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“Truth is ever to be found in simplicity, and not in the multiplicity and confusion of things”

Isaac Newton





SUMMARY

The present work aims at favoring development of strategies useful for innovative high -

performance mechanical components design. One of the most promising but not yet ad-

equately explored strategies to achieve this goal are lattice / porous structures to be used

as structural or filler materials to increase performance in terms of stiffness to weight ratio

and enhanced vibration damping. To fill this knowledge gap, static and dynamic behav-

ior of SLM-manufactured lattice structures made in AlSi10Mg aluminum alloy and 316L

austenitic stainless steel have been thoroughly investigated; in particular, the study al-

lowed to observe the effect of lattice’s unit cell geometry and overall size variation on its

mechanical properties, focusing on damping performances. Acquired knowledge allowed

to develop a versatile methodology that can be applied to assess the mechanical prop-

erties of different kinds of lattice / porous structures, facilitating FE models calibration,

creation of homogenization methods and mathematical models useful for lattices static

and dynamic behavior rapid estimation. The development of an innovative tool for in-

process measurement of cutting forces that develop in milling, drilling and grinding, in-

tegrating specially designed lattice structures, represents a practical case study useful to

assess the feasibility of exploiting lattice structures to enhance mechanical components

performances. Transversal expertise gained with respect to the SLM process, design and

optimization of mechanical components and lattice structures, allowed to develop and

validate an innovative methodology for rapid production of small-sized lattice structures

(Patent Pending). An appropriate experimental campaign allowed to identify optimized

process parameters, suitable for the production of lattices using the proposed methodol-

ogy. The proposed method enhances the overall manufacturing process efficiency; more-

over, since it allows substantial savings in terms of time and costs it has both scientific and

industrial relevance.
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INTRODUCTION

Additive Manufacturing Technologies - AMT are an innovative category of production

processes that allows the creation of three-dimensional objects through layer-by-layer

material addition. Additive Manufacturing technologies have undergone rapid develop-

ment over the last decade. The technological development in the field of control elec-

tronics, laser sources and materials has allowed the creation of new, more reliable and

economical production methods and machines that favoured AMT diffusion. The de-

signer who is about to create or optimize mechanical components of diverse industrial

sectors has greater design freedom when AMT are involved. Geometric complexity and

limitations related to traditional manufacturing technologies do not constitute a prob-

lem for AMT, facilitating designer’s work by means of design constraints reduction and

greater opportunities to focus on performance enhancement. AMT could be exploited

for a wide range of applications. Initially, Additive Manufacturing - AM techniques were

used only for rapid prototyping which allowed the creation of three-dimensional models

to be used during the design phases for product development and for pre-production tri-

als. Technological and material development has allowed a significant improvement of

the mechanical properties of components produced with AM technologies making it pos-

sible to manufacture end-use products. Among application sectors, aerospace, medical

(e.g. medical implants, dental restorations), automobiles, energy and art are those that

could benefit more from AMT exploitation. Although AM is based on the simple concept

of layer by layer material addition, there are many possible applications, with different

degrees of sophistication to meet diverse needs: rapid prototyping for product develop-

ment, production of highly customized products, industrial tooling, production of small

lots, generation of high-performance components not achievable with traditional tech-

nologies. AM technologies could be advantageous in many cases, offering the possibil-

ity of creating, customizing, optimizing and repairing products by redefining production

methods and strategies. The workflow is similar for all AMT: the virtual model of the ob-

ject to be created is generated using a 3D modelling software (Computer Aided Design

- CAD), obtained model could be optimized before proceeding with production process

design (e.g. build job design, slicing); afterwards, layer by layer manufacturing process

could start using raw materials of various types (e.g. powders, polymers, photopolymers,

sheets of raw material).

1
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As previously stated, additive technologies allow designing objects with very complex ge-

ometries without significantly affecting process design, costs and the time needed for

production. It is therefore easier to design and produce components obtained through

structural optimization or exploit integration of tailor-made porous/lattice structures to

achieve tuneable optimized mechanical properties.

To take full advantage of AMT design freedom, development of methodologies and design

rules for high-performance, high added value AM components design is critical. Differ-

ent strategies could be applied to achieve this goal, for example: methodologies that in-

volve the use of Topological Optimization - TO in conjunction with Design for Additive

Manufacturing – DfAM allowing to obtain lightweight structures characterized by excel-

lent stiffness to weight ratios or strategies exploiting lattice / porous structures with tune-

able static and dynamic characteristics to be used as high performance structural or filler

materials. The development of innovative methodologies using the strategies described

above requires in many cases the use of AMT due to the geometric complexity of the de-

signs obtained.

Among all AMT, technological development has allowed the creation and diffusion of Se-

lective Laser Melting - SLM; this represents one of the most interesting additive technolo-

gies from the engineering point of view as it allows the production of substantially ready-

to-use metallic components, being able to replace parts normally produced by subtractive

technologies. Moreover, SLM is the best option to manufacture optimized mechanical

components designed using the strategies described before, since dealing with highly op-

timized designs it is quite important to obtain mechanical performances comparable or

superior to those achievable by means of subtractive technologies or even forging.

The AM sector is experiencing a phase of strong expansion and development, many tech-

nological aspects are still under investigation and there are no consolidated guidelines

available yet. Considering the overall picture, the present work aims to favour the devel-

opment of strategies useful for the design of innovative AM high-performance mechanical

components.

One of the most promising yet unexplored strategies for achieving this goal are lattice /

porous structures to be used as structural or filler materials to increase performance in

terms of stiffness to weight ratio and enhanced vibration damping. To fill this knowledge

gap, static and dynamic behaviour of lattice structures are thoroughly investigated; in par-

ticular, the study focuses on the effect of lattice’s topology and geometry variation on its

mechanical properties. In order to obtain the data required for lattice’s mechanical prop-

erties characterization, appropriate experimental campaigns have been conceived and

implemented (Design of Experiments - DoE), allowing to gather useful data to character-

ize aluminium and stainless steel SLM-manufactured lattice structures.

The gathered expertise on lattice structures allowed to develop an innovative tool for in
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process measurement of cutting forces generated during milling, drilling and grinding op-

erations. The key feature of this measuring system is the SLM-manufactured main plat-

form which integrates lattice structures to increase overall performance. The develop-

ment of this high-performance dynamometer represents a practical case study useful to

assess the feasibility of exploiting lattice structures designed as high-performance fillers

to improve the dynamic performance of a mechanical component.

To develop a methodology useful to characterize static and dynamic behaviour of different

types of lattice / porous structures, a further experimental campaign was devised allowing

to observe the effect of lattice’s size variation on its mechanical properties. The elaborated

methodology can be applied to characterize different kinds of lattice /porous structures,

helping in Finite Element - FE models calibration and creation of mathematical models

useful for static and dynamic properties estimation.

Taking advantage of the gained expertise, in the last chapter an innovative methodology

for rapid design and production of small-sized lattice / porous structures is described; this

innovative approach significantly enhances lattice / porous structures design and produc-

tion phases efficiency, guaranteeing substantial savings in terms of time and costs.

The dissertation is divided into four chapters, a brief summary of each one is reported

below.

In the first chapter, a solid knowledge base about the state of the art related to AM tech-

nologies for metals, DfAM and structural optimization techniques and lattice / porous

structures is achieved. The SLM technology, physical phenomena governing the process

and materials are studied in detail. Structural optimization and DfAM techniques, par-

ticularly useful for the design of high-performance SLM-manufactured components, are

analysed. Ample space is dedicated to the state of the art on lattice / porous structures, ac-

quiring information on different topologies and geometries, design rules and mechanical

properties. Some case studies demonstrating the potential of joint use of AMT, topological

optimization and lattice / porous structures are reported.

The second chapter describes two experimental campaigns, designed to characterize the

mechanical properties of lattice structures made of AlSi10Mg aluminium alloy and austenitic

316L stainless steel. Design and production phases of SLM-manufactured beam-like spec-

imens integrating the lattice structures to be analysed are exposed; furthermore, the cre-

ation of a particularly efficient FE model for the simulation of parts integrating lattice

structures is documented. Thus, measurements useful to determine geometric character-

istics, static and dynamic behaviour of the individual specimens are performed. Experi-

mental data analysis allowed to assess the static and dynamic properties of different kind

of lattices. Results obtained are exploited to develop a high performance in-process cut-

ting forces measurement system, whose main component is an innovative dynamometer

integrating lattice structures. Design, production, assembly and testing phases are illus-



4 INTRODUCTION

trated, demonstrating the possibility of exploiting lattice structures as high-performance

fillers.

In the third chapter the effect of the lattice’s size variation (i.e. unit cell’s number) on

its static and dynamic behaviour is investigated. DoE’s conception and planning, spec-

imens and experimental set-up design, manufacturing, measurements acquisition and

data analysis are reported. The experimental campaign made it possible to identify a ver-

satile methodology, appropriate for property assessment of different kinds of lattices, use-

ful to obtain enough data for FE models calibration or creation of mathematical models

for lattice / porous structures behaviour prediction.

In the fourth chapter an innovative methodology for rapid manufacturing of small-sized

lattice / porous structures (Patent Pending) is illustrated. To validate this methodology,

a special DoE has been conceived; the investigation required SLM-manufacturing and

analysis of a large number of specimens. Obtained data allowed to develop mathematical

models to predict geometric characteristics and surface roughness of lattices produced

with the above methodology, as well as the identification of optimized SLM process pa-

rameters.

In the last chapter a summary of the work carried out is provided, offering suggestions on

possible future work and promising paths to be investigated.



Chapter 1

AM FOR METALS AND ADVANCED

DESIGN AND MANUFACTURING

OF MECHANICAL COMPONENTS

Additive Manufacturing Technologies (AMT), in particular those based on Powder Bed Fu-

sion (PBF), allow the production of complex or customized components, reducing design

constraints connected to conventional production processes and eliminating the need

for expensive special tools and molds. AM processes are quite different from the tradi-

tional ones, instead of removing material from raw-parts the three-dimensional part is

the result of the layer-by-layer addition of material. This unique feature represents a fun-

damental advantage since geometrical complexity is no longer a disadvantage and even

very intricate parts can be made in one step. The geometric constraints and the design

rules typical of traditional production processes (e.g. circular cross section straight holes,

no internal cavities, blanks in the form of plates, blooms and tubes) are no longer an im-

pediment for the designer. The possibility of making preassembled mechanisms makes

it possible to reduce assembly operations and the integration of multiple functions in the

same component helps to reduce the total number of parts that compose it. Furthermore,

AM processes are well suited to on-demand production of components and spare-parts

potentially very different from each other, allowing the reduction of spare parts ware-

houses and ensuring prompt supply, even in remote areas. These advantages and devel-

opment of new AM technologies favoured their exploitation for the production of high-

performance components in the aerospace, biomedical, automotive and industrial fields.

In the aerospace field applications are countless, for example GE for its LEAP engine was

able to create a complex geometry injector which is printed in a single solution, consis-

tently reducing the parts to be assembled and the number of welds; at the same time

optimization of structural parts allowed a significant cost reduction [1]. In the biomed-

5
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ical field, PBF technologies have made it possible to improve performance in terms of

osseointegration, biocompatibility, simplicity and rapidity in creating dental implants,

prostheses and surgical instruments customized according to the patient’s anatomy [2].

AM technologies are used for the production of high efficiency heat exchangers and for

the construction of nozzles and swirlers of complex geometry, built with high tempera-

ture resistant materials; these features allow performance increase while extending com-

ponent lifetime reducing system downtime. Automotive industry uses AM technologies

for the production of prototypes, development of high-performance components for rac-

ing, manufacturing and repair of industrial hardware and molds. Thanks to recent tech-

nological advances, PBF technologies are a tool that is currently used by companies that

exploit the most advanced manufacturing processes to increase competitiveness and per-

formance of their products. This objective was achieved thanks to the development of

cheaper and more efficient industrial laser sources, improved powder preparation pro-

cesses, increased availability of materials and last but not least the availability of low-cost

high-performance computing systems. The development of AM technologies for met-

als, started within university and industrial research laboratories, has demonstrated the

possibility of integrating these technologies within the productive process of important

industrial realities, where innovation is the key to maintain and improve competitiveness.

To date, a set of guidelines and regulations for the certification of components made us-

ing AM techniques for metals has not yet been developed, in most cases the certification

systems are designed for the specific case, requiring a considerable amount of time and

resources. A deeper understanding of the properties of metal powder feedstock used for

production with PBF technology, mechanical and microstructural properties of as-built

and heat threated materials is essential to produce defect-free components with mechan-

ical properties equal to or greater than those obtainable with traditional production pro-

cesses.

In the beginning additive manufacturing processes were created to meet the typical needs

of rapid prototyping, which involves the production of components useful for the de-

sign phase but with insufficient mechanical characteristics for in production use. The

recent development of PBF technologies has introduced the possibility of manufacturing

prototypes and components of complex geometry, impossible to achieve with traditional

technologies; furthermore, these components are suitable for use in operating conditions

thanks to high-level mechanical properties. The physical phenomena that occur during

the production process significantly influence the microstructure and therefore also the

mechanical properties in terms of anisotropy, residual stress and presence of defects such

as inclusions and porosity. These issues, typical of PBF processes, must be carefully con-

sidered when the application requires good fatigue performances [3]. The development

of PBF technologies is based on the knowledge previously acquired for welding and laser

cladding technologies. Previous knowledge has been a good starting point, but it is not

sufficient to accurately describe the physical phenomena of PBF processes with the aim

of achieving process optimization. The progress in this sector has been significant and

the expertise on additive processes for metals has grown considerably, proof of this is the



1.1 AM processes for metals 7

growing number of reviews and publications dealing with microstructural, mechanical

and process characterization [4]–[10].

The following paragraphs analyse in detail the characteristics of AM production processes

for metals, microstructural analysis and mechanical properties of different kinds of ma-

terials. As previously specified, PBF technologies have many similarities with traditional

welding techniques. For this reason, the extensive knowledge acquired in the field of weld-

ing and metallurgy is of great help to study and analyse the physical phenomena that oc-

cur during metal AM processes. Moreover, another field of fundamental importance for

industrial applications, is the study on manufacturability of materials suitable for AM. The

analysis of PBF processes and the study of materials properties are very important for un-

derstanding the physical phenomena at micro-scale and macro-scale level that influence

this type of processes; this knowledge is fundamental for every researcher eager to give

his contribution in the innovative, fast evolving field of AM technologies.

1.1 AM processes for metals

Additive Manufacturing (AM) is the term used to define a group of technologies that,

starting from the CAD (Computer Aided Design) 3D model of an object, allow the layer-

by-layer manufacturing of ready-to-use components. Unlike traditional machining pro-

cesses, which involve the removal of material, AM is based on the layer-by-layer shaping

and consolidation of feedstock material. This group of technologies stems from the de-

velopment of Rapid Prototyping (RP) and Rapid Manufacturing (RM) techniques. The

first AM technologies for metals were conceived in the 70s, but due to the technological

limitations of the time the first functioning AM machines were made in the 80s. Early

stage machines exploited the Selective Laser Sintering (SLS) process and were used for

the production of conceptual prototypes. In the mid-90s, technological advance led to

the development of the Selective Laser Melting (SLM) technique that allows the creation

of prototypes and components ready for use [11].

The study of additive technologies for metals in the last decade was focused on the cre-

ation of technologies capable of producing objects of complex geometry that cannot be

made in any other way, using metal alloys and Metal Matrix Composites (MMC), very use-

ful to satisfy the demands of aerospace, automotive and biomedical high-tech sectors.

To create objects with mechanical properties capable of satisfying the minimum require-

ments for industrial use, a suitable laser source is required. In commercial AM machines,

CO2, Nd:YAG and high-power fiber lasers are used. The most modern AM machines use

fiber lasers with powers between 200 W and 2000 W; advantages of this type of energy

source are high optical quality, compactness, reliability and ease with which it is possible

to direct the spot in the desired position. There are three main types of industrial level
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laser-based AM processes for metals: Laser Sintering (LS-SLS), Laser Melting (LM-SLM)

and Laser Metal Deposition (LMD). The nomenclatures used to define these three cate-

gories could change depending on the specific type of technology, geographical area or

manufacturer of the equipment. Only laser-based AM processes for metals are analyzed,

being of interest for the investigation reported in the following chapters of this work.

1.1.1 Summary of AM for metals main operations

The main operations required to complete an AM for metals process are summarized be-

low [11].

1. 3D model generation using CAD software: modern design techniques both for AM

and traditional manufacturing processes use CAD (Computer-Aided-Design) soft-

ware to create a 3D solid or surface model of the part to be produced. The three-

dimensional representation of the object is the first necessary step to be able to

complete the 3D printing process.

2. 3D model to STL conversion: the different types of CAD software use proprietary

and neutral formats for saving 3D models, ensuring data interchange. In the field of

AM technologies, the standard format chosen for the representation of 3D models is

the STL (STereoLithography). The choice of this type of format is due to the simple

data structure that facilitates its creation, manipulation and processing. The con-

version from CAD model to STL involves the transformation of the solid model to a

three-dimensional representation of the surface of the object. In particular, object’s

surface is discretized through the use of triangles; therefore, vertices coordinates

and normal vector of each triangle are saved in the STL file. A clear disadvantage

of this type of file format is connected to the use of planar elements (triangles) that

cannot accurately describe curved surfaces. It is possible to discretize the surface

more accurately by increasing the number of triangles, but this leads to a corre-

sponding increase in the calculation time and size of the STL file. Furthermore, very

large files negatively affect the time required for the fulfilment of AM pre-process

operations.

