient. Vari-
ous attempts have been made in this direction. The statistical FEM showed to be closer to
the experimental results than the ideal FEM, and through the statistical FEM the impacts
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Figure 109: Fracture path and defects comparison for TiB,/AlSi10Mg and AlSi10Mg [73].

of struts geometrical mismatches on the SEA coefficient, that represent the specific
energy absorption capability, have been evaluated for a AlSi10Mg FCC lattice cell. It
resulted that the thickness of the diagonal struts can increase the energy absorption
capacity, while the thickness of vertical struts and the surface waviness can decrease
it [76].

A similar work to foresee the Young’s modulus and the compressive strength of regular
octet and rhombicuboctahedron lattice cells has also been conducted considering again
strut undersizing, strut thickness variation and strut waviness [133].

Equivalently, efforts have been invested to analyze Ti6Al4V alloy both numerically
([113][64]) and experimentally ([106]), and examples of FEM simulations applied to
Inconel 625 ([134]) and Inconel 718 ([135]) are also present in the literature.

The analysis of FE models is not the main objective of the present work, still it can
be affirmed that successful progresses have been achieved to make the outcomes of the
simulations closer to those obtained experimentally, nonetheless further research is
necessary.
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Figure 110: Cost of per unit of parts produced with conventional and additive manufacturing [1].

The information provided in the chart above (Fig. 110) induces to think that producing
a single part, or a small batch, using additive manufacturing technologies instead of
traditional manufacturing methods is much cheaper. This is generally wrong. The error
made is not exclusively related to the money that can be saved but the real mistake
is the wrong approach to the design for additive manufacturing. To exploit the many
advantages that AM can offer the engineer must understand that the design, or the
re-design, of a part has to be totally different. The choice of adopting AM to produce
a component that normally would have been produced with CNC or other traditional
technologies in most of the cases will increase the cost of such component.
The price of an additive manufacturing system ranges between $500 000 and $1 200 000
depending on its specifications, and the resulting hourly cost between $37.45 and $89.89.
Assuming that the average cost is $65/h and considering that the average time to produce
a part not designed for AM ranges from 40 to more than 100 hours, it is easy to understand
that AM cannot be economically competitive if compared to traditional manufacturing
techniques that require much less time. The gap becomes even wider taking into account
that the support structures, and the material needed to anchor the component to the
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building platform (approximately 10% of the total material material amount) have to
be removed after manufacturing but still take time to be printed. Moreover, the time
needed by the machine to produce the part has to be added to that involving pre- and
post- process activities which can represent 70% of the total cost.

It becomes very easy to understand that approaching AM as a mere substitute for
traditional manufacturing in almost all the cases leads to unsatisfactory results.

The most important advantage is the design freedom provided by AM, almost any shape
can be realized and, especially comparing it to conventional manufacturing, an increase
in complexity imply a negligible increase in cost (Fig. 111).

Conventional manufacturing

Cost

Additive
Manufacturing

Complexity

Figure 111: Complexity vs. cost for conventional and additive manufacturing [139].

It is then crucial to invest a considerable amount of time and resources in the design
phase so that all the potentials of AM can be exploited.
Consequently, all the design and manufacturing steps need to be accounted in the
prediction of the total costs (examples for various AM techniques can be found in [140]
[141] [142] [143] [144], also considering environmental costs [145]).
Reducing time means reducing costs, thus the engineer can design the part trying to
find a trade off between two objectives:

1. Reduce printing time

2. Reduce support structures

The re-coating time needed to supply new powder layers is estimated between 20%
and 30% of the total time used by the machine to produce the workpiece. This can
only be reduced by reducing the number of layers to be deposited that means changing
the building orientation of the part. However, a different orientation may require the
addition of support structure (additional material to be printed) and, as it has been pointed
out analyzing the part design factors in Step 3, it also affects the surface roughness,
the surface flatness and the roundness of the holes. In a similar case a post-process
machining operation can be useful to improve the surface roughness but it can only
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be applied as long as such surface can be reached by machining tools. So, the building
orientation should be carefully chosen considering both the constraints of the problem,
and the fact that the anisotropy direction of the mechanical properties strongly depends
upon such orientation.