3. Build process design and STL slicing: the third step, which is fundamental for the

success of the AM production process, involves the correction of the STL file, po-

sitioning of the parts inside the build volume and slicing. Most pre-processing

software integrate these functions, allowing STL file correction, positioning, cre-

ation of support structures and slicing. The positioning phase is particularly crit-

ical because it influences mechanical properties and manufacturing time. AM pro-

cesses for metals allow the production of ready-to-use parts characterized by an

anisotropic crystalline structure, for this reason the mechanical properties are not

uniform and are generally lower along the axis parallel to the build direction. The
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building time is proportional to the number of layers needed to produce the object;

therefore, it is convenient to look for the position that reduces the occupied height

along the Z axis (build direction). The positioning also influences the quantity and

type of supports to be used. Support structures are added immediately after posi-

tioning and are useful to guarantee the success of the process and the geometric

accuracy of some types of features. In particular, they are used in case of undercut

surfaces, cavities, holes and thin surfaces. After positioning and support genera-

tion, it is possible to proceed to slice the STL model, creating the individual layers

that will have to be processed by the AM machine. The thickness of these layers gen-

erally varies between tens and hundreds of micrometers and is generally thinner in

the case of LS / LM powder-bed technologies while it is thicker for powder-fed LMD.

4. Part production with AM for metals: depending on the type of production process

and the material chosen, suitable process parameters are set, generally suggested

by the machine manufacturer. After the operator has performed job and machine

preparation, the object is created by layer-by-layer addition of material, according

to the instructions created in the slicing phase. An advantage of AM processes for

metals is that of not requiring the supervision of the operator during the production

process.

5. Postprocessing operations: the finished piece is removed from the machine, then

separation from build platform and removal of support structures are carried out.

If necessary, heat treatments, sandblasting, tumbling or machining are performed.

Figure 1.1 summarizes the main steps of AM process chain.

Figure 1.1: Summary of AM process chain main steps [12]

1.1.2 AM for metals main features and applications

AM for metals technologies development requires in-depth knowledge in the field of ma-

terial science, mechanical engineering and laser technology. The technological develop-

ment of the last twenty years has allowed to reach a level of maturity that can guarantee

reliability, accuracy, speed and costs compatible with industrial use. The peculiar charac-

teristics of AM technologies for metals are listed below [13].

1. Wider design freedom: mechanical designers are not forced to respect the produc-

tion constraints typical of traditional manufacturing technologies. The geometry of
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the object to be manufactured can be complex, without impacting significantly the

complexity of process design and production phases. In particular, huge tool maga-

zine or special tools are not required. Furthermore, product development is simpler

and faster, being able to produce different kind of prototypes efficiently.

2. Faster production speed: the process design phase is leaner and faster than that

required for a traditional production process; extra time is saved since no dedicated

tools, equipment or molds are required.

3. Improved cost saving: with AM technologies it is possible to design a component

that can then be produced independently of the production site, the only constraint

being the presence of a machine suitable for the purpose. The ultimate goal is to

eliminate the need to physically ship the component to the customer, exploiting

local production sites, saving time and money. The reduction of the spare parts

warehouse and the possibility of rapidly creating equipment, represent an addi-

tional economic advantage. With AM technologies for metals, part is built layer-by-

layer starting from metal powders feedstock material. Material and energy waste

are therefore an insignificant component compared to what occurs with traditional

production technologies, constituting an advantage both from an economic and

environmental point of view.

AM metal technologies are now used in many industrial sectors. In particular, industrial

sectors already exploiting AM technologies for metals are aerospace, automotive, biomed-

ical, industrial and military. In the aerospace field it is often used for the creation of

parts with complex geometry, optimized from a structural point of view or made of hardly

machinable materials, difficult to produce with other technologies [1]. As a matter of fact,

the object obtained at the end of the AM process is substantially ready for use, requir-

ing in some cases only some localized processing. The automotive industry exploits the

technology for the production of prototypes, equipment, molds and high-performance

components for the racing sector [14], [15]. AM technologies are perfect for biomedi-

cal applications, allowing the rapid creation of personalized surgical tools and prosthetic

implants designed on the basis of the patient’s anatomy. The advantages of AM are also

used to reduce prosthesis mass, while ensuring biocompatibility and osseointegration. In

particular, it is possible to integrate specific porous structures inside the prosthesis, with

the aim of reducing the stress shielding phenomenon, weight and maximizing osseoin-

tegration [2], [16]. In the military field, the applications are multiple and concern rapid

prototyping, high performance heat exchangers, lightweight high-performance parts. Ta-

ble 1.1 summarizes additive manufacturing metal alloys and associates them with their

respective application field [4].
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Table 1.1: AM metal alloys and applications

Al
Maraging

steel

Stainless

steel
Ti CoCr

Ni

alloys

Precious

metals

Aerospace

Medical

Energy, oil,

gas

Automotive

Marine

Tools &

molds

Cunsumer

products

1.1.3 AM for metals processes classification

AM for metals technologies allow the production of complex-shaped components start-

ing from various types of powder feedstock materials. There are different types of AM

production processes and each of them differs from the others depending on materials,

application fields, machines and process characteristics. AM for metals process specific

characteristics, determine the microstructural and mechanical properties of the material

produced, influencing whether a certain technique is suitable or not for the application

under investigation.

Figure 1.2: Classification of AM for metals processes depending on laser source – feed-

stock material interaction

AM for metals processes can be divided into three main categories, depending on the raw

material supply mechanism (powder bed deposition or powder injection via coaxial noz-

zle) and on the type of phenomenon that creates the bond between individual metal par-
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ticles (sintering or complete fusion); literature review evidenced that these three macro-

categories are defined in different ways. In this chapter the terms, Laser Sintering (LS -

SLS), Laser Melting (LM - SLM) and Laser Metal Deposition (LMD) will be used [11]; a

graphical representation of this classification is shown in Figure 1.2.

1.1.4 Laser Sintering - LS

The first laser-based AM for metals technology to be developed was Laser Sintering (LS).

This is a technique that involves the layer-by-layer deposition of powder raw material,

falling into the category of powder bed deposition processes. The manufacturing process

takes place by means of a laser source which melts the low melting elements of the binder

and causes powder sintering. Different types of laser sources are used as heat sources in LS

machines, for example the most common are fiber lasers, Nd:YAG and CO2 [17]. The laser

source type significantly affects physical phenomena that occur during powder sintering.

In case of AM processes for metals that use optical heat sources, such as lasers, the amount

of energy that actually reaches the powders is it is a key factor of the process; it must be

taken into consideration that the amount of energy that reaches the powder bed depends

on the absorptivity of the material at the wavelength of the laser source, therefore laser

source type plays a key role in AM for metals processes physics. Figure 1.3 shows the typ-

ical layout of SLS machines. The main components are the laser source, the mechanism

that contains and spreads powders in the form of thin layers, the device that monitors and

regulates the oxygen level in the production chamber, the powder preheating system and

the control unit.

Figure 1.3: Schematic illustration of SLS machines main components [18]
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Laser Sintering AM processes generally involve the following steps [17]:

1. A thin layer of powder is first deposited on the building platform, generally the first

layer is deposited under operator supervision, therefore the machine can handle

automatically following ones. The operator has also to take care of manual posi-

tioning and levelling of the building platform.

2. Depending on the type of material to be processed, the working chamber is filled

with an appropriate inert gas, to minimize the oxidation phenomena that occur

during the process.

3. Every layer is selectively scanned to achieve sintering by means of a laser heat source,

guided by a series of galvanic mirrors, according to the 3D model geometry.

4. The process proceeds layer-by layer, powder deposition and laser scanning are re-

peated until completion.

The scanning of the powder bed proceeds at such a speed that the exposure time of the

single particle is in the order of milliseconds. For this reason, the heat supply is very rapid

and therefore the only possible sintering mechanism is partial melting and subsequent

rapid solidification. Laser Sintering is suitable for consolidation of a great variety of mate-

rials: metals, polymers, metal-polymer and metal-ceramic mixtures [17]. In most cases, if

metal powders are used, it is essential to use a binder to obtain sintering. Furthermore, to

obtain a good sintering it is necessary to determine powders characteristics and optimal

process parameters [19]. Metallic materials used for LS processes are multi-component

mixtures, composed of three types of materials: metal powders with a high melting point,

used as structural component; metal powders with low melting point, used as binder; a

small amount of fluxing agents or deoxidizers. In some cases, binder material could be

a polymer, removed at the end of the process by heat treatment. The possibility of using

different kinds of materials and easily recycle non-sintered powders reducing to a mini-

mum the waste of material, are the main advantages of this type of technology. However,

the oxidative phenomena, the limits on dimensional accuracy and mechanical properties,

are critical disadvantages of this type of technique. Dimensional accuracy depends on the

average size of powder particles used as feedstock material. The oxidation can be elimi-

nated by reducing process chamber oxygen content through controlled inert gas flow in-

jection [17]. The LS process parameters must be chosen to provide enough energy to melt

the binder, while the structural part of the multi-component powders remains solid. The

sintering process success depends on particles wettability and on capillary forces that de-

termine the positioning of the solid particles inside the liquid bath during solidification

phase. An example of the result of the sintering of multi-component copper-based pow-

ders, made of pure copper and pre-alloyed SCuP, is reported in Figure 1.4.

Observing Figure 1.5, it is possible to distinguish the SCuP acting as binder, having a low

melting temperature, and the copper acting as structural metal, having higher melting
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Figure 1.4: Microstructure of Cu-based powder after LS [20]

temperature. A peculiarity of pre-alloyed powders is that they exhibit a mushy zone when

transition between solid and liquid state occurs. The LS process parameters are optimized

to reach mushy zone temperature, then sintering takes place exploiting the phenomena

that occur when solid and liquid phases coexist. Liquid flows, wetting solid particles

and grain boundaries, favouring solid particles distribution and densification. Figure 1.5

shows a Scanning Electron Microscope (SEM) image of HSS powders before and after the

LS process; it is possible to observe along grain boundaries a microstructure that confirms

the formation of the liquid phase during the LS process.

Figure 1.5: Microstructure of LS-processed HSS powders [21]

To achieve optimal sintering, the process parameters must be precisely controlled and op-

timized. However, this is very difficult as the process is very fast and can be significantly

influenced by small local changes in process conditions. For these reasons, it is not un-

common the occurrence of poor densification, uneven microstructure and low mechani-

cal properties; to reduce these problems, it is possible to perform furnace post-sintering,

using infiltrating elements with low melting temperature or Hot Isostatic Pressing (HIP)

treatment [11].
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1.1.5 Laser Metal Deposition - LMD

Laser Metal Deposition (LMD) technology shares the same manufacturing principles of

other additive technologies for metallic materials. Compared to the LS and LM processes,

however, there is a fundamental difference in the LMD technique, consisting on the differ-

ent powder-supply mechanism. In LS and LM processes, metal powders are spread over

the building platform before laser scanning, whereas LMD powder delivery system con-

sists of a nozzle coaxial to the laser heat source. Metal powders are conveyed through the

nozzle thanks to a gas delivery system that ensures a controlled flow of the gas-powder

mixture. The laser source is placed in the center of the nozzle and it is focused through a

system of lenses in order to facilitate material addition over the workpiece. A computer-

ized axis control system moves the laser head and coaxial nozzle assembly to produce the

geometry resulting from previous CAD modelling and slicing operations. The production

process proceeds layer by layer, up to the realization of the 3D component. Modern LMD

machines can integrate multi-axis control systems, multi-material powder supply systems

and in-process control systems. This type of technique is suitable for the production of

complex geometry components, overhauling of mechanical parts subjected to wear (e.g.

molds) and anti-corrosion anti-wear coatings deposition [22]. The main components of

LMD systems are visible in Figure 1.6.

Figure 1.6: Schematic illustration of LMD machines main components [22]

The core of the system is the nozzle coaxial to the laser source: an inert gas flows through

the nozzle ensuring powder delivery and at the same time guaranteeing protection against

oxidative phenomena. Inert gas flow is a fundamental parameter since it has to be set to

guarantee a sufficient flow of powder-gas mixture without disturbing the melt pool forma-

tion. The realization of the three-dimensional object takes place thanks to a computer-

ized six-axis movement system. Nozzle’s trajectories are defined by means of a Computer

Aided Manufacturing (CAM) tool for AM, starting from the CAD model. CAM software in-
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tegrating process simulation and collision detection help the designer avoiding unwanted

contacts between nozzle and solid sections of the model. Optical systems to set up work-

piece reference point have been developed to facilitate the production of small parts with

complex geometry. Knowledge of the physical phenomena occurring during the process

has allowed the development of closed-loop control systems that exploit high-speed sen-

sors to measure the conditions of the melt pool and optimize process parameters in real

time, in order to obtain optimal mechanical properties and geometrical accuracy [22]. In-

vestigation of physical phenomena affecting the melt pool is of fundamental importance

for LMD optimization. Metal powders, injected through the nozzle, are melted by means

of the laser source, causing the formation of the melt pool on the solid substrate; opti-

mizing and controlling the process parameters to obtain a constant melt pool geometry

combined with a small Heat Affected Zone (HAZ), helps to improve process performances.

Moreover, fine control of LMD process parameters allows to obtain materials character-

ized by different kinds of microstructures and thermo-mechanical properties. The effect

of the process parameters on the characteristics of the melt pool have been studied both

from the experimental and analytical point of view [23]–[28]. It is important to note that

LMD process involves a first heating cycle of the material, which leads to melting and

subsequent solidification, followed by re-heating cycles due to the layer-by-layer nature

of the process. The thermal history of each individual part of the component influences

the microstructure and determines the magnitude of residual thermal stresses that cause

permanent deformations and unwanted delamination. In-process temperature, inert gas

flow speed and melt pool geometry monitoring can provide useful data to understand

process physics, helping to create mathematical models to predict microstructure and

the resulting mechanical properties. The most common LMD alloys are those suitable

for aerospace and energy industry, where optimal thermal and mechanical performances

are required, namely titanium, stainless steel and nickel alloys. As previously mentioned,

LMD technology can be used to produce 3D objects but the potential of the technology

can also be exploited for repairs or for coatings deposition. Restoration of parts sub-

ject to wear is an application of great interest for aerospace and energy industries. LMD

technique is particularly suitable for compressor / turbine blades overhauling. Dimen-

sional accuracy and mechanical properties obtainable thanks to the control and position-

ing systems described previously, ensure the production of parts that could require only

marginal post-processing operations such as grinding or shot peening [29], [30]. LMD in-

dustrial application includes refurbishing of gas turbines, shafts worn contact surfaces,

seals or other parts that cannot be repaired using conventional welding techniques. The

possibility of depositing new layers of material above an existing substrate facilitates man-

ufacturing of wear and corrosion resistant coatings even on complex geometry objects. In

particular, this opportunity is very convenient for repairing die, molds and coatings of

mechanical parts in general. An advantage over LS and LM techniques consists in the ca-

pability of depositing different materials for every portion of the same part; this feature

can be exploited to create components with tailored mechanical and thermal properties,

optimized according to design constraints, in order to obtain the desired performances

[22].
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1.1.6 Laser Melting - LM

The desire of companies, research centers and engineers to produce components with

good mechanical characteristics, low porosity, without the need to perform time-consuming

post-treatments has led to the development of Laser Melting technology. This type of

technology satisfies the need to produce objects with characteristics similar or superior

to those obtainable with traditional manufacturing technologies. LM has many points in

common with LS, the main difference consists in the mechanism exploited to obtain the

solid part: LM is based on complete melting and solidification whilst LS on sintering. A

thin layer of metal powders is spread over the build platform, then the laser source selec-

tively scans the surface causing powder bed melting. The build platform is lowered by the

selected layer thickness and a new layer of powder is spread over. These steps are repeated

until the object is completed. The sequence of operations just described, justify the use

of Selective Laser Melting (SLM) as an alternative name to define this kind of AM process.

Laser’s trajectories depend mainly on the three-dimensional geometry of the object to be

produced and selected scanning strategy. Likewise to LS technology, the oxygen content

in the process chamber is controlled through the use of inert gas (generally Argon or Ni-

trogen) in order to avoid oxidation and use reactive materials without risk of fire or explo-

sion. The inert gas flow helps keeping the laser’s field of view clean, conveying the fumes

deriving from the melting process towards the filtering system. Therefore, it is important

that the inert gas flow inside the build chamber is uniform, in order to favour fumes re-

moval and improve overall process quality. Another important parameter is the powder

layer’s thickness. Using powders with low average particle size it is possible to reduce the

thickness of the layer, thus managing to better discretize the surfaces of the object to be

produced by reducing the staircase effect. At the same time, it is important to ensure that

the layer thickness is uniform throughout the process; to achieve this, various powder dis-

tribution and levelling systems have been developed. In particular, there are systems that

release a controlled quantity of powders through a tank placed at a higher level than the

construction platform, or systems where a volume similar to the building chamber is filled

with powders and the bottom height is adjusted to provide the right amount of feedstock

material. Powders are then evenly distributed thanks to a roller or wiper blade. Coat-

ing systems are designed to maximise powder flowability, minimizing shear stress on the

previous layer and reducing the formation of powder agglomerates [11], [31]. Figure 1.7

reports a scheme of LM machines main components. The development of LM technology,

involving the complete fusion of powders, has been made possible thanks to technolog-

ical development in the field of lasers and powder production. High-power lasers with

smaller spots, powders with low average particle size and more precise distribution sys-

tems to reduce layer thickness have been developed. Technological improvement in these

sectors has allowed to develop the LM technology to the point of obtaining materials with

excellent microstructural and mechanical properties. Parts with a density close to 99.9%

can be obtained without the need for post treatments (infiltration, post-sintering, HIP), a

big advantage over LS technology [11].
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Figure 1.7: Schematic illustration of LM machines main components [32]

Kruth et al. [33] examined microstructure, mechanical properties and geometric accu-

racy corresponding to different kinds of machines, using LS and LM processes. The study

highlights the different material’s characteristics that can be obtained through LS exploit-

ing Liquid Phase Sintering (LPS) compared to LM that relies on complete melting. In the

first case, the polymeric coating of powder grains, liquefied by the laser beam, acts as

a binder for structural stainless-steel grains; a post heat treatment is required to elimi-

nate the polymer and achieve sintering using a bronze-based infiltrant. In the second

case, near full density is reached thanks to powders complete melting. Figure 1.8 shows

two micrographs taken from cross sections of LS-processed (left side) and LM-processed

(right side) parts. Residual porosity can be identified as black spots. The light-coloured

zones in the sample of LS-processed part (left side) correspond to the bronze infiltrant

surrounding the dark stainless-steel (SS) particles.

Figure 1.8: Micrographs of cross sections of LS and LM processed Stainless Steel [33]

The analysis of the results obtainable in terms of microstructural homogeneity, densifica-

tion rate and surface smoothness of LM-processed parts under optimal processing con-

ditions underline a significant improvement upon those of LS-processed parts. A further

advantage of LM technology consists in the possibility of processing non-ferrous materi-

als such as titanium, aluminium and copper [5], [34], [35]. LS technology cannot handle



1.1 AM processes for metals 19

these materials since the supplied energy does not allow the formation of a sufficient liq-

uid phase, causing balling and incomplete sintering. On the other hand, the complete

fusion mechanism of LM takes place providing a higher amount of energy, facilitating

melt pool instability phenomena. For example, common types of problems related to in-

stability are the balling effect that causes the formation of spherical agglomerates near

the melt pool and the keyhole effect that causes the formation of porosity. Furthermore,

accumulation of thermal stresses due to rapid heating and subsequent cooling, leads to

permanent plastic deformation of the component with the risk of cracks and delamina-

tion [31]. For this reason, it is very important to optimize process parameters to reduce

porosity, thermal stress, improve surface finish, mechanical properties and ensure dimen-

sional accuracy.

1.1.7 LM materials and properties

The list of materials suitable for LM is very long, however the most used are steel, tita-

nium, nickel, aluminium and cobalt chrome alloys. These materials are suitable for pro-

cesses where heat is supplied through a laser source like LM and can satisfy the needs of

most industrial applications. The availability of ytterbium-doped fiber laser sources has

allowed the use of an increasing number of metal powders, thanks to the possibility of

using increasing energy densities in order to obtain an optimal LM process. The charac-

teristics of main alloys are summarized below:

• Steel alloys are particularly interesting because they guarantee high mechanical per-

formances and allow the use of structural optimization and porous structures to re-

duce mass and design high-performance components. The most used steel alloy

is the 316L austenitic stainless steel which has excellent mechanical properties and

corrosion resistance, making it suitable for a wide variety of applications since it can

replace materials obtained with traditional manufacturing technologies. The 316L

stainless steel, not being reactive, does not require the use of inert atmospheres for

its handling, but benefits from the reduction of the oxygen content in the process

chamber in order to reduce the oxidation phenomena at high temperature. Stud-

ies have been carried out to verify the printability of tool steel, in particular the

M2 and H13 alloys, obtaining results that confirm the processability with LM ma-

chines. Maraging steels are under investigation as they are particularly suitable to

produce mold inserts, often characterized by complex geometries that require many

hours of process design and production when manufactured with classic technolo-

gies. Recently, iron-based intermetallics are under investigation to obtain particu-

lar mechanical properties such as high microhardness, ductility and lightness. LM-

manufactured steel alloys have relative densities greater than 99% when process pa-

rameters are optimized. For some alloys the relative density is lower and is around

90%, the increase in porosity generally occurs when the alloy has a higher carbon
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content. Mechanical properties are comparable or superior to those of materials

obtained with traditional technologies, while ductility and fatigue life in general are

lower; this is due to the fine microstructure of LM-manufactured materials, possi-

ble generation of porosity and defects. The surface roughness of the components

obtained from steel alloy feedstock material is between 5 and 10 microns; there-

fore, to obtain lower surface roughness values further finishing operations are re-

quired. Steel alloys produced with LM technology are used to produce components

for the medical industry, lightweight components, tools and heat exchangers; be-

low are some examples. It is worth recalling that LM technology is costly, suggest-

ing its application when it is not possible to achieve the desired result with tradi-

tional technologies; for example, customized parts for the medical industry, com-

ponents with conformal cooling channels that maximize heat exchange, optimized

lightweight high performance structures or special tools. For medical applications

it is very important to be able to obtain a customized component based on the pa-

tient’s anatomy or tailor-made on the basis of surgical needs. This is possible with

LM technology since lead time is short, design freedom is high and parts are sub-

stantially ready for use. It is also possible to create porous structures to facilitate os-

seointegration or variable porosity to reduce stress shielding. Being able to realize

complex geometries and integrated cooling channels, it is easy to think of applica-

tions where it is important to maximize heat transfer; an application of great impact

consists in the production of cooled inserts for molds, that would help achieving

reduced cycle time and improved quality of the finished product. Morevover, man-

ufacturing of micro heat exchangers consisting of thin walls up to 0.1 mm is simpli-

fied by the design freedom typical of LM technology. Another interesting applica-

tion concerns the use of lattice / porous structures, to be used as structural or filler

materials for high-performance mechanical components. They consist of multiple

repetition of identical unit cells and can confer lightness and variable mechanical

properties; this type of structure cannot be produced with traditional technologies

because of the geometric complexity and the generally small size of the individual

features that compose them. They are also used in applications where it is neces-

sary to absorb impact energy or dampen vibrations. The ability to process tool steel

alloys makes it easy to create tools suitable for micro-milling characterized by very

high micro-hardness.

• Titanium alloys are well suited to meet the needs of those applications that re-

quire excellent mechanical properties and lightness. The most used titanium alloy

is the Ti6Al4V. Unlike steel alloys, titanium is very reactive and therefore, especially

when in powder form, it must be handled and printed under an inert Argon atmo-

sphere to avoid oxidation or danger for the operator. The relative density obtained

for LM-manufactured titanium alloys is very high being over 99.5%. Mechanical

properties are comparable to those measurable for non-AM parts. In the case of

titanium alloys, similarly to steel alloys, the main application sectors are medical

one, optimized lightweight structures and the aerospace industry. Titanium is bio-
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compatible and can therefore be used to create prostheses and dental implants; it

also has mechanical properties closer to those of bone than steel alloys and cobalt

chromium alloys, thus helping to reduce stress shielding. Likewise steel alloys, even

titanium alloys can be exploited to produce lattice / porous structures with tuneable

mechanical properties and variable density to maximize mechanical performances

and facilitate osseointegration. Surgical instruments and prosthesis can be made

of titanium, facilitating the work of surgeons and providing the opportunity to de-

velop new techniques and surgical tools. Given the lightness and excellent mechan-

ical properties of titanium, aerospace and military applications are also interesting;

for example, turbine vanes with integrated cooling channels or optimized brackets

for civil and military aeronautical applications. Titanium is exploited also in mo-

torsport environment to create prototypes and small series of parts optimized to

guarantee the best possible performance.

• For applications that require good mechanical performances at high temperature,

nickel-based alloys, such as Inconel 625, Inconel 718, Hastelloy and Nitinol are the

best choiche. The relative density obtainable is very high and for most alloys ex-

ceeds 99%. Mechanical properties are excellent as is the roughness that remains

below 10 microns. As already mentioned, Nickel alloys are particularly suitable for

applications where it is necessary to have good mechanical properties and corro-

sion resistance at high temperature. Furthermore, excellent fatigue and wear re-

sistance are achieved, while weldability is good allowing to weld AM and non-AM

parts. Aeronautical engines nickel-based components benefit from the use of the

LM process, since performance improvement is easier. For example, benefits can

be obtained for turbine blades, turbocharger rotors and turbulence generators used

in combustion chambers. As with previous alloys, it is possible to create lattice /

porous structures and integrated cooling channels.

• Aluminum alloys are used a lot where lightness is fundamental. The most com-

monly used aluminum alloy is the AlSi10Mg. Mechanical properties are good but

roughness can be high. They are more difficult to print compared to the materials

listed above and are easily subject to the formation of oxides if not properly stored

and processed in inert gas atmosphere. Applications include lightweight compo-

nents for automotive, aerospace and robotic industries.

• Cobalt chromium alloys (Co-Cr) are excellent for dental and biomedical applica-

tions where requirements in terms of biocompatibility, excellent mechanical per-

formance, hardness and resistance to wear have to be met. Excellent results have

been achieved in terms of process repeatability and dimensional accuracy, prompt-

ing an increasing number of companies to exploit LM machines for the production

of dental prostheses.

• There are also studies that analyze the workability of magnesium, tungsten, copper

and precious materials such as silver and gold. Magnesium powder is particularly
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reactive and therefore it is essential to guarantee the perfect inertization of the pro-

cess chamber. This makes the processing of this material more complex, preferring

aluminum alloys. Tungsten is a very hard and fragile material, therefore it is difficult

to obtain complex geometries with traditional techniques, for this reason being able

to work it with LM technology is a big advantage in terms of design freedom, costs

and lead time. However, poor workability associated with its high melting temper-

ature and poor wettability are known problems. The high density of this material

and the resistance to high temperatures favor its use in the aerospace and military

industry. Copper is a very interesting material for applications that require excel-

lent performance in terms of heat exchange, thanks to its high thermal conduc-

tivity; for example, inserts with integrated cooling channels and high performance

micro heat exchangers. The workability of copper alloys is not optimal when using

laser sources for heat supply as the absorption coefficient is low and therefore high

power is required to guarantee workability. Precious materials are used to manufac-

ture customized jewels characterized by complex geometries, without the need for

ad-hoc molds; for obvious reasons, process optimization and waste minimization

are desirable.

1.1.8 LM process parameters

LM processes optimization is a complex operation that requires the modification of a large

number of process parameters. Figure 1.9 shows the main parameters grouped according

to the type of system they have influence on. Process parameters can be divided into three

macro categories: laser system, powder-supply system and temperature control.

Process parameters acting on the laser system determine the amount of energy that reaches

the powder bed affecting geometrical, mechanical and microstructural properties. The

laser wavelength has an important effect on the process and depends on the type of laser

source. In fact materials absorptivity depends on the wavelength of the heat source, this

is evident by observing the graph of Figure 1.10 which shows the trend of the absorptivity

as a function of the wavelength for some metals.

Moreover, Table 1.2 shows some example of absorptivity for different kinds of metal pow-

ders at Nd:YAG and CO2 lasers operating wavelengths (1064 nm and 10.6 µm respectively).

Table 1.2: Absorptivity of metal powders at Nd:YAG and CO2 laser wavelengths [36]

Material Nd:YAG absorptivity [%] CO2 absorptivity [%]

Cu 59 26

Fe 64 45

Sn 66 23

Ti 77 59

Pb 79 -
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Figure 1.9: Summary of LM main process parameters

Figure 1.10: Absorptivity as a function of wavelength of various metals [36]

A high level of absorptivity is a desirable feature as it improves the efficiency and produc-

tivity of the process. LM of metal powders is more efficient with small wavelength laser

sources, since it is possible to exploit better absorptivity. The wavelength also influences

the minimum size of the spot due to optical diffraction limit, therefore the CO2 sources

are not suitable to produce small features where manufacturing resolution is a key factor.

The laser source is used to transfer a sufficient amount of energy to the powder bed to ob-
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tain sintering or melting. The amount of energy per unit area that reaches metal powders

must exceed a certain threshold, that depends on the material; for example, aluminium

and copper require a lot of energy because their reflectivity and thermal diffusivity are

high. Laser power, spot and scanning speed are very important because they are the main

factors that influence the amount of energy supplied to the powder bed. Yb-fiber lasers,

thanks to the small wavelength, allow to obtain small spots that correspond to higher en-

ergy density compared to CO2 lasers with same average power. High power lasers allow to

raise scan speed increasing productivity, nevertheless some upper limitations have to be

taken into account in order to avoid the decay of mechanical properties and geometrical

accuracy [36]. Power, laser spot and scanning speed have a significant effect on the size of

molten pool and HAZ and therefore on the thermal history of the entire component. Two

other parameters that affect the thermal history are the hatch spacing and the scanning

strategy, which respectively determine the overlap coefficient between individual tracks

scanned by the laser and strategy used to scan the layers. The simplest scanning strat-

egy involves the use of unidirectional single tracks scanned with constant hatch distance;

examples of other scanning strategies are visible in Figure 1.11.

Figure 1.11: Examples of LM scanning strategies [37]

The meander strategy is the most common one and involves the use of vectors scanned in

opposite directions with constant hatch distance, helping to reduce scanning time. The

disadvantage of this type of strategy consists in heat accumulation and increased residual

stresses in case of large area to be scanned. To reduce heat accumulation and associated

thermal deformations, the area to be scanned can be divided into smaller areas scanned

individually in random order with meander strategy. This approach is known as island

/ checkerboard strategy, since the layer is subdivided into small sub-areas similar to the

checkerboard squares. Another type of strategy subdivides the layer in contour area (hull)

and core area, using different parameters to obtain at the same time better surface finish

and mechanical properties [37]. Process parameters that pertain to the powder-supply

system are material properties such as flowability, absorptivity, melting temperature, par-

ticle shape and size and layer thickness. This last parameter is fundamental because it

affects the development of the melt pool and dimensional accuracy; in fact, too high layer

thicknesses prevents the formation of a uniform melt pool reducing the chances of obtain-

ing layer-to-layer welding without porosity, moreover it also causes a pronounced stair-

case effect which prevents curved surfaces of the object from being reproduced correctly

[4]. Build platform and raw powders chamber temperature control helps to reduce the

thermal gradient during the solidification phase, allowing to reduce thermal stresses / de-
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formations and delamination as well as improving the flowability of the powders, reducing

at the same time unwanted moisture absorption. Melt pool temperature and shape mon-

itoring is quite interesting for the development of quality control systems and for closed

loop control systems for real time optimization of process parameters [24]. The main LM

process parameters, described above, are summarized in Figure 1.12.

Figure 1.12: Image of LM main process parameter [38]

Using the quantities defined above, it is possible to define useful parameters to character-

ize the LM process [31]:

• Volumetric Energy Density (VED)

EV =
P

v ·h · t

[︃
J

mm3

]︃

(1.1)

where P is power [W], v is the scan speed [mm/s], h is the hatch spacing [mm] and

t is the layer thickness [mm].

• Linear input energy density

E I =
4 ·P

π · v · s2

[︃
J

mm3

]︃

(1.2)

where s is the spot diameter [mm].

• Surface energy density

ES =
P

v · s

[︃
J

mm2

]︃

(1.3)

• Linear Energy Density (LED)

ES =
P

v

[︃
J

mm

]︃

(1.4)
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Literature review analysis indicates that these parameters cannot describe the LM pro-

cess in a satisfactory manner [39], since they don’t take into account complex physical

phenomena that develop during the process; therefore, they can only be used as a start-

ing point to experimentally optimize process parameters.

1.1.9 Physical phenomena

The LM technology, as already specified before, involves the fusion and rapid solidifica-

tion of metal powders until the desired shape is obtained layer by layer. The following

paragraph will discuss the main physical phenomena concerning this type of AM process.

Some hints have already been presented in the paragraph on process parameters.

1.1.9.1 Laser-powder interaction and melt pool characteristics

The main physical phenomena arise from the interaction between laser source and pow-

ders. The wavelength of the laser has an important effect on the process. As already men-

tioned in the previous paragraph, laser sources used in LM machines changed over time

starting from the CO2 type borrowed from LS (λ ≈ 10.6 µm), passing to the Nd:YAG type

(λ ≈ 1.06 µm) up to the Yb:YAG fiber laser. This progress has made it possible to exploit

higher levels of absorptivity thanks to the reduction of the laser source wavelength, as well

as greater efficiency and lifetime. As stated before, parameters that have the most signif-

icant effect on the laser-powder interaction are power, scanning speed, hatch spacing,

layer thickness and absorptivity. These parameters determine the amount of energy that

reaches the powder bed, for heating up and melting. The minimum amount of energy

required for the LM process to occur depends on material properties. Failure to optimize

process parameters causes problems related to insufficient or excessive energy supply. If

the supplied energy is insufficient, for example due to too high layer thicknesses, high

scanning speeds or low power, the phenomenon of balling may occur, due to an insuffi-

cient wettability of the melt pool in contact with the solid material. On the contrary, with

high power, low scanning speed and layer thickness, the high amount of energy supplied

leads to evaporation phenomena and generation of the keyhole effect, which are also typ-

ical of welding. The lack of hatch spacing optimization favours the formation of regular

porosity between single tracks, partially fused together with inclusions of sintered or un-

melt material. To describe in detail physical phenomena resulting from the laser-powder

interaction, it is necessary to observe the molten pool formation phase. The energy that

reaches the powder bed produces a small melt-pool; its characteristics are summarised

below [31]:

• Temperature: melt pool maximum temperature is related to linear energy density;
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higher laser power means higher LED and temperature, whilst higher scan speed

means lower LED and temperature. Temperature gradient inside the melt pool is

higher for lower conductivity material; thermal gradient increases linearly with laser

power.

• Phase transition: with high laser power and low scan speed, energy density is higher

and solidification phase takes more time (liquid-solid phase transition), i.e. melt

pool lifetime is longer.

• Dimensions: the size of the melt pool tends to increase when the LED increases; the

effect is more marked on width and length rather than on depth. The increase in

scanning speed results in an increase in length and a reduction in width.

• Thermo-fluid dynamics: melt pool development is the result of multiple thermo-

fluid dynamic phenomena, in particular the Marangoni flow is the predominant

one. The Marangoni flow develops due to the surface tension gradient; the material

flow direction is a function of the gradient sign. When the gradient of the surface

tension is negative (
dγLV

dT < 0), the resulting melt pool is large but not deep, since the

flow is directed from the center to the outside. On the contrary, when the gradient

is positive (
dγLV

dT > 0), the melt pool is narrow and deep and the flow is directed

from the outside towards the inside. The effect of the surface tension gradient on

the Marangoni flow is visible in Figure 1.13.