Reducing the number of support structures obviously implies a direct saving of material.
When they can not be avoided, due to overhangs or to the need of reducing sub-surface
stresses, it is suggested to incorporate them inside the final shape of the part. By doing
so the component will result stiffer and the time that would have been employed to
remove the supports is totally saved [1].

In conclusion, before starting the design a set of priorities must be clarified considering
all the different requirements, the constraints, and the resources available.

A proper design can add a considerable value to the manufacturing and consequently to
the whole production chain [146].

Moreover, the design freedom allowed by additive manufacturing can simplify the
pursuit of sustainability in the production processes, promoting the implementation of
the circular economy and having positive social impacts [147][148].
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Case study - reverse engineering approach

To show a practical application of all the guidelines provided along the previous chapters,
it has been decided to analyze an aerospace bracket made of Ti6Al4V alloy [138].

In this paper the authors analyzed the component using a numerical modeling technique,
re-designed it through a topological optimization and, after a preliminary characteriza-
tion of the material, they produced the bracket via EBM and SLM. The key-points that
can be useful to apply a reverse engineering approach are the following:

+ Preliminary characterization of the material:
16 specimens have been manufactured via EBM and DMLS along different building
directions, machined and tested. Yield strength, UTS and elongation are reported
in Figure 112.

Material process Yield (MPa) UTS (MPa) Elong. %
min+max min=max min+max
DMLS 1199+=1214 1322+1339 7094

X

Y 1201=1217 13201326 5.6=8.0
EBM X 1000+=1057 1077-1127 13.2=135

Y 1007=1107 10771169 11.1+13.7

Z 973=1029 1044-1081 10.4=11.2

Figure 112: Tensile test results for material characterization [138].

+ Topology optimization:
The optimization shown in Figure 113 led to a 80% mass reduction.

Figure 113: Original (left) and optimized (right) designs [138].
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« EBM manufactured bracket (Fig. 114 (a) ) :

— As built (no heat treatment or surface finishing).

— High number of pores and low-density areas.

— Low surface finish (Fig. 114 (c) ).

— External defects localized on certain edges. (Fig. 114 (e) ).

« SLM manufactured bracket (Fig. 114 (b) ) :

- Heat treatment and tumble finishing applied.

— Low number of internal defects (justified by the heat treatment applied).

— Higher surface finish (justified by the tumble finishing applied) (Fig. 114 (d) ).
- Warping (justified by the high thermal gradients of SLM) (Fig. 114 (f) ).

« The interfaces of the bracket have been machined in all the cases.

Figure 114: EBM (a) and SLM (b) AMed aerospace bracket. Surface roughness of the EBM (c) and
SLM (d) parts. Defects detection from tomographic analysis of EBM component (e), dimensional
control on the SLM bracket (f) [138].

Unfortunately, estimates about the mechanical properties of the bracket cannot be
done accordingly to the guidelines seen until now due to its complex shape.
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Analysis

Considering all the elements mentioned above it can be supposed that the re-design
of the bracket has been done complying with few basic requirements:

« Lightness
« Reliability
« Complexity reduction

The bracket is produced for aerospace applications (Lightness). It is a component
that belongs to a much bigger aerospace system where complex elements, such as the
engine, are present, so adding levels of complexity in re-designing the bracket would
be counter-productive (Complexity reduction). And, being a structural element, it also
must not fail (Reliability).

Step 1

Ti6Al4V is a well know alloy especially in the aerospace field, many researches and
a considerable amount of data is available in the literature so a low amount of time
and resources is necessary to characterize it, and the probability of finding unexpected
anomalies in the material behavior is also reduced. All this means lower risks, complexity
and costs.

In addition, it is well known that Ti6Al4V alloy has a high strength-to-weight ratio that
results in a light but reliable component.