Figure 1.13: Effect of surface tension gradient on Marangoni flow [40]

• Melt pool viscosity is another parameter that affects the flow; it tends to decrease as

the LED grows due to the increase in temperature. The viscosity must be low enough
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to favor adhesion on the previous layer, without exceeding to avoid the balling phe-

nomenon. The process parameter window that corresponds to the creation of a sta-

ble melt pool is narrow. Inside this window it is possible to find optimal parameters,

while outside there are phenomena of instability that cause the formation of irregu-

lar tracks with an increase in porosity and surface roughness. There are two types of

instability, the hydrodynamic one due to the Marangoni flow at high energy density

and the capillary one caused by poor wettability. Balling and spattering phenom-

ena are the result of melt pool instability. The balling phenomenon occurs when

the melt pool struggle to wet the underlying substrate due to the surface tension,

leading to spheroidization of the liquid; spheres of molten material detach from the

melt pool causing the formation of irregular tracks. This phenomenon occurs es-

pecially when an oxide film forms on the previous layer, significantly reducing wet-

tability, causing poor interlayer bonding that in combination with thermal stresses

could lead also to delamination. Having established that the oxidative phenomena

negatively affect the balling, it is appropriate to maintain oxygen levels lower than

0.1% in the process chamber [38]. When the balling occurs, porosity and surface

roughness increase; moreover, powders deposition is less uniform due to the spher-

ical agglomerates on the surface of the layer, this could lead to LM process failure

depending on balling magnitude (i.e. balls diameter). In addition to the insufficient

wettability, there are many triggers of balling: the instability of the melt pool caused

by the Marangoni flow, excessive melt pool surface temperature that causes melt

particles expulsion, excessive quantity of oxygen that causes oxidation and worsens

wettability [31]. The balling phenomenon arises from the interaction between solid

surface (S), liquid (L) and vapour (V) phases of the melt pool; Figure 1.14 shows the

melt pool section, contact angle θ between the tangent to the liquid and the solid

surface corresponds to the minimum of the total free energy of the system and its

value is given by the Young equation (σSV ,σSL and σLV surface free energies). In

three dimensions the melt pool can be depicted as a half cylinder, when the surface

of the melt pool exceeds that of a sphere of the same volume, then balling occurs.

Process parameters should be optimized in order to reduce as much as possible the

length to diameter ratio of the melt pool, since with values of l
d > 2.1 occurring

of balling is highly probable (transition from half cylinder to sphere). Remaining

balling can be reduced through an additional scan of the solid surface, this kind of

strategy is known as surface remelting [41].

Figure 1.14: Liquid on solid wetting and simplified 3D view of melt pool highlighting tran-

sition from half cylinder to sphere (balling) [41]
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• When process parameters are not optimized and supplied energy is high, overheat-

ing of the melt pool can occur; part of the metal evaporates from the melt pool

and the recoil pressure causes the expulsion of droplets of molten material and un-

melted particles. This type of phenomenon is called spattering. Figure 1.15 shows

an image that summarize physical phenomena occurring during LM. Examples of

typical defects in LM tracks are summarized in Figure 1.16.

Figure 1.15: Summary of physical phenomena occurring during LM [42]

Figure 1.16: Typical defects of LM process [43]
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When process parameters are optimized and therefore energy density used is in

the optimal range, melt pool extends to lower layers ensuring their bond. In these

conditions heat exchange takes place mainly by conduction through the material.

When process parameters determine an energy density that exceeds a certain thresh-

old, the transition from conduction to a thermal phenomenon called “keyhole-mode”

occurs. High energy density causes metal evaporation and plasma formation, this

involves possible development of cavities inside the melt pool that favours a more

in-depth transmission of energy compared to conduction only mode. When the

cavity formed by the plasma collapses, the vaporized material remains trapped form-

ing cavities that increase the porosity of the material. Metallographic sections of

Figure 1.17 show three examples of structure resulting from the execution of single

tracks in 316L stainless steel with process parameters that cause the keyhole phe-

nomenon [44].

Figure 1.17: Metallographic cross sections of 316L single tracks evidencing keyhole phe-

nomenon [44]

1.1.9.2 Powders particles size distribution and morphology

The size and shape of feedstock powders have an effect on the powder-laser interaction.

They affect energy absorption and thermal conductivity of powder bed and flowability.

Achieving a good powder deposition and a high packing density helps to obtain parts

with low porosity and surface roughness as well as reducing the accumulation of residual

stresses that cause undesired deformations and delamination. Achieving a high packing

density depends on the shape and size of the particles; a wide particle size distribution is

desirable so that smaller particles can fill the gaps left between the larger ones. Spheroidal

particles improve flowability, facilitating deposition of uniform layers with a high packing

density. Powders with a high percentage of non-spheroidal particles worsen the coating

and the packing density, facilitating the increase of porosity. Thermal conductivity of the

powder bed is closely related to the packing density; meaning that conductivity is higher

for high packing density. In the paragraph dedicated to process parameters, it was em-

phasized that the absorptance is a very important parameter for of LM process physics.

Absorptance is defined as the fraction of the energy flux incident on a surface that is ab-

sorbed by the surface. Like emissivity, absorptivity value is in the 0 < α < 1 range. This pa-
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rameter determines the efficiency of the process and constitutes a criterion to determine

whether a material is suitable for LM technology or not. Metal powders have a higher ab-

sorption coefficient than solid material, this can be explained by the fact that the laser

source is able to penetrate deeply exploiting the interstices between the dust particles

and the multiple reflections that occur because of laser-particles interaction. This effect

is more marked for highly reflective materials such as aluminium and copper. The use of

finer grain size powders permits to lower layer thickness, enhancing energy absorption,

requiring a lower amount of energy to obtain an optimal LM process [31], [38].

1.1.9.3 Thermo-mechanical phenomena and microstructure

Components made with LM technology have different mechanical and microstructural

properties than those of parts obtained with traditional manufacturing technologies. The

properties of materials obtained with LM are the result of their thermal history, character-

ized by rapid localized heating followed by equally rapid cooling, with a very high thermal

gradient. The result of the considerable temperature gradients are plastic deformations

due to the rapid expansion and subsequent shrinkage that occur during the thermal cycle

initiated by the laser source. Heat supply gives birth to the melt pool, temperature rise

causes expansion of the material followed by a rapid cooling phase which causes shrink-

age constrained by the cooler solid substrate. This translates into permanent plastic de-

formations whose magnitude depends on the thermal gradient that develops during the

cooling phase; plastic deformations are therefore higher for increasing energy density, due

to higher melt pool temperature [31], [38], [45]. Figure 1.18 shows plastic deformation and

residual stress development during heating/cooling cycle.

Figure 1.18: Residual thermal stresses and deformation due to thermal cycle [45]

Residual thermal stresses tend to add layer after layer during the production process,

causing an increasing plastic deformation that can generate the formation of cracks and

delamination. A simple method to estimate the magnitude of plastic deformations asso-

ciated with residual thermal stresses, consists in the measure of maximum deformation

of cantilever specimens after partial separation from the building platform, as shown in

Figure 1.19.
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Figure 1.19: Cantilever specimens for plastic deformation estimation (LAMA FVG TM)

Residual thermal stresses along the laser scanning direction are higher compared to those

along the perpendicular to scanned tracks. Taking into account this result, it is possible

to reduce residual stresses by adopting a scanning strategy that allows to decrease the

length of scanned tracks. This kind of strategy starts from the discretization of the layer

in smaller areas, scanned separately in random order by the laser source (island strat-

egy). To reduce the impact of thermal stresses on the geometry of the printed object,

it is possible to perform stress relieving heat treatments or use heated process chamber /

build platform. The heat generated during the process is dissipated mainly by conduction

through the solid part of the component and the build platform. This causes a directional

heat dissipation, associated with growth of columnar structures along the building direc-

tion; this phenomenon can be observed for many types of metal alloys suitable for the LM

process. The high thermal gradient facilitates the creation of a fine cellular metastable

microstructure, due to the high nucleation speed and reduced grain size growth; this in-

volves the generation of materials with lower ductility but with higher Ultimate Tensile

Strength (UTS) than those produced with traditional processes [31], [46]. Some micro-

graphs obtained with SEM highlighting the cellular microstructure of aluminium, cobalt

chrome and stainless steel produced with LM technology are visible in Figure 1.20.

Figure 1.20: SEM micrographs of LM manufactured part made of AlSi10Mg, CoCrMo and

SS 316L [46]
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1.1.9.4 Mechanical properties and common defects of LM manufactured parts

Mechanical properties of components made with LM technology are strongly influenced

by the thermo-mechanical phenomena typical of this category of additive processes. In

particular, they depend strongly on resulting microstructure, porosity magnitude and ther-

mal post-treatments. The possible presence of porosity, especially if the average pore

size exceeds a certain threshold, negatively affects mechanical properties and fatigue life,

causing the reduction of the effective cross-sectional area and facilitating the nucleation

and propagation of cracks. The positioning of the component in the building volume can

affect its mechanical properties; this is due to the variation of the relative orientation be-

tween the features of the piece and the building direction, for this reason in most cases the

parts produced with LM technology exhibit anisotropic behaviour. Generally, lower me-

chanical properties and ductility are to be expected when the load is directed along the

build direction, since adhesion between the individual layers can be partially compro-

mised by the presence interlayer defects such as porosity, inclusions and partially melted

particles [47]. This behaviour is confirmed observing stress-strain curves of tensile tests

of specimens manufactured parallelly (horizontal) and perpendicularly (vertical) to the

build direction (Figure 1.21).

Figure 1.21: Stress-strain curves of specimens built parallelly or perpendicularly to build

direction [48]

In general, given the particular microstructure, the yield strength and the UTS of materi-

als produced with LM are equivalent or higher compared to those manufactured with tra-

ditional technologies; the ductility is lower, although thermal treatments help to reduce

this shortcoming. Fatigue life is strongly influenced by the presence of defects and by

the magnitude of residual thermal stresses. Fatigue cracking points are generally located

in correspondence of porosity or inclusions near the surface of the component. The use

of appropriate process parameters allows to obtain considerable improvements in terms

of fatigue life through microstructure refinement and defects reduction [31]. Figure 1.22
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shows specimens designed to study the generation and propagation of cracks and high-

lights microstructure’s preferential grain orientation and morphology.

Figure 1.22: Crack growth, preferential grain orientation and morphology for different

build orientation and HIP treatment [49]

The anisotropic fatigue behaviour of many materials produced with LM is justified by the

different types of microstructure that are obtained depending on the build direction and

on the heat treatment; the figure above shows three different cases of grain orientation

and morphology. In case of crack propagation perpendicular to the build direction (X-axis

Figure 1.22) the spacing between grains is small, this makes crack growth more difficult

since the path along the grain boundaries is more tortuous. The material therefore has

better fatigue properties when stressed along Y-axis. In case of crack propagation parallel

to the growth direction (Y-axis), the grains are elongated along X-axis; the growth of the

crack along the grain boundaries is therefore facilitated since the path is not tortuous, this

is confirmed by the smooth fracture surface. In Figure 1.23 it is possible to observe fracture

surfaces in case of crack propagation parallel to the build direction (b) or perpendicular

(a) [49], [50].

Figure 1.23: Fracture surfaces for crack propagation parallel to the build direction (b) or

perpendicular (a) [50]

Mechanical properties analysis evidenced that the orientation of components with re-

spect to the build direction has a different effect depending on whether the load is fatigu-
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ing or static. Summarizing the results listed above, the specimens produced in the vertical

direction have better fatigue life than those manufactured horizontally; on the contrary,

in case of static loading the horizontal ones have better mechanical properties.

After analysing the effect of the microstructure on mechanical properties, it is useful to

evaluate the macroscopic effects due to typical defects of the LM process. The most com-

mon defects are porosity, inclusion of unmelted or partially melted particles and forma-

tion of cracks. Main macroscopic effects are density and effective cross-section reduction

and formation of crack initiation points.

The main macroscopic defects can be divided into the following categories [31]:

• Incomplete melting: unmelted or sintered powder particles are a common inter-

layer defect, caused by insufficient energy supply or excessive hatch spacing.

• Porosity: residual porosity can be caused by several factors. It may be the result of

evaporation of moisture absorbed by feedstock material or gaseous pores already

incapsulated inside powder particles; in this case resulting pores have spherical ge-

ometry. It can be produced by the keyhole phenomenon, caused by high energy

density process parameters, which generates a narrow and deep melt pool asso-

ciated with formation of gases resulting from the evaporation of the material that

remain trapped after melt pool collapse.

• Unstable melting process: Marangoni flow develops inside the melt pool, poten-

tially causing the detachment of spheroidal particles of molten material and sub-

sequent deposition on the solid surface of the layer. This phenomenon is common

when high energy density parameters are used and leads to the formation of irregu-

lar porosity. Residual porosity and therefore relative density are strongly dependent

on the energy density and on process parameters corresponding to a stable LM pro-

cess. For this reason, experimental campaigns for process parameters optimization

are widely adopted to improve LM process performances.

1.2 DfAM and structural optimization

Advanced additive technologies allowed the development of new AM machines and ma-

terials that satisfy the demand of reduced time-to-market and enhanced design freedom

to customize objects without significantly impacting on production costs. Over the years,

technology enhancement allowed to move from prototyping applications to production

of ready-to-use components. However, in some cases AM technologies are not the best

option. In fact, AM technologies, especially those for metallic materials, require the use

of expensive machinery; the hourly cost of the equipment and the relative slowness of
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additive processes compared to subtractive ones, in some cases lead to a sensible eco-

nomic disadvantage. It is therefore critical to understand how exploit advantages of AMT

to design high-performance high-quality innovative components and when it is actually

convenient to use them [51]. The set of design principles, rules and constraints useful

for the design of mechanical components optimized for AM is called Design for Additive

Manufacturing (DfAM). For designers it is crucial to understand how AM processes work;

therefore, keeping in mind advantages and disadvantages it is possible to consciously de-

sign and optimize the first prototype.

Standards providing a common knowledge base and terminology on additive technolo-

gies are being developed; for example, the ISO / ASTM 52910: 2018 standard lists require-

ments, guidelines and recommendations for AM product design. It can be used as a refer-

ence for AM product design, helping to define best practices in order to exploit advantages

and capabilities of AM processes [52].

Design for Additive Manufacturing helps to enhance product and process optimization in

order to obtain a performance and economic advantage, guaranteeing rapid product de-

velopment and efficient production of high-quality components. To obtain these results it

is required to simultaneously take into account design objectives and constraints, specific

for selected AMT and application. DfAM gives the designer concrete tools, such as guide-

lines and techniques, to adapt or design from scratch mechanical parts or systems, taking

into account advantages and constraints typical of the chosen AM technology. Guidelines

help dimensioning the individual features that make up the object under analysis (e.g.

holes, walls, undercuts, beams, relative inclinations between the parts). Moreover, they

facilitate to understand the effect of design choices on the production process and there-

fore on quality, time and costs; they also guide in choosing the most suitable material to

meet application’s requirements and to choose the most suitable CAD tool to facilitate and

speed up the design phase [53]. DfAM is similar to the more generic Design for Manufac-

turing and Assembly (DfMA), with some differences. There are many AM technologies and

the guidelines may change depending on the production process chosen; nevertheless, in

general constraints due to the need of ensuring coupling between multiple parts in as-

semblies are less important since it is possible to generate objects that integrate multiple

functions, minimizing the need for assemblies.

AM production lots are small and the average production time is longer than traditional

techniques; strategies to enhance product and process design must be adapted accord-

ingly. For example, lattice / porous structures with tuneable mechanical properties are a

new kind of instrument that in conjunction with Topology Optimization (TO) help gener-

ating high-performance designs consistent with the AM philosophy.

The main objective of DfAM-TO is to provide a set of tools and notions useful to guide

designers in the realization of ready-to-use parts, fully exploiting advantages and capa-

bilities of AM. The achievement of this result is essential to convince industrial players
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to invest and adopt AM technologies, managing to overcome the mistrust caused by the

limited availability of consistent technical and technological standards and guidelines.

1.2.1 DfAM: exploit the advantages of AM technologies

This paragraph briefly summarizes of AM technologies advantages that should be ex-

ploited to correctly apply DfAM. The first obvious advantage that must be exploited, is

the possibility of creating objects of complex geometry without introducing penalties in

terms of process design and manufacturing complexities; this is a huge advantage for me-

chanical designers, artisans and artists who want to improve existing designs or create

innovative objects that are difficult to achieve without AM. For example, jewellery indus-

try can produce unique and personalized products quickly and efficiently and interior de-

signers can produce prototypes and small series of innovative furnishings and accessories

by exploiting greater geometric freedom. Advantages are not limited to the aesthetic point

of view but extend to products performances enhancement. For example, optimized inte-

grated cooling channels can be designed to improve quality and performance of injection-

molding process [54], [55]. In the case of injection molding, conformal cooling channels

are designed to limit the distance between channels and the part to be cooled, making

heat exchange more uniform and efficient; this is possible thanks to the possibility of gen-

erating channels of complex geometry that follow the profile of the surface to be cooled.

Figure 1.24 shows the difference between a traditional cooling channel (cylindrical hole)

and a conformal one that follows the profile of the mold.

Figure 1.24: Sections of conventional (left) and conformal cooling channels (right) [56]

Industrial applications of this DfAM technique confirmed that temperature distribution

is more uniform, cycle time is reduced, quality improves and waste is reduced [57], [58].

An example of heat distribution obtainable with conformal cooling channels compared

with conventional ones is shown in Figure 1.25.

Another DfAM technique exploits topology optimization (TO) to generate high-performance

low-mass components, reducing material and energy waste taking full advantage of AM

potential. Topological Optimization is a particular type of finite element analysis which,

given a starting geometry, identifies the optimal distribution of the material that maxi-

mizes performance (weight, stiffness, dynamic response...), guaranteeing the function-

ality of the component respecting the constraints in terms of safety factor or maximum
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Figure 1.25: Comparison between conventional and conformal cooling channels heat dis-

tribution [12]

displacement. This type of analysis requires the definition of constraints, loads and of

the so-called design space, which is the volume subject to optimization. Hence, an op-

timization algorithm iteratively performs Finite Element Analysis (FEA), establishing the

optimal material distribution at each iteration, verifying at the same time constraints ful-

fillment. When the optimization criterion is satisfied, the algorithm shows the optimized

geometry. TO is very powerful and is already exploited by aerospace and automotive in-

dustry, where weight reduction is a fundamental requirement to maximize energy savings

and performances. Even biomedical industry uses TO to improve performances of pros-

theses and implants. Figure 1.26 shows two examples of TO: the first one on the left side

is an aerospace bracket, the second one on the right side is a bike stem. General workflow

when performing topology optimization consists of the following operations: definition

of design space, loads and constraints, run TO algorithm, reshape and save optimized ge-

ometry. Optimized geometry could be further modified manually, for example to improve

manufacturability, then prior to SLM protype printing final design should be tested using

FEA to check whether it is ready for production or not.

Figure 1.26: TO examples: aerospace bracket and bike stem (LAMA FVG TM)
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Being able to generate complex customized geometries based on the requirements of the

specific project, is a further advantage when developing a product to be made with AM.

Medical industry has fully exploited this advantage to create customized prostheses and

implants based on the patient’s anatomy; moreover, it has been used to improve surgical

planning and surgical efficiency. For example, in the field of maxillo-facial surgery it is

crucial to guarantee the correct positioning of the prosthesis and to minimize the biolog-

ical damage resulting from the surgery. For this reason, it is possible to 3D print surgical

guides designed on the basis of the patient’s anatomy, in order to help the surgeon to

identify the affected area, facilitating osteotomy procedure. An example of surgical guide

designed on the basis of Computerized Tomography (CT) scans is shown in Figure 1.27.

Figure 1.27: Example of “all-in-one” surgical-guide system [59]

The opportunity of using different types of materials and process parameters makes it

possible to obtain parts with tuneable thermo-mechanical properties that can vary within

the volume of the object itself. For example, it is possible to control porosity, microstruc-

ture and anisotropy modifying process parameters and build direction. The use of post

treatments such as HIP, heat treatments and surface finishes can improve mechanical

properties compared to the as-built material. Therefore, applying DfAM means choosing

the best combination of material type, process parameters and post-treatments to obtain

the expected result.

AM capabilities extend to the creation of textured surfaces with controlled porosity. One

of the most important applications of this technique is related to the realization of med-

ical implants that maximize osseointegration. The controlled porosity structure on the

surface of the prosthesis maximizes implant fixation and bone ingrowth. An example of

an acetabular hip prosthesis cup is shown in Figure 1.28.
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Figure 1.28: AM acetabular hip prosthesis: lattice structure enhances bone ingrowth [60]

A further possibility that can be used for DfAM, are three dimensional lattices, obtained

from the repetition of interconnected beams unit cells. This type of structure can be de-

signed to have specific mechanical, thermal and biological properties. The most common

application consists in the integration of these structures within the component to be op-

timized to obtain a high-stiffness lightweight design. Using these structures together with

topology optimization it is possible to create variable porosity structures with point by

point specific mechanical and thermal properties [61]. Uniform lattice structures, hav-

ing constant cell size and fill ratio, are the most common; however, there are no limits on

cell type and fill ratio of the individual unit cells of these structures. Figure 1.29 shows an

example of a lattice structure with variable fill ratio and density, obtained from TO.

Figure 1.29: Example of TO variable density lattice structure [62]

Controlled porosity structures, obtained from the repetition of unitary cells generated by

the superposition of thin walls, have similar characteristics and applications to those of

lattice ones. Lattice and porous structures are used to create light but rigid objects, to

increase vibration damping/isolation [63], [64] and to improve biocompatibility and os-

seointegration.

The additive nature of LM processes makes it possible to redesign a mechanical assembly,

significantly reducing the number of parts, since it is possible to build a pre-assembled

object or a completely new object that integrates all the functions of the original assem-

bly. Main advantages are assembly operations and associated costs reduction, poten-

tial increase of performance and weight reduction. The aviation industry has used this

method to reduce parts of some systems, cutting costs and improving reliability and per-

formances. For example, GE Aviation has successfully produced the LEAP engine fuel

nozzle, using LM-manufactured cobalt chrome (Figure 1.30).
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Figure 1.30: LM-manufactured LEAP engine fuel nozzle [65]

Compared to the original nozzle, the one redesigned for AM is a single piece that re-

places an assembly of 20 components, reducing cost and weight, eliminating joints and

improved performance. Aeronautical applications are countless; companies such as Air-

bus, Boeing, Lockheed Martin, Rolls-Royce, Pratt and Whitney, SAFRAN Group and NASA

have already developed multiple case studies and continue to invest in AM research, con-

firming that AM will have an important role in future aircraft manufacturing [65].

In addition to reducing assemblies’ parts, one-step fabrication of ready to use assemblies

with moving parts, like gears, joints and hinges, is feasible. Hence, appropriate guidelines

to establish mechanical tolerances necessary to ensure relative movement between AM

parts would be very important. A small clearance may prevent motion, on the other hand

a large clearance may cause vibration and instability of the mechanism. Some examples

of non-assembly joints are shown in Figure 1.31.

Figure 1.31: Examples of non-assembly joints [66]

Choice and optimization of the build direction is crucial, since clearance zones cannot be

supported in order to avoid mechanism blocking.
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A DfAM strategy that can be universally applied consists in the optimization of the part

geometry by removing all the excess material. This approach is very different from the one

applied for the production with Computer Numerical Control (CNC) milling machines,

where it is preferred to minimize cutting operations. By minimizing the overall mass of

the object, the AM production time, costs and material waste are considerably reduced.

An example of this optimization strategy is shown in Figure 1.32.

Figure 1.32: DfAM interior shelling of a tool [12]

1.2.2 DfAM: design and manufacturing constraints

The design freedom typical of AM technologies is remarkable but it is not unlimited. The

designer must take into account limitations associated with CAD modelling tools and

characteristics of the chosen AM process and material.

The creation of an accurate 3D model of the part to be produced is critical since AM pro-

duction processes are automated and human intervention is minimal. Information pro-

vided to the AM machine must be correct and complete. Commercial CAD software are

suitable for the design of components to be produced with traditional technologies, but

do not provide adequate tools for rapid and efficient modelling of complex AM geome-

tries. For example, generation and integration of porous or lattice structures is complex

with traditional CAD and even simple task like specifying tolerances for each type of fea-

ture is not easy. Development of specific tools for the creation of complex geometries and

for an efficient data exchange is necessary. A strategy used to facilitate modelling of com-

plex parts consists on acquiring a 3D model through a laser/structured light scanner, this

technique is quite useful when it is necessary to guarantee the coupling with pre-existing

objects or for medical applications. New file formats are being developed in order to ex-

change geometry data efficiently, including 3D models with lattice structures and variable

porosity materials [67].

The choice of the build direction is a relevant parameter that significantly affects the qual-

ity of the final result; DfAM guidelines specify the effect of this parameter on mechanical

properties and surface finish, helping the designer to choose the best compromise with-

out having to perform an expensive trial and error phase. The layer-by-layer addition of
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material typical of AM, causes the formation of a characteristic surface roughness at the

interface between the layers; this phenomenon is called staircase effect (Figure 1.33).

Figure 1.33: Staircase effect due to layer-by-layer material addition typical of AM [68]

In addition to increased surface roughness, defects formation that could affect fatigue life

of the component is more likely at the interface between the layers. Orientation choice

can help to obtain lower roughness functional surfaces, especially where post-finishing

operations are not feasible. Figure 1.34 shows that when the angle between the surface

and the build platform is lower, roughness increases, until the inclination is so low that

correct realization of the feature is impossible; in this case better positioning of the com-

ponent could be beneficial, if different positioning is not feasible support structures have

to be introduced.

Figure 1.34: Effect of feature positioning on manufacturability and surface roughness [69]

The critical overhang angle depends on many factors, in particular on the LM material

and equipment used. In general, surfaces that are inclined more than 45° with respect

to the build platform do not require supports. If this angle is lower than 45° the surface

roughness worsens rapidly. Inclined surfaces, not being supported by solid material, grow

directly on the powder bed; hence, the laser source penetrates the powder bed causing the

unwanted formation of agglomerates. This phenomenon does not happen using support

structures that help dissipate heat through the build platform.
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In order to obtain a better surface finish, for LM process it is possible to implement the

re-melting strategy, an example is shown in Figure 1.35.

Figure 1.35: Surface roughness enhancement with laser re-melting [70]

DfAM suggests to look for the orientation of the component that allows to reduce layer’s

section to limit thermal stresses accumulation; moreover it suggests to find the orienta-

tion of the part that allows to avoid sudden section’s variations, which could favour crack

formation. Generally, the result of this strategy implies component orientations that in-

crease the overall height and therefore the number of layers to be produced, increasing

production time and costs [12].

Support structures are fundamental to ensure the success of the LM process. They are

necessary to guarantee the correct adhesion between the component and the build plat-

form, allowing easy separation at the end of the process by cutting saw or Electrical Dis-

charge Machining (EDM). Furthermore, LM process involves the fusion and solidifica-

tion of the feedstock material; due to the high thermal gradient, material undergoes a

very rapid thermal cycle which determines strong residual thermal stresses. Due to ther-

mal stresses, permanent plastic deformation accumulates causing component distortion;

supports have to counteract the accumulated thermal stresses in order to avoid unwanted

distortion until the stress relieving heat treatment. Supports have to maintain the shape

of the component until the heat treatment, in addition to this pure mechanical func-

tion, supports act as a pathway for heat conduction in order to better dissipate the heat

towards the construction platform thus reducing the accumulation of thermal stresses.

DfAM guidelines suggest limiting supports use as much as possible, being waste mate-

rial to be removed at the end of the process and determining an increase of supported

surfaces roughness. This goal can be achieved by changing the orientation of the part

in order to reduce undercuts, maximizing the number of self-supporting features; more-

over, the designer have to take into account the need to effectively dissipate heat, espe-

cially near overhanging surfaces. Selecting type, dimensions and position of supports for

overhanging surfaces is the most critical support generation task; thermal conductivity is

considerably lower for metal powders compared to solid material, accentuating heat and

residual thermal stresses accumulation. Surfaces that are inclined beyond a certain angle

with respect to the build platform, called the overhang critical angle, must be supported.

Figure 1.36 shows the critical angle for unsupported overhanging surfaces and the defor-

mation caused by heat accumulation near the overhang surface.



1.2 DfAM and structural optimization 45

Figure 1.36: Warping effect due to unsupported overhang [71]

The choice of build direction and supports positioning significantly influence dimen-

sional accuracy, residual deformations and surface roughness of LM-manufactured com-

ponents. Therefore, it is necessary to recognize the best compromise that safeguards the

most important surfaces and features, trying to minimize post-processing. Best solution

is a trade-off between minimum build time, easily removable supports, good surface qual-

ity and reduced warpage [12]. At the same time, the designer must try to generate features

with shapes and sizes (e.g. holes size and shape, wall thickness, gaps) that do not require

the use of supports, while guaranteeing functionality; it is therefore essential to re-think

and re-design traditional geometric shapes commonly used to design non-AM parts. An

example of redesign for AM is shown in Figure 1.37, where cooling channels with different

cross sections are compared, highlighting those suitable for AM.

Figure 1.37: Evaluation of AM manufacturability for different cooling channel cross sec-

tions [12]

In the case of overhanging features parallel to the build platform, DfAM suggests adding

support structures in order to guarantee feasibility, better accuracy and surface finish.

In Figure 1.38a it is possible to observe rapid deterioration of the lower surface of the

overhang; when the overhanging length is greater than 0.5 mm, supporting structures
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are highly advisable. Another type of overhanging structure similar to the previous one,

is composed by a surface parallel to the build platform supported by two or more fixed

structures, generating a shape similar to a bridge. An example of this geometry is shown

in Figure 1.38b; overhanging surfaces longer than 2 mm have to be supported.

Figure 1.38: Unsupported overhangs (a) and bridges (b) benchmarks [12]

To reduce thermal stresses accumulation and stress concentration, DfAM recommends

removal of sudden cross section variations, replace sharp edges with fillets and avoid de-

signs with large masses of material.

Horizontal holes are a rather common feature, DfAM suggests using supports or modify-

ing the hole shape if the diameter is greater than 8 mm. Common hole shapes that can be

printed without the need for support material are elliptical, teardrop and diamond [12].

An example of LM-manufactured horizontal holes benchmark is shown in Figure 1.39.

Figure 1.39: LM-manufactured horizontal holes without supports benchmark [12]

DfAM guidelines help the designer positioning parts within the construction volume. A

valid strategy to improve parts quality is to orientate objects in order to avoid bulky fea-

tures, like long walls, positioned parallel to the coater blade; if during recoating the coater

blade meets a large obstacle, it is more likely a non-uniform powder distribution due to

blade impacts with surface defects or part warpage that may cause coater displacement

or damage. Rotating the part around the vertical Z axis, in some cases it is possible to

minimize the recoating force exerted on already solidified parts; this is quite useful deal-

ing with delicate features such as thin walls. Avoiding positioning parts lined up directly

behind each other helps to improve layer coating uniformity and to prevent defects prop-

agation due to coater damage. In general, parts should be positioned in order to allow

uniform and gradual layer recoating.
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The use of specifically designed benchmarks can help establish feature specific limits with

higher accuracy compared to those suggested by DfAM guidelines. Examples of bench-

marks for testing inclined surfaces quality, dimensional accuracy and manufacturability

of small features are visible in Figure 1.40.

Figure 1.40: Examples of benchmarks for sloping angles, accuracy and manufacturability

of small feature testing [34]

LM process offers a lot of advantages that could be exploited during design process, nev-

ertheless quality control is quite challenging. Presence of defects or unexpected porosities

have to be assessed; AM materials have different mechanical and microstructural proper-

ties compared to solid materials, for this reason specimens of as-built and heat threated

materials should be tested; appropriate non-destructive methods for measurement of

complex geometries, structures and internal channels have to be used [72].

1.2.3 DfAM for LM - applications

In previous paragraphs it has been specified several times that LM technology is slower

and more expensive than conventional manufacturing technologies. When it is necessary

to evaluate whether to use the LM technology to produce an object or not, it is necessary

to verify whether added value due to AM design freedom justifies higher manufacturing

costs. In this paragraph, some examples that demonstrate the usefulness of AM and DfAM

to promote the creation of innovative high added value objects will be presented.

The first example concerns a hydraulic manifold optimization [12]. The starting geometry

consists of a solid block in which holes have been drilled using a Numerical Control (NC)

machine; holes interconnection forms a system of channels through which the fluid can

flow (Figure 1.41).
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Figure 1.41: Hydraulic manifold external shape and integrated channels [12]

This item is designed to be manufactured with traditional machining processes; for this

reason, operations have been designed to reduce the amount of material to be removed

and to be feasible using standard tools. LM-manufacturing of massive geometries imply

very high costs, due to the high number of hours needed to complete the process. Fur-

thermore, as already specified in the paragraphs on DfAM, objects that include large full

cross-sections are not suitable for AM production, since these areas are affected by resid-

ual thermal stresses accumulation that causes permanent deformations. Moreover, full-

cross sections LM-manufacturing requires a lot of time that could be completely wasted if

those areas do not add value to the object. One of the most important rules of DfAM is try-

ing to avoid the production of large full cross-sections. Unlike traditional manufacturing

techniques, with AM it is better to minimise the amount of material needed to produce

the object, obtaining faster production and lower costs. To reduce printing costs, in addi-

tion to mass minimization by means of excess material removal, it is convenient to orient

the part to decrease the overall height along the build axis, reducing layer number and

therefore recoating time. This strategy has to be applied taking into account that the ori-

entation has an effect on mechanical properties, accuracy, surface finish and positioning

of supports; therefore, the optimal solution is a compromise that optimizes these aspects

according to the specific case.

Considering the hydraulic manifold, the first operation to optimise the geometry for AM

is excess material removal. Furthermore, it is necessary to modify the geometry in or-

der to reduce the need for supporting structures, determining the orientation that helps

to achieve this result while limiting the height along the build axis. Optimized geome-

try includes only the channels through which the fluid flows, removing the excess ma-

terial; moreover, holes made by drilling generate sharp-edged channels, whereas LM-

manufacturing allows to enhance fluid flow smoothing those areas with fillets. Part ori-

entation influences which surfaces need to be supported. Support optimization is a com-

promise between supported area minimization and total height reduction, preserving ac-

curacy and surface roughness of the most important features. If mass reduction is not a

priority, it is advisable to integrate support structures transforming them into permanent

features of the part, avoiding removal and post processing operations. The result of DfAM

multi-objective optimization of the hydraulic manifold is shown in Figure 1.42.
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Figure 1.42: Hydraulic manifold DfAM multi-objective optimization [12]

Optimized manifold AM production cost is one order of magnitude lower compared to

that of the solid block manifold; this result is due to machine time reduction, thanks to

the optimized geometry that significantly reduced the excess material. This case study

proved that DfAM is fundamental for successful AM components design.

Bicycles used by professional cyclists and enthusiasts are optimized to reduce mass and

help cyclists overcome steep slopes. The bike stem could be easily optimized and LM-

manufactured, since it fits nicely inside typical LM machines build volume. Obtaining

a new AM geometry mechanically equivalent to those obtained from pipe welding but

lighter can be an advantage for the aforementioned categories of users. Being a compo-

nent that can have a significant impact on safety, there are regulations that establish test

loads (ISO 4210-5:2014) and maximum deformations allowed (ISO 4210-2:2015).

The first step consists in the generation of the starting geometry; two separate domains

must be defined, the first one composed by all the parts that have to be optimized (de-

sign space) and the second one by all the regions that should remain unchanged (usu-

ally where constraints and loads are applied). The design space could be modelled as a

uniform full volume that defines the maximum footprint; this choice provides maximum

freedom, leaving to TO algorithm the task of calculating optimal material distribution. In

the case of the bicycle stem, design space is designed with the aforementioned approach;

box-shaped starting geometry is shown in Figure 1.43, where brown parallelepiped rep-

resents the design volume and grey cylinders the connection sleeves between stem and

handlebar/fork.
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Figure 1.43: Bike stem starting geometry and design space definition (LAMA FVG TM)

The second step of DfAM / TO consists in the definition of material properties (titanium

alloy - Ti6Al4V) and definition of constraints and loads. As mentioned before, the ISO

4210-5:2014 standard defines test conditions for bicycle steering components; two dif-

ferent testing conditions have to be analysed: the first one involves an eccentric load

which generates a flexion / torsion load (Figure 1.44a) and the second an inclined load

(Figure 1.44b).