A first estimate of the mechanical properties can be done looking at the chart in Figure 31:

« DMLS (as-built state): YS approx. 1100-1200 MPa, UTS slightly above 1200 MPa;
elongation around 7.5 %.

« EBM (as-built state): YS approx. 900-1000 MPa, UTS slightly above 1000 MPa;
elongation around 10 %.

These values are similar to those referred to the specimens mentioned before (Fig. 112).

Step 2

The topology optimization applied is of the type previously defined as “macro-topology”
optimizations. The TO implemented guarantees a notable mass reduction and it is
obviously the one to be used for bulk parts. A topology optimization at a "microscopic
level” is, instead, appropriate for lattice structure. In this case a re-design of the bracket
to obtain a lattice structure would be extremely demanding. The computational power
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required to perform a numerical simulation, applying the proper mesh to each single
unit cell of the whole part, would be so high to make a FEA impossible. In addition, the
estimation of the component behavior is much easier for bulk pieces.

Step 3

The characteristics of the metal powder adopted can hardly be guessed for the SLMed
part because the heat treatment and the surface finish modified both the internal and the
external characteristics. The EBMed bracket has a high level of porosity and low-density
areas which can be traced back to the use of a coarse powder with a wide PSD. Usually,
EBM manufactured parts have a reasonably low porosity level and do not necessarily
need further heat treatments. However, a coarser powder, having a higher surface-to-
volume ratio, holds a lower absorption capacity that could result in insufficient melting.
It generates defects that are usually higher in number but smaller in size compared to a
fine powder. Moreover a powder characterized by a wide PSD has the tendency to form
separated agglomerates of fine and coarse powder and, at their interfaces, is present a
considerable amount of voids. Referring to the powder properties, the latter are the two
main reason that can justify the high level of defects detected in the EBM bracket.
Typical ranges of the PSD for the Ti6Al4V alloy are (Table tab:Powder sizes for different
materials):

+ SLM: 20-50 umy;
« EBM: 40-100 pm;

Looking at the surface roughness in Figure 114 (c) and (d) one could assume that EBM
naturally gives a lower surface quality compared to SLM that, in contrast, is a slower
process. This is generally true but not in this case where a surface finishing has been
applied to the SLMed part making such a comparison meaningless.

The specimens used to characterize the material have been machined. Machined
samples usually exhibit slightly higher strength than as-built ones. The difference for
Al-alloys has been identified in the range 20-50 MPa but a similar information is not
available for Ti6Al4V, however it can be considered negligible with respect to the ranges
proposed here.

Referring to SLM, the energy density value is supposed to be between the value result-
ing in the lowest porosity (110 J/mm?®) and the one giving the maximum mechanical
properties (150 J/mm?®). The other parameters have been identified from Table 8 and
Table 9.

So, the laser scanning parameters for the SLMed bracket are supposed to be:

 Laser power: 160-200 W;

« Laser scanning speed: 600-1250 mm/s;
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« Hatching distance: 30-120 pum;
« Volumetric energy density: 110-140 J/mm?>;

The energy density value has been estimated comparing the above mentioned values
(110-150 J/mm?®) with those of the process windows in Table 9 (93-137 J/mm?).
Due to the few data available similar ranges of the scanning parameters cannot be
proposed for the EBM case. However, looking at Figure 114 (e) the location of the defects
can be traced back to the building orientation. According to this reasoning the colored
edges result to be downward surfaces where partially melted particles are more likely to
adhere. The orientation of the bracket on the building platform can also be identified
simply by looking at its shape, nonetheless this is not always so immediate and a similar
consideration can be useful in case of other geometries.
Considering that the colored areas are not so large (low partially melted particle adhesion)
and that the number of internal defects is high, probably the energy provided by the
electron beam was too low. This choice could have been intentional if the higher amount
of internal pores and voids was preferred to the higher partially melted particle adhesion
deriving from higher energy inputs.
The warping occurring in the SLM manufactured bracket (Fig. 114 (f) ) is justified by the
authors recurring to the high thermal gradients involved in the SLM process. This is
reflected in the present work, in particular the deformed portions (the colored areas)
of the surfaces are those constrained on three sides. This is also in agreement with the
observations in the previous chapters saying that the "more closed the geometry of a
part is and the more the part will be prone to deform” because of the sub-surface residual
stresses caused by the large temperature gradients.
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Conclusion

In the past AM was considered as a useful technology for rapid prototyping and to pro-
duce small batches, mainly due to the economic advantages with respect to traditional
manufacturing techniques. Progressively increases in research changed this common
opinion and AM is now approached as disruptive technology that can guarantees a
design freedom not reachable with traditional manufacturing techniques. Therefore, it
is expected to grow even faster in the future.

Many resources are invested trying to find the best compromise among all the avail-
able possibilities and many efforts are still needed. A wider adoption of AM technologies
is mainly hindered by the limited data available and by the many areas that still have to
be well understood.

In the present work a further step is made. In the introduction, where a collection of
many parameters, methods and techniques are collected and classified, the high degree
of complexity can be perceived. The core of this work can be defined as a three steps
guideline that analyzes the whole production process, starting from the choice and the
analysis of the raw metal powder and concluding with the selection of the proper final
heat treatment. These three steps aim at proposing various options to answer to different
questions, thanks to which the engineer, analyzing such options, is able to find a suitable
trade off that allows him to create well tailored solution:

« Step 1: Which type of powder is more suitable and how to characterize it?

— Traditional powders: Al, Ti or Ni alloys.

- Innovative solutions: powder additives, compositionally graded materials or
hybrid materials.

— The main properties are listed together with the necessary standards.
« Step 2: How to approach topology optimization?

— A basic idea of how it works is provided.
— Macroscopic topology optimization approaches (set of examples).

— Microscopic topology optimization approaches (set of examples).
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« Step 3: How to tune the design parameters (or factors) to achieve the objective?

- Guidelines, process windows and properties ranges are provided after the
analysis of the following relations.

» Material factors - properties

*

Part design factors - properties

*

Process machine and environmental factors - properties

%

Scanning factors - properties

*

Melt pool - properties

*

Heat treatments - properties

The above mentioned properties do not only refer to the mechanical behavior of the
component but also to geometrical features, defects and other aspects, such as the failure
mode or the support structures that are less explored in the literature.

The most extended part is that related to the third step. After the collection of data
from many experiments it has been possible to provide ranges of the most common
parameters reported in Figure 115 and Figure 116 (graphical anomalies are due to few
data available), even if the reader should refer to the relative step for a much more
detailed analysis that also include general trends and considerations, advantages and
disadvantages, many tables and charts, that are all the result of the correlation between
many and various experimental results.

Considering the high number of factors having an influence on the final component it
can be questioned the adoption of three steps only. This is especially valid for the third
step where a long analysis is reported. It has been decided to include a relevant number
of variables inside one step only because they are all interconnected so they should not
be considered as independent elements. As a matter of fact, this is the important con-
ceptual result of the present work, which is able to demonstrate that a holistic approach
is essential to obtain conscious and successful outcomes.

158



Conclusion

Powder size ranges (SLM)

50 O Al-alloys W Ti-alloys M Ni-alloys

70

60 T
£ so Range:
% 40 15-45 pm
E 30

20

10 i

0

Spot size (SLM)
120 [ Al-alloys I Ti-alloys M Ni-alloys
100 —L
70-100
z 80 |:| Hm
=1
¥ w l B 20-70um
S
7 a0 [ 50-80um
20
0

Figure 115: Powder size and spot size ranges for SLMed Al, Ti and Ni alloys [73, 76, 74, 80, 81,
83, 89, 91, 92, 30, 96, 97, 13, 98, 99, 101, 102, 104, 105, 75, 87, 14].
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Figure 116: Laser power, scanning speed and hatch spacing ranges for SLMed Al, Ti and Ni alloys
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