Figure 1.44: Bike stem testing conditions - ISO 4210-5:2014

The optimization problem is therefore completely defined; therefore, it is possible to pro-

ceed with TO in order to minimize mass with appropriate safety factor and displacements

constraints. The resulting geometry is shown in Figure 1.45.

Using modelling tools integrated in the TO and CAD software, the optimized design is

converted into a manufacturable product by wrapping obtained geometry with NURBS.

Connecting sleeves have been modified to facilitate assembly and DfAM guidelines have

been applied to remove excess material and minimize the need for supports (shape and

size of holes, overhang angle of inclined surfaces). SLM-manufactured titanium alloy op-

timized bike stem is shown in Figure 1.46.
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Figure 1.45: Bike stem TO result (LAMA FVG TM)

Figure 1.46: SLM-manufactured titanium alloy optimized bike stem (LAMA FVG TM)

1.3 State of the art on lattice and porous structures

In previous paragraphs AM techniques for metals have been analyzed. This category of

production processes is particularly suitable for the production of mechanical compo-

nents characterized by complex geometries that can guarantee high thermo-mechanical

performance. In this paragraph lattice/porous structures are analyzed; these structures
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are a very useful tool as they offer the chance of developing innovative functions and bet-

ter thermo-mechanical properties, enhancing design freedom with respect to what could

be done with solid materials. It is possible to obtain lightweight structures with high spe-

cific strength, improve vibration damping and heat exchange, enhance bio-compatibility

for medical applications. Furthermore, the geometric complexity of these structures makes

them particularly suitable for being produced with AM technologies.

Available scientific literature suggest the need to deepen the study on porous/lattice struc-

tures mechanical properties in order to characterize their static/dynamic behavior and

evaluate their applicability for the production of lightweight, high-performance compo-

nents. In light of this, the investigation of these structures is the subject of this thesis and

is deepened in the following chapters.

Porous / lattice structures are formed by the ordered or stochastic repetition of unit cells;

depending on the geometry of these cells the resulting porosity can be open or closed.

Mechanical properties of porous / lattice structures are influenced by a large number of

parameters; the main ones are unit cell shape, relative porosity, geometric parameters

such as strut diameter, wall thickness and cell size and finally AM process and the mate-

rial chosen. The choice of unit cell’s type and geometric properties allows the designer

to create structures with tailored variable properties according to the specific case needs.

Lattice structures are particularly interesting since depending on their topology they ex-

hibit bending-dominated or stretch-dominated under load behaviour. These structures

are therefore suitable to be optimized to obtain the desired mechanical behaviour, point

by point; for example, porous / lattice structures with high specific mechanical strength

and good damping properties could be designed to fulfil requirements of specific applica-

tions. Lattice structures are easier to exploit than foams, as it is possible generate porous

materials with tuneable mechanical properties. In previous paragraphs it was specified

that lattice structures are very useful to obtain lightweight high-performance designs and

to implement new functionalities and thermo-mechanical properties, not achievable with

traditional manufacturing technologies. LM technology is the best choice for the produc-

tion of lattice / porous structure, since its complex geometry, composed by the repeti-

tion of unit cells, is not a drawback. However, manufacturing constraints linked to LM

process limitations must be respected. Moreover, it is necessary to assess their mechani-

cal and fatigue properties, in order to provide designers valuable information to develop

high-performance innovative products. In this paragraph hints on manufacturability con-

straints for lattices, in terms of feature dimensions and inclination, are given. Further-

more, an insight on testing methodology to assess lattices mechanical properties and their

results is given.
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1.3.1 Lattices and porous structures geometries

Mechanical properties of lattices are very important for designers trying to exploit them

as high performance structural or filler materials. Cell topology, its characteristic dimen-

sions, relative density (ratio between lattice density and solid material density ρ/ρs ) and

solid material properties, significantly influence the overall mechanical properties of the

porous material.

Cellular structures, like foams and lattices, can be classified according to their mechanical

behaviour. In particular, it is possible to identify two different types of cellular structures

species: the first, typical of foams and some types of lattices, is bending dominated while

the second, typical of triangulated lattice structures, is stretch dominated [73], [74].

Figure 1.47 shows the compressive stress-strain curve of a bending dominated cell. Ex-

ternal stress causes bending deformation of the structure. The material exhibits a linear

elastic behaviour until the elastic limit is reached, afterwards the cell yields (Figure 1.48 a),

buckles (Figure 1.48 b) or fractures (Figure 1.48 c). The cell deformation continues at al-

most constant stress, until the opposite faces of the cell come into contact causing a rapid

stress increase.

Figure 1.47: Stress-strain curve for bending dominated cellular structures [73]

The stress-strain curve for stretch dominated cellular structures is shown in Figure 1.49.

External loading causes tensile or compressive stress on the members that make up the

structure. Initially the material exhibits a linear elastic behaviour, hence the elastic limit is

reached when one or more structure’s elements yield plastically, buckle, or fracture. After

initial yielding plastic buckling or brittle collapse occurs, this leads to post-yield softening.

Similar to bending dominated cells, when the opposite faces of the cell come into contact

there is a sudden stress increase.
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Figure 1.48: Bending dominated cellular structures collapse. (a) plastic (b) elastomeric (c)

brittle [74]

Figure 1.49: Stress Stress-strain curve for stretch dominated cellular structures [73]

Stretch dominated structures stiffness and initial collapse strength are higher compared to

those of bending dominated structures with the same relative density. Therefore, stretch

dominated structures are the best choice for lightweight structural applications. Bend-

ing dominated structures are useful for applications that require good energy absorption

properties, having a stress-strain curve characterized by a long flat plateau [73], [74].

A parameter that can give information on the under-load mechanical behaviour of lattices

having different topologies, is the Maxwell number (M); it relates the degrees of freedom

of the unit cell with the expected mechanical behaviour. This parameter, defined as in

Equation 1.5 for 3D lattices, is a function of the number of beams (s) and of connection

nodes (n) of the lattice [75].

M = s −3n +6 (1.5)
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If M < 0 the lattice is under-stiff and has a bending dominated behaviour, with higher com-

pliance and lower strength. If M = 0 the lattice is just-stiff (static equilibrium) and loads

acting on individual struts can be calculated analytically through equilibrium equations.

The under-load behaviour is stretch dominated. If M> 0 the lattice is over-stiff, since it is

made up of a large number of struts. Under-load behaviour is stretch-dominated, com-

pliance is low and strength is high. Some examples of lattice structures with different

topologies 1 and the corresponding Maxwell numbers are shown in Figure 1.50.

Figure 1.50: Examples of lattices topologies and corresponding Maxwell number [76]

The Maxwell number can help to identify the under-load behaviour of lattice structures;

however, it is not sufficient since depending on the topology and loading direction, unit

cell stiffness and load capacity change significantly. For example, some of the structures

in Figure 1.50 with struts oriented along the Z axis, despite having a negative Maxwell

number, are particularly rigid and resistant if loaded along the Z axis.

1.3.2 Manufacturing constraints and mechanical properties

There are numerous studies that investigate LM-manufacturability and mechanical prop-

erties of lattice structures having different topologies and geometric dimensions. Most in-

teresting materials, from an engineering point of view, used to produce LM-manufactured

lattices are titanium, aluminium, stainless steel and nickel alloys. Leary et al. [77] stud-

ied SLM manufacturability and mechanical properties of Inconel 625 lattice structures.

To assess manufacturing constraints, a full factorial DoE was devised in order to analyse

the effect of inclination and circular cross-section strut diameter (two factors, ten levels).

Figure 1.51 shows results obtained: red indicates that production is not possible, yellow

the presence of defects and green a satisfactory LM process. The 0.1 mm diameter struts

were not produced due to SLM equipment limitations and horizontal structures produc-

tion (α=0°) fails catastrophically. For low inclination angles the downward facing surface

has higher roughness than the upward one.

1BCC: Body Centered Cubic, FCC: Face Centered Cubic, BCCZ: Body Centered Cubic with Z struts, FCCZ:

Face Centered Cubic with Z struts, FBCCZ: Face and Body Centered Cubic with Z struts, FBCCXYZ: Face and

Body Centered Cubic with XYZ struts.
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Figure 1.51: Inconel 625 cantilever lattice struts manufacturability [77]

The study proceeds with the production of full-scale lattice specimens with different topolo-

gies (BCC-BCCZ-FCC-FCCZ). Struts diameter chosen is equal to 0.3 mm, as it guarantees

SLM manufacturability. Specimens relative density is higher compared to that of CAD

models; this is due to undesired adhesion of powder agglomerates near the melt pool,

especially in proximity of overhanging surfaces and struts intersections. For the same

reason, inclined struts diameter is greater than that of struts oriented along the build di-

rection. To assess mechanical properties and failure modes, specimens were subjected

to quasi-static uniaxial compression tests. In general, Inconel 625 lattice structures have

high ductility, proving to be excellent as energy-absorbing structures. Specimens incor-

porating FCC structures have higher compressive modulus and strength than BCC ones.

The addition of struts along the build direction (Z axis) tends to enhance stiffness and me-

chanical strength, especially if the load is applied along Z axis; moreover, energy absorp-

tion capacity increases and is higher for FCCZ and BCCZ. BCC and FCC structures exhibit

bending dominated behaviour, while BCCZ and FCCZ stretch dominated. Through the

acquisition of high-resolution images during the compression test, qualitative data on

failure mode and mechanical behaviour of the different topologies have been collected.

All the lattices analysed show a linear behaviour for deformations up to 2%, then the BCCZ

and FCCZ lattices show localized catastrophic collapses followed by densification while

the BCC and FCC deformation behaviour is mostly homogeneous. These results confirm

bending dominated behaviour of the BCC and FCC topologies and stretch dominated of

BCCZ and FCCZ. However, this behaviour can change; in fact it has been observed the

transition from bending dominated to stretch dominated behaviour when cell size ex-

ceeds a certain threshold. The stress-strain curves obtained from the uniaxial compres-

sion test of 2 mm and 4 mm unit cells lattices are shown in Figure 1.52.

Authors compared experimental results with FEA, finding that the latter is suitable for lat-

tice structures behaviour prediction. The choice of the unit cell topology is therefore a

key parameter to determine whether to favour compliance or mechanical resistance. To

further finely tune the mechanical behaviour, it is possible to alter the cell size. Promising
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Figure 1.52: Uniaxial compression stress-strain responses of Inconel 625 specimens [77]

results obtained and poor manufacturability of Inconel by means of traditional technolo-

gies, suggest the opportunity to use AM to produce high added value products such as

those integrating lattice structures.

Mazur et al. [76] performed a study similar to the previous one investigating manufactur-

ing constraints and mechanical properties of LM-manufactured Ti6Al4V and AlSi12Mg

lattice structures. As already mentioned before, LM process limitations constrain the

range of feasible geometries. In the case of lattice structures, it is necessary to avoid using

supports, as removal would be very complex or impossible. Therefore, to ensure manufac-

turability without the use of supports, unit cell’s struts inclination should be limited in or-

der to comply with the critical overhang angle limitation; moreover, the minimum diame-

ter of circular cross-section struts depends on the specific LM equipment minimum man-

ufacturable feature size. Authors studied manufacturing limits of Ti6Al4V and AlSi12Mg

lattice structures through a full-factorial Design of Experiments (DoE); the effect of struts

inclination angle and diameter on manufacturability of cantilever struts specimens was

evaluated, obtaining results shown in Figure 1.53. The table illustrates manufacturability

of inclined struts: green indicates geometric parameters for which the final quality of the

part is excellent, yellow indicates that the struts have defects such as low surface finish but

are still functional, while red indicates the structure collapse. Strut diameter has little or

no influence on manufacturability of overhanging struts, except for very small diameters

that cannot be reproduced due to SLM machine’s limitations.

Figure 1.53: Ti6Al4V and AlSi12Mg cantilever lattice struts manufacturability [76]
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Analysing Figure 1.53 it is possible to conclude that all the topologies shown in Figure 1.50,

excluding the FBCCXYZ which contains horizontal struts, could be LM-manufactured.

However, if the horizontal struts are supported on both sides forming a “bridge” manufac-

turability is good as long as the undercut distance is below a certain threshold, as shown

in previous paragraphs on DfAM. The study carries out an additional DoE to evaluate the

effect of struts diameter and distance between supports on the manufacturability of hor-

izontal struts, demonstrating their producibility when the overhanging distance does not

exceed 4-5 mm. SEM images confirm dimensional accuracy and the surface roughness

worsening for overhanging features. The work continues with the analysis of mechani-

cal properties of Ti6Al4V and AlSi12Mg lattice specimens: Ti6Al4V specimens with BCC,

FCCZ, FBCCZ, FBCCZ and FBCCXYZ configurations, cell dimensions equal to 2 and 3 mm

and struts diameter equal to 0.3 mm; AlSi12Mg specimens with BCC, BCCZ, FCC, FCCZ

and FBCCZ topologies, cubic cell size equal to 7.5 mm and strut diameter equal to 1 mm.

DoE on Ti6Al4V includes 3D printing of multiple series of Ti6Al4V cubic-shaped speci-

mens with increasing number of cells (33, 53, 73, 103). To check the coherence between

as-built Ti6Al4V specimens and CAD geometries, the nominal relative density obtained

from the 3D model and the actual relative density of the specimens were compared; re-

sults showed that specimens relative density is 20-30% greater than the nominal one. This

last result confirms the effect of undesired adhesion of partially melted powders, con-

centrated near overhangs and nodes, on specimens geometry. AlSi12Mg specimens were

analysed using CT and an optical microscope, highlighting an increase of downward fac-

ing overhanging surfaces roughness and of geometrical defects at the nodes (Figure 1.54).

Figure 1.54: AlSi12Mg BCC unit cell CT and optical microscopy of vertical and inclined

struts [76]

Then the specimens were tested with a quasi-static uniaxial compression test to assess

their mechanical behaviour. Stress - strain chart for AlSi12Mg specimens is shown in Fig-

ure 1.55.
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Figure 1.55: Stress-strain chart of AlSi12Mg lattice structures [76]

Images were acquired during compression tests to observe the deformation response and

failure modes. Failure modes and fracture surfaces were analysed in detail with SEM im-

ages. Experimental data were compared with FEA of CT data, helping to understand de-

formation and fracture mechanisms and mechanical properties. Main results are listed

below [76]:

• Data obtained from quasi-static uniaxial compression tests evidenced that Young’s

modulus is always lower than the compression modulus at 1% and 2% strain. This

behavior, different from that of solid materials, is due to local plasticization and is

important because it helps to avoid underestimating lattice stiffness.

• BCC specimens have the lowest compression modulus due to their under-stiff topol-

ogy and bending-dominated behavior. The highest compression moduli are those

of the FBCCXYZ (titanium) and FBCCZ (aluminum). The FCCZ specimens have

the highest specific strenght and modulus, although they have lower absolute val-

ues than the FBCCZs. This means that the FCCZ topology guarantees better per-

formance for compressive loading when aiming at maximization of strength and

stiffness-to-weight ratios.

• BCC specimens have the lowest values of absolute and specific strenght. The unit

cell topologies that have the highest strenght values are the FBCCXYZ and FCCZ for

titanium specimens whereas FBCCZ and FCCZ for aluminum ones.

• The analysis of SEM images toghether with those recorded during the compres-

sion tests, allowed to verify that failure modes occurred through bending of inclined

struts and buckling of the vertical ones, followed by strut failure and cell collapse;



60

AM FOR METALS AND ADVANCED DESIGN AND MANUFACTURING OF MECHANICAL

COMPONENTS

the phenomenon develops across diagonal shear bands. Under-stiff topologies,

with low Maxwell number and without struts along the Z axis, such as the BCC and

FCC, have demonstrated their ability to withstand large deformations before failure;

these topologies are appropriated if it is necessary to guarantee high compliance.

In the case of high stiffness topologies, like FBCCZ and FBCCXYZ, failure occurs by

horizontal layer crushing, making them suitable as energy-absorbing structures.

• The Maxwell number is not sufficient to forecast whether a given lattice topology

has bending-dominated or stretch-dominated behaviour. The analysis of uniaxial

compression tests data of FCCZ and FBCCZ lattices evidenced a stretch-dominated

behavior, unlike Maxwell criterion prediction. Therefore, the Maxwell criterion is

not able to take into account the effect of the loading direction on cell stiffness.

Similar studies have been carried out to assess manufacturability and mechanical be-

haviour of lattice structures produced with LM technology using different materials (e.g.

aluminium [78], [79], titanium [76], [80]–[82], stainless steel [83]–[85], cobalt chrome al-

loys [86]).

1.3.3 Dynamic behaviour of lattice structures

Lattice structures allow the production of controlled porosity materials, which can be

used to design structures with point-by-point tailored mechanical properties. In the pre-

vious paragraphs some methodologies for lattices mechanical behaviour assessment and

the results related to the analysis of Titanium, Aluminium and Inconel alloy lattices were

analysed. A fair number of works analysing static and fatigue behaviour of LM-manufactured

lattices with different topologies were already published. However, to date, there are not

many publications investigating the damping behaviour of such structures, although find-

ing a way to enhance damping is desirable for a large number of industrial applications.

It has already been observed that AM technologies are particularly suitable for high per-

formance lightweight structures manufacturing, like those obtained exploiting topology

optimization; however, excess material removal and geometries containing slender fea-

tures can reduce the intrinsic damping properties of the structure. The integration of

lattice structures with good damping properties can therefore help to improve dynamic

response of mechanical components, especially when dealing with lightweight TO struc-

tures.

Rosa et al. [64] studied the damping properties of 316L stainless steel specimens integrat-

ing lattice structures to asses if it is possible to exploit them as high-damping filler materi-

als for mechanical components, when required by the specific application. The topology

of the lattice unit cell chosen by the authors is the BCC, this choice is justified by its high

structural performance and uniform under-load mechanical behaviour; moreover, BCC



1.3 State of the art on lattice and porous structures 61

topology eased design and testing of specimens to be analysed by means of a traditional

universal testing machine, normally used for full cross-section specimens testing. CAD

model of the rectangular cross-section specimen integrating six layers of BCC unit cells,

with 4 mm sides and 1 mm circular cross-section struts diameter, is shown in Figure 1.56.

Figure 1.56: CAD model of 316L specimen integrating BCC lattice [64]

Prior to the experimental phase, the authors performed a finite element analysis in or-

der to design specimens compatible with the universal testing machine and strain gauges

limits. The FE analysis of the resulting geometry, allowed an in-detail observation of spec-

imen’s qualitative mechanical behaviour, helping to understand experimental results. In

particular, FEA helped to avoid specimen’s failure and to identify maximum stress and

strain areas. Analysing result it was assessed that yielding begins in struts oriented along

the loading direction in proximity of nodes. The elasto-plastic model chosen does not

take into account the ratchetting phenomenon; hence, the yield occurs only during the

first load cycle, then the behaviour is purely elastic without accumulation of plastic defor-

mation. The chosen cyclic load amplitude has been selected to obtain high elasto-plastic

deformations, responsible of energy dissipation and damping, avoiding specimen’s fail-

ure. 316L stainless steel samples were manufactured by means of a SLM machine. Sur-

face and microstructural analysis were performed by SEM. Surface roughness is high and

powder adhesion is visible near overhanging surfaces. Microstructural analysis evidenced

typical characteristics of SLM-manufactured materials; defects such as internal porosity

and cracks at struts intersections have been noted.

Tests to measure the damping characteristics of the BCC lattice were carried out by con-

trolling applied force and measuring the elongation with extensimeter (Figure 1.57).

Measurements were performed on lattice and full cross-section (reference) specimens, to

assess the effect on damping properties. The damping effect due to internal friction was

calculated in terms of delay between stress and deformation (tanδ), applying loads of dif-

ferent amplitude and frequency. Observing hysteretic BCC specimens stress-strain curve

in Figure 1.58a, it is clear that energy is dissipated during loading cycles. Moreover, as

shown in Figure 1.58b, the damping capacity of BCC specimens is higher than the refer-

ence one.
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Figure 1.57: BCC lattice dynamic test experimental setup [64]

Figure 1.58: Stress-Strain cycles at 10Hz (a), damping capacity as a function of stress (b)

[64]

Authors hypothesize that this behaviour may be due to amplitude dependent internal fric-

tion phenomena and micro-plasticization phenomena. Defects such as adhesions of par-

tially melted powders and cracks could improve damping properties, worsening fatigue

resistance.

Ramadani et al. [87] studied the damping effect of lattice structures through development

and analysis of an optimized gear mechanism. The effect of gear body shape on vibrations

induced by gear meshing was analysed. Gears are fundamental components in many me-

chanical systems, therefore methods to reduce vibrations and noise emitted during op-

eration are worth to be investigated, especially for high-end industrial applications. Vi-

brations are caused by teeth interaction, wear, defects, torque and speed variations. The

goal was to design a light-weight gear that generates a low amount of vibrations during
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operation and fulfils strength and stiffness requirements. To achieve this objective, the

authors choose to exploit a lattice structure as filler material. Design and optimization

of lattice’s topology and geometry have been performed by FEA and TO; topology opti-

mization was set to obtain a cellular lattice structure made by cube diagonal and plane

diagonal unit cells. The optimized geometry is lighter compared to the unoptimized gear,

moreover mechanical requirements in terms of stiffness and strength are fulfilled, ensur-

ing low stress levels within the cellular lattice structure. The final result was produced in

Ti6Al4V with SLM technology (Figure 1.59).

Figure 1.59: SLM-manufactured Ti6Al4V gear with TO cellular lattice infill [87]

A customized test rig has been developed to perform vibration measurements. The mea-

surements were performed for three different gear pairs; the signal acquired from an ac-

celerometer was sent to a data acquisition system and to a computer for data analysis.

Tests were performed on a non-optimized gear and on the gear integrating the optimized

cellular lattice structure; furthermore, a test was performed filling the porosity of the op-

timized lattice with a polymer, trying to further increase the damping effect.

To characterize the dynamic behaviour of the different types of gears, raw data of acceler-

ations in the time domain were transformed into the frequency domain, using the Fourier

Transform. The computer implementation is performed through the Discrete Fourier

Transform (DFT), which is calculated with Fast Fourier Transform (FFT) that is compu-

tationally more efficient [88].

Resonance peaks are clearly visible observing the frequency spectrum, allowing the esti-

mation of harmonic frequencies and amplitudes (Figure 1.60).

Comparing results obtained for the three different types of gears, the reduction of har-

monics maximum amplitude is clear; highest amplitudes have been measured for the

standard gear, while lowest for the cellular lattice gear with polymeric filler. The posi-

tive effect of optimized cellular lattice structure on the damping properties is therefore
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Figure 1.60: Frequency spectrum of standard (a), cellular lattice (b) and cellular lattice

with polymeric filler (c) gears [87]

demonstrated; the authors hypothesize that this effect is generated by the lengthening of

the path that must be travelled by pressure waves and by the fact that the propagation

direction undergoes multiple changes; this improves energy dissipation due to internal

friction. Polymeric fillers may further enhance vibration damping properties.

In order to characterize lattice structures’ static and dynamic behaviour, theoretical back-

ground and instruments of the modal analysis have been used in the context of this work.

The literature available on this topic is vast and consolidated. In order to keep the focus

on the main topic of this thesis and favour an in-depth description of the experimental

campaigns and data analyses, only required key point of the theoretical background are

treated. If additional insights on the topic are required, see [89]–[91].

1.4 Conclusions

A comprehensive literature review to acquire a solid knowledge base regarding AMT for

metals, DfAM, structural optimization and lattice porous structures was carried out. Par-

ticular attention was given to the SLM technology, with an in-depth study on physical

phenomena governing the manufacturing process and on materials properties. More-

over, an in-depth review on state of the art regarding lattice / porous structures allowed

to investigate thoroughly their geometrical, topological and mechanical properties and

design rules. From the literature review the following conclusions can be drawn:

• Among AMTs for metals, the SLM technology allows the production of components

having mechanical properties comparable to those of parts obtained through sub-

tractive manufacturing technologies. Moreover, SLM allows to obtain parts of com-

plex geometry without a negative impact on design and production phases. There-

fore, the SLM technology is the best choice for the creation of high-performance

components obtained through structural optimization and for the production of

lattice porous structures.
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• The physical phenomena that develop during the production process significantly

affect mechanical and geometrical characteristics of components made using SLM

technology. Therefore, adequate knowledge of these phenomena and process pa-

rameters optimization are of fundamental importance.

• DfAM techniques and structural optimization are useful tools for the design of high-

performance parts that fully exploit AMT’s advantages.

• Lattice structures can be exploited as high-performance structural or filler materi-

als, having an important role for the design of high added-value mechanical com-

ponents. With respect to full density equivalent, improvements in terms of stiffness

to weight ratio and vibration reduction are expected.

• Lattice’s unit cells characteristics, in terms of topology and geometry, that allow to

enhance manufacturability (no need for supports) and potentially damping prop-

erties, have been identified.

• Lack of exhaustive studies investigating static and dynamic behaviour of lattice porous

structures produced with SLM technology, has been identified; therefore, filling this

cognitive gap could be of scientific interest.





Chapter 2

INVESTIGATION ON

MECHANICAL PROPERTIES OF

LATTICE STRUCTURES

The analysis of the scientific literature, presented in Chapter 1, studying mechanical prop-

erties, manufacturability and damping behaviour of different kinds of lattice structures,

has shown their huge potential for design and production of high-performance AM com-

ponents. Vibration damping is a desirable feature for many industrial and scientific ap-

plications. Development and growing availability of new production technologies such

as 3D printing, facilitates the task of the designer who wants to give objects excellent

mechanical and damping properties; this objective can be achieved through appropri-

ate design techniques, which may include the integration of particular structures in the

geometry of the object under investigation. Lattice structures, as seen in the previous

chapter, allow the creation of variable porosity materials whose mechanical properties

can be designed and finely tuned point by point, in order to enhance stiffness to weight

ratio and damping properties as required by the specific application. A fair number of

publications investigating mechanical properties and manufacturability of lattice struc-

tures are already available in the literature, nevertheless few researchers have published

works analysing their damping properties. The present work wants to contribute enhanc-

ing the knowledge in this field; to achieve this goal the advantages of SLM technology are

exploited to produce specimens designed to assess the dynamic behaviour of some types

of lattice structures. The objective is to demonstrate the usefulness of these structures to

produce porous materials with good damping properties, that could be used as fillers to

increase the performance of mechanical components that would benefit from reduced vi-

brations. Furthermore, in Chapter 3 a methodology that allows to evaluate the mechanical

properties of various types of reticular structures is illustrated, in order to provide design-

67
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ers with useful data to estimate the damping effect generated by the integration of these

structures into different kinds of mechanical designs.

2.1 AlSi10Mg specimens design and DoE

In the first part of this paper mechanical behaviour of lattice structures has been analysed.

Such structures, as previously mentioned, are generated by the ordered repetition of unit

cells that form a controlled variable porosity material; the topology of these cells is the

result of beams interconnection, recalling the lattice structure of high voltage pylons.

In order to assess damping properties of lattice structures, a set of appropriately designed

specimens has to be produced and tested. The first phase of the study involves the se-

lection of the unit cell topology that is believed to be best suited to be used as a damping

filler for high-performance components to be produced with SLM technology. The choice

of elementary cell topology is driven by the need to meet two basic requirements: ob-

tain a structure with a good stiffness-to-weight ratio and enhance SLM manufacturability

considering the process-related constraints.

A desirable feature when designing an easily SLM-manufacturable lattice unit cell topol-

ogy, is a geometry that does not require supporting structures. In Chapter 1 it was ob-

served that the SLM production of components including surfaces with inclination angle

lower than the critical overhang angle is problematic, if suitable supporting structures

are not contemplated [76]. When geometries that contain undercut features cannot be

avoided, support structures that make printing possible and improve the result are used.

Supports are designed to facilitate detachment from the piece, this goal is achieved by

properly sizing their geometry, especially at the interface with the component and us-

ing process parameters that limit their mechanical properties to further facilitate removal

operations. Given the nature of lattice structures, it is obvious that it is very important to

design/select a unit cell topology that does not require supports to be satisfactorily pro-

duced, because their removal would be very complicated or impossible.

In order to design high-performance components suitable for SLM printing, in many

cases it is desirable to reduce weight ensuring high stiffness; therefore, high stiffness unit

cells should be better as filling materials for many AM applications [73], [74] and should

also help achieving better damping behaviour. Main parameters that affect the mechani-

cal behaviour of the unit cell are topology, geometry, relative density, material, and load-

ing direction. The cell topology plays a very important role in defining the mechanical

behaviour of the unit cell. In Chapter 1, the possibility of predicting the mechanical be-

haviour of a certain cell topology, knowing nodes and struts number and calculating the

Maxwell number, was analysed. It has also been verified that this method cannot predict

the effect of loading direction on the mechanical properties of the unit cell, so it is always
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necessary to assess the actual mechanical response through appropriate testing.

2.1.1 Lattice topology, geometry and material selection

The unit cell topologies that appear to be most promising as high performance filler ma-

terials, are cubic unit cells composed by the intersection of beams arranged in different

ways. These structures facilitate the task of the designer who wants to produce a variable

porosity material with tuneable mechanical characteristics; design, integration and simu-

lation phases are easier. To meet the requirements in terms of stiffness and manufactura-

bility described previously, the unit cell topology should demonstrate high stiffness and

should be SLM-manufacturable without supporting structures.

Lattice structures composed by unit cells with struts aligned along the loading direction

are considerably stiffer and more resistant than other lattice types, as demonstrated by

the stress-strain graphs shown in Chapter 1. Lattice manufacturability is influenced by

two fundamental parameters: the inclination of the struts with respect to the build plat-

form and the presence of overhangs. After evaluating all relevant factors, lattices com-

posed by FBCCZ topology unit cells fit all the requirements; this kind of unit cell has ex-

cellent stiffness and does not have horizontal structures that would force to use support

structures to achieve a satisfactory result. In addition to the topology, there are also pro-

duction constraints related to the geometry of the lattice, in particular it is necessary to

limit overhanging surfaces to enhance manufacturability and surface finish. In Chapter

1 circular cross-section struts manufacturability with respect to diameter, inclination an-

gle and material (AlSi12Mg and Ti6Al4V) was analysed. Looking at Figure 1.53 it can be

observed that to ensure aluminum alloy lattice struts manufacturability, the strut diame-

ter should be greater than 0.4 mm; moreover, the undercut angle should be less than 30°.

The latter constraint is satisfied since the minimum undercut angle of the FBCCZ cells is

equal to ≈ 35°. Furthermore, Mazur et al. [76] observed that when the cell size of titanium

alloy lattice structures exceeds 4 mm, overhanging surfaces that are perpendicular to the

build direction cannot be manufactured correctly. The goal is to identify a lattice whose

topology and geometry are compatible with the SLM production constraints, ensuring

the manufacturability for different types of metal alloys. The lattice structure that satisfies

the requirements listed above, facilitating production and integration within mechanical

components, is the FBCCZ. Considering all constraints, the minimum diameter of the cir-

cular cross-section struts is set to 0.4 mm and the maximum cell size to 4 mm, this choice

is the best compromise between manufacturability and mechanical characteristics of the

lattice.

Topology and geometrical constraints of the lattice unit cell to be studied have been iden-

tified, some additional boundary conditions to make it easier to run the tests on the spec-

imens and interpret the results are listed below:
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• similar static compliance for all specimens

• same material and process parameters for all specimens

• specimens are designed with different unit cell dimension and aspect ratio (ratio of

strut diameter to cell size)

• same experimental set-up and test conditions for all specimens

Designing specimens having similar static compliance allows an easier comparison be-

tween the different types of lattice structures, since damping behaviour is a function of

the stiffness of the specimen. Analysing specimens having same material properties and

similar stiffness makes it possible to evaluate in a simpler way the effect of the variation of

the geometry of the unit cell on damping properties. The material chosen for the experi-

mentation was the AlSi10Mg aluminium alloy, with good melting characteristics, suitable

for SLM manufacturing technology. This alloy was chosen because it is well suited for

applications where lightness is a fundamental requirement, such as for fast robotic mech-

anisms, where lattice structures can help improve damping properties to increase posi-

tioning accuracy. As specified in the previous paragraph, the topology and the geometry

of the unit cell of the lattice were selected in order to meet the following requirements:

guarantee high stiffness; reduce undercuts and eliminate the need for additional support

structures, ensuring manufacturability throughout SLM process. In addition to this, cell

geometry was constrained by the minimum SLM manufacturable feature size. After all

these considerations, the FBCCZ structure, with a lattice strut diameter not less than 0.4

mm was selected.

To investigate the damping behaviour of the FBCCZ lattice, a full-factorial DoE on two

levels for cell dimension and fill ratio was conceived. The specimens were designed as two

rigid full density prisms connected by the lattice structure. The geometry was divided into

three main sections, a 60 mm-high lattice FBCCZ structure, a lower base for clamping and

a higher prism for the application of the external forces. The overall height is 130 mm and

the size of the square cross-section lower and upper prisms is 21x21 mm. In Figure 2.1 it is

possible to observe the resulting geometry, the specimens could be assimilated to beams

whose central part has been replaced by the lattice structure.

As previously stated, the aim was to generate lattice specimens with different cell size

and fill ratio but with similar stiffness; specimens sizing was performed iteratively by FEA

using SolidWorks Computer Aided Engineering (CAE) suite. A full density square cross

section sample was taken as reference. Specimens were designed in order to obtain a

stiffness variation not exceeding 15% compared to the reference one.
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Figure 2.1: Beam-like specimens’ geometry (LAMA FVGTM)

2.1.2 Specimens FEA and sizing

The sizing of the specimens was performed by FEA; the goal was to identify the geometries

that, despite having different cell size and fill ratio, had similar stiffness. The maximum

sample size was fixed, as described in the previous paragraph; cell size factor levels were

fixed to 2 mm and 4 mm, to obtain a lattice consisting of an entire number of unit cells

and respect the manufacturing constraints described before. Additional parameters that

could be modified were the number of cells on the XY plane of the lattice section and the

diameter of the struts. The number of cells along X and Y axis was chosen to obtain a

square cross-section. Two fill ratio values that allow to obtain specimens with different

cell sizes and similar stiffness have been identified by iteratively performing linear static

analyses, appropriately modifying the above parameters.

Full 3D finite element model of specimens was analysed using SolidWorks 2014; linear

static analysis main steps are summarized below:

• Material properties definition

• Loads and Boundary Conditions definition

• Volume meshing

• Solution and results analysis
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As previously stated, the material chosen for the trial is the AlSi10Mg aluminium alloy.

Material properties of SLM-manufactured alloys are not uniform, they depend on build

direction, process parameters and in general are affected by thermal history. Material

properties of AlSi10Mg, obtained from the datasheet provided by the powder manufac-

turer (Concept Laser) are shown in Table 2.1; these values were used to create the FEA

material model.

Table 2.1: AlSi10Mg material properties [92]

90° (horizontal) 45° (polar angle) 0° (upright)

Yield Strength Rp0,2
2

[N/mm2]
211 ± 4 215 ± 3 205 ± 3

Tensile Strength Rm
2

[N/mm2]
329 ± 4 346 ± 3 344 ± 2

Elongation2 [%] 9 ± 1 % 7 ± 1 % 6 ± 1 %

Young’s Modulus

[N/mm2]
approx. 75 · 103 approx. 75 · 103 approx. 75 · 103

Thermal Conductivity λ
[W/mK]

120 - 180 120 - 180 120 - 180

Coefficient of thermal

Expansion [K-1]
20 · 10-6 20 · 10-6 20 · 10-6

Constraints and loads must be set appropriately before performing the calculation. To

perform experimental measurements, specimens lower base has to be clamped in a vice,

for this reason two opposite faces of the lower base have been fixed; translations of nodes

laying on these faces are prevented, simulating the experimental set-up clamping system.

The load has been applied on a small surface located at the edge of the specimens upper

base; this method helps improving static compliance estimation accuracy, eliminating the

effects of possible local deformations that could arise when applying concentrated loads.

Afterwards, three-dimensional solid mesh has to be calculated. The meshing operation

allows to obtain a discrete model that can be used for FEA. The mesh consists of tetra-

hedral elements; element size is variable to ensure appropriate refinement for small size

features or where major stress variation is expected. In Figure 2.2 it is shown the result of

the operations described above: it is possible to observe constraints and loads placement

and tetrahedral mesh topology.

The finite elements model is well-defined and it is possible to calculate and analyse the

results. In order to estimate the theoretical static compliance of the specimens, it is neces-

sary to observe the results in terms of displacements. Figure 2.3 shows total displacement

contour plot of the B sample.

2Tensile test according to DIN EN 50125 at 20°C
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Figure 2.2: Example of specimens FEM: BCs and tetrahedral mesh

Figure 2.3: Total displacement contour plot – specimen B

The specimens’ stiffness k can be calculated as the ratio of the applied load F to the asso-

ciated displacement δ (Equation 2.1).

k =
F

δ
(2.1)

Static compliance is the reciprocal of stiffness; since the applied load F is equal to 1 N,

the static compliance is equal to the associated displacement. All the elements required

to perform the FEA are defined, therefore it is possible to proceed with specimens sizing

and DoE levels selection. Eventually, for comparison with the experimental results, the

first resonance frequency of lattice specimens and full cross-section specimen were also

determined by simulation. Resonance frequency is an intrinsic property of specimens
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that depends on geometry, BCs, and material properties. For a simple harmonic oscil-

lator, the resonance frequency is proportional to stiffness; therefore, since the beam-like

specimens have similar stiffness, even resonance frequencies should be similar. Lattice

structures geometry designed by means of FEA, DoE factors and levels, geometric and

mechanical parameters are summarized in Table 2.2. Looking at stiffness values, it is clear

that the design requirement in terms of maximum stiffness variation has been fulfilled.

Resonance frequencies of the different specimens are similar, as should be expected for

simple geometry beam-like specimens.

Table 2.2: Summary of characteristics of designed specimens

Name A B C D E

Lattice

configuration
FBCCZ FBCCZ FBCCZ FBCCZ Full cross section

Cell dimension

[mm]
4 4 2 2 12x12x60

Strut diameter [mm] 0,8 1,1 0,4 0,55 \

Fill ratio 0,2 0,275 0,2 0,275 \

Cells along X

direction
5 4 10 8 \

Cells along Y

direction
5 4 10 8 \

Cells along Z

direction
15 15 30 30 \

Total cells 375 240 3000 1920 \

Stiffness

[N/mm]
423 435 381 372 383

FEM 1st resonant

frequency [Hz]
625 623 569 573 568

Frontal view of

lattice structures

Before proceeding with production, CAD models of the specimens were modified by cre-

ating some holes on the upper base to facilitate coupling with sensors and additional

masses. Fixing additional masses to the upper base allows to observe the dynamic be-

haviour of the specimen as the modal mass changes. The resulting geometry is like the

one already shown in Figure 2.2. CAD models of the samples, created with SolidWorks,

were exported in STL format; the result is a watertight surface, tessellated into a series of

small triangles. Due to the specimens’ geometry complexity, it is important to use appro-

priate STL discretization parameters in order to achieve a sufficiently accurate and error-

free model. The design of the additional masses to be mounted during the test phase, was

carried out to ensure consistency with the specimens’ geometry and facilitate production.
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2.2 AlSi10Mg DoE specimens manufacturing

Specimens geometry, DoE’s factors and levels are well-defined; therefore, it is possible

to proceed with manufacturing process design, specimens’ production and execution of

measurements to evaluate printing results.

2.2.1 AlSi10Mg specimens SLM manufacturing

The print job was created using Materialise Magics software. Specimens were placed on

the building platform in order to maximize the print quality. To achieve a good result,

three main factors were taken into account: the direction of inert gas flow within the build

chamber, the accumulation of SLM process-related residual stresses and the orientation

of the specimens with respect to the coater blade. The inert gas inside the building cham-

ber is extracted through a special vent, carrying the fumes and waste produced during

the process towards a recirculation filtration system. The flow of inert gas is therefore di-

rectional, causing accumulation of slag in the areas of the platform that are located near

the vent, increasing the likelihood of inclusion or poor surface finish. For this reason, it

was chosen to place the specimens on the opposite side of the platform, obtaining the

additional result of improving coating even with a low powder supply. The samples were

placed vertically to take advantage of the features of the FBCCZ topology, avoiding sup-

porting structures; furthermore, this choice helps to limit SLM process-related residual

stresses, reducing the section of the individual layers to be produced. Finally, the samples

were placed at an angle of 45° with respect to the coater blade, to obtain a progressive and

uniform coating, enhancing powder deposition. These choices have made it possible to

enhance print quality, even if this implied a long printing time (112 hours).

Specimens placement on the build platform is visible in Figure 2.4, which shows a view

of the virtual build volume made with Materialise Magics software. The only supports

needed for construction are those underlying the lower bases of specimens and masses,

connecting components to the build platform; supports height was set to 4 mm, simpli-

fying components separation by means of a band saw. To mitigate the effects of man-

ufacturing defects on measurements, two samples for each combination of factors were

produced, for a total of ten specimens. Specimens were randomly placed to limit the in-

fluence of position on microstructure and mechanical properties.

Specimens were manufactured by means of a Concept Laser M2 Cusing SLM metal 3D

printer. The process parameters recommended by Concept Laser were applied: laser

power 200 W, scanning speed 650 mm/s, spot diameter 120 µm, layer thickness 25 µm

and 30% overlap between single scanning tracks. Islands exposure strategy was selected

in order to reduce thermal strains as much as possible. The specimens were produced
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Figure 2.4: Three-dimensional view of specimens and masses inside the build volume

under an inert atmosphere of argon to reduce oxidation phenomena. Figure 2.5 shows

the as-built SLM-manufactured specimens and masses while in Figure 2.6 it is possible to

observe the 1st repetition specimens after separation from the build platform. The print

quality was good, even if in some areas there were some powder aggregations and poor

surface finish.

Figure 2.5: As-built SLM-manufactured AlSi10Mg specimens and masses
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Figure 2.6: 1st repetition AlSi10Mg specimens after separation from the build platform

2.2.2 AlSi10Mg specimens geometrical measurements

Looking at detailed images taken by means of a Dino-Lite digital microscope, it is possible

to observe that the geometry of the specimens of the first repetition in some cases differs

from that of the second; detail views of the lattice structures are reported in Table 2.3.

For example, geometric and surface finish variability is visible comparing 1st and 2nd rep-

etitions of A specimens; furthermore, unwanted unmelt particles adhesion is higher for

A-1st. Looking at the images it is possible to get some information about the geometry of

the specimens. The A specimen has a unit cell consisting of struts with a diameter of 0.8

mm and the B of 1.1 mm; comparing A-1st and B-1st images the difference is clearly visible

but comparing A-2nd with B-1st beams diameters look similar. Vertical struts diameter is

smaller compared to that of inclined ones, suggesting an effect of build direction on struts

geometry. This phenomenon is the result of the staircase effect and of unwanted adhe-

sion of partially melted powders caused by the absence of supports. The D-type structure

is the most critical one, given the small cell size and great fill-ratio; due to process-related

limitations, the difference between CAD model and as-built lattice is the largest.

Further indications on manufacturing related issues of AlSi10Mg samples are identifiable

by observing the upper base of the A-1st specimen; it is not perfectly flat due to Ther-

mal Deformations (TD) and partially melted material aggregations that occur sporadically

(Figure 2.7). No further macro deformations are detected, confirming that the vertical ar-

rangement of the specimens is the one that gives the best result in case of FBCCZ struc-

tures. The use of purely optical measurement instruments does not allow to evaluate the

level of internal porosity, nor the geometric conformity in the inner part of the specimens;

the assessment of these aspects would require destructive tests or tomography.
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Table 2.3: Detail views of AlSi10Mg lattice structures

Specimen 1st 2nd

A

B

C

D

Figure 2.7: Macroscopic defects of AlSi10Mg specimens (TD: thermal deformation, CC:

inert gas filter cleaning cycle)

The specimens measurements, obtained analysing images captured with the Dino-Lite

digital microscope, confirmed that inclined struts have larger diameter than the nominal

value (Di > Din), due to the limits of the manufacturing process, as shown in Figure 2.8.
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Figure 2.8: Comparison between measured and nominal AlSi10Mg struts diameters

2.3 AlSi10Mg specimens dynamic behaviour assessment

The purpose of the experimental analysis is to assess the dynamic behaviour of different

types of specimens, focusing on damping properties granted by different types of lattices.

The identification of the specimens’ dynamics was accomplished by means of pulse test-

ing procedure.

2.3.1 FRF measurement: impact test analysis

The frequency response of a structure can be obtained through different techniques; the

two main categories are the following:

• Harmonic excitation of the system: an actuator applies sinusoidal forces with vari-

able frequency to the system. The actuator (shaker) is generally electromagnetic

or piezoelectric. The impressed force is monitored by suitable sensors (e.g. load

cells) as well as the vibration (e.g. accelerometers, contact or non-contact inductive

or capacitive probes). The frequency response is obtained by comparing the input

(force) and the output (vibration) in the frequency domain.

• Impulsive excitation of the system: generally the impulsive force is applied by means

of an instrumented hammer; the measurement of the vibrations of the system takes

place through sensors positioned in one or more points. Force and vibration sig-

nals are processed in the frequency domain to obtain an estimate of the frequency
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response of the structure. This approach is called "pulse testing" and it is a consoli-

dated technique to quickly perform modal analysis [89].

Since the pulse testing technique is adequate, effective and rapid for the identification

of the frequency response of beam-like specimens such as those in analysis, it has been

chosen to use this approach.

As previously stated, the frequency response of a structure can be obtained through a pro-

cedure called impact test or pulse test analysis. This procedure involves the acquisition

of the vibration of the structure (displacement or acceleration depending on sensor type)

when an impulsive force is applied. Impulsive force can be applied by an instrumented

impact hammer, while vibration can be monitored with accelerometers, inductive probes

or lasers. It is convenient to repeat the procedure several times to maximize the signal co-

herence and minimize noise. To calculate the structure’s frequency response, data should

be processed according to the following sequence of operations:

• Transients corresponding to unsaturated input (hammer) and output (displacement/acceleration

probes) signals are acquired, while others are discarded

• Low-pass filtering to remove acquisition-related noise

• Transient trimming in order to analyse only significant data; the number of samples

to be extracted is chosen in advance in order to allow a consistent attenuation of the

free oscillations of the system, capturing the transient till quasi-steady-state

• The signals are multiplied by a conversion factor that takes into account sensor sen-

sitivity and acquisition system gain in order to obtain data expressed in terms of

apropriate units

• Calculation of the hth transient frequency response according to

Wh( jω) =
Uh( jω)

Fh( jω)
(2.2)

where Uh( jω) and Fh( jω) are the Fourier transforms of the output and input signals

• Estimation of the frequency response as the average of the transients frequency re-

sponses

W ( jω) =
1

N

N∑︂

h=1

Wh( jω) (2.3)

where N is equal to the number of transients acquired

• Time delay error correction in order to reduce the error due to advance or delay of

the output signal with respect to the input; this allows to reduce discretization error,

respecting the cause-effect principle obtaining a correct phase response

Ẃ ( jω) =W ( jω)e−iωτ (2.4)
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where τ is the time delay (positive or negative) of the same order of magnitude as

the sampling interval

τ= kτ= k
1

fs
, k ≈ 1 (2.5)

where fs is the acquisition frequency

• If the output is expressed as an acceleration, the displacement frequency response

(displacement/force Fourier transforms ratio), can be calculated in the frequency

domain according to

W ( jω) =
u( jω)

F ( jω)
=

1

( jω)2

A( jω)

F ( jω)
(2.6)

• Calculation of the coherence function associated with the frequency response

γ2( jω) =
|PuF ( jω)|2

Puu( jω)PF F ( jω)
0 ≤ γ2( jω) ≤ 1 (2.7)

where Puu and PF F are the autospectral density estimates of input (force) and out-

put (vibration), while PuF is the cross power spectral density between input and out-

put [93]. The coherence function is used to determine the frequency ranges where

the frequency response is reliable. The coherence function varies between 0 and

1 and measures the linear correlation between input and output at a certain fre-

quency. This function is lower than unity when the signal to noise ratio is not good

due to external disturbances or limits of the sensors, when the system is non-linear

and when the output is significantly affected by unmeasured inputs.

2.3.2 Experimental setup and procedures

As explained in the previous paragraph, the technique used to measure the specimens

frequency response and evaluate their dynamic behaviour, is based on impulsive excite-

ment of the system by means of an instrumented impact hammer and acquisition of in-

duced vibration (displacement) with inductive sensors or accelerometers. This method,

commonly called "Pulse Testing", is very versatile allowing to investigate the dynamic be-

haviour of various types of mechanical structures in a simple and rapid way.

Technical specifications of sensors and tool used to perform pulse tests, capturing data

in terms of applied impulsive force and resulting transverse displacement are shown in

Table 2.4.

To detect vibrations, two types of sensors, with different characteristics, were used: a

triaxial accelerometer and an inductive probe. Following a preliminary series of mea-

surements, however, it was observed that the accelerometer, which must be fixed on the

specimen, alters the dynamics of the object due to the increase in vibrating mass and the

dampening effect due to the connecting cable; therefore, the accelerometer was not used
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for data acquisition, selecting the non-contact inductive probe. This choice penalizes the

quality of the data acquired in the case of high-frequency vibrations, as the signal to noise

ratio tends to deteriorate significantly. Since FEA has shown that none of the specimens

have a first resonance frequency that exceeds 1000 Hz and the frequency response be-

yond this limit is not necessary to characterize specimens damping behaviour, eddy cur-

rent probe is the best compromise. If it is necessary to measure the frequency response at

high-frequency, accelerometers would guarantee better S/N ratios.

Table 2.4: Pulse testing tools and sensors technical specs

Tool/sensor Manufacturer Model Technical specs

Impulse hammer

(IEPE)
Dytran 5800B4

Sensitivity: 2.41 mV/N

Head weight: 100 g

Force Range (± 5 V): 2.22 kN

Power

Supply/Signal

Conditioner

(TEDS)

Kistler 5134B
No. of channels: 4

Gain: 0.5 to 150

Eddy current

sensor

Micro-

Epsilon
ES1

Measuring range: 1 mm

Resolution: 0.05 µm

Non-contact

single channel

displacement

measuring system

controller

Micro-

Epsilon
NCDT 3010-M Frequency response: 25 kHz

Triaxial

accelerometer

(IEPE)

Kistler 8763B100
Acceleration Range: ± 100 g

Sensitivity: 50 mV/g

Regulated power

supply
K.E.R.T. /

Input voltage: 220 V

Output Voltage: 0.1 to 48 V

Data acquisition

system

National

Instruments

cDAQ-9178

2 x NI 9215

cDAQ-9178: 8-slot NI USB rack

NI 9215: 4-channel analog

input module (16-bit ADC)

The lower base of the specimens was clamped in a vise and the upper one was excited us-

ing a Dytran impact hammer connected to a Kistler amplifier. Vibrations were measured

by means of a Micro-Epsilon eddy current probe connected to a non-contact single chan-

nel displacement measuring system controller. Impulsive force was applied at the exci-

tation point on upper part of specimens, while hammer signal Fin and vibration signal

Uj were acquired. Measurements were captured in the form of analog signals, discretised

and processed using a National Instruments data acquisition system (cDAQ-9178 + 2 x NI

9215) connected via USB to a PC; the sampling rate for data acquisition was 20 kHz. The

software tool for pulse testing signal acquisition and in-process frequency response calcu-

lation and visualization was developed in the framework of previous research projects of

the Manufacturing Technology group of the University of Udine [94]. The software com-

municates with the acquisition devices connected to the PC and allows the configuration

of the parameters necessary for data acquisition (channel assignment, sensitivity, gain,

sample rate); therefore, the acquisition begins and when the hammer signal exceeds a

pre-set threshold the transient is recorded. Once the acquisition is completed, the data
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is processed according to the procedure described in the previous paragraph; moreover,

a graphical representation of frequency response and coherence function is available for

fast evaluation. The data are saved in order facilitate further elaborations with external

tools. In Figure 2.9 it is possible to observe the pulse testing setup.

Figure 2.9: Pulse testing experimental setup

2.3.3 Data acquisition and analysis

The experimental set-up was organized paying attention to the relative positioning of the

specimens with respect to the vise and the inductive probe. As explained in the previous

paragraph, the lower base of the specimens is clamped in a vise while the impulsive force

is exerted on the upper one using an instrumented hammer. The relative position of the

specimen should be kept as constant as possible, even for different specimens, to prevent

the positioning from significantly affecting the results. To improve the consistency of the

measurements, every specimen was accurately positioned in order to have a distance of

100±0.1 mm between the specimen’s upper base and the upper plane of the vise.

The first operation consists in the calibration of the inductive probe; this is fundamental

to establish the link between the analogue signal of the inductive probe and the measured

distance. The operation must be repeated for each sample, given the inevitable modifica-

tion of the system when the assembly and disassembly operations are performed. After

adequate positioning of the specimen in the vice, the inductive probe is placed as in Fig-

ure 2.9 in order to achieve an output of 5V; this guarantees easy measurements of both

positive and negative displacements. Taking advantage of the controlled movement of the

axes of the table underneath the vise, it is possible to associate controlled displacements

to the inductive probe voltage variation. The calibration value c was obtained according

to Equation 2.8:

c =
vmax − vmi n

d
(2.8)
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where vmax and vmi n are the maximum and minimum voltage values recorded during the

controlled movement and d is the fixed displacement, see Figure 2.10.

Figure 2.10: Example of inductive probe calibration procedure

The values of the calibration coefficient c, obtained by performing the aforementioned

procedure for each sample before the execution of the pulse test, are shown in Table 2.5.

The results obtained are consistent with expected values for aluminium.

Table 2.5: Inductive probe calibration results – AlSi10Mg specimens

Specimen
vmax

[V]

vmin

[V]

d

[mm]

c

[mV/µm]

A1 5.75 4.48 0.03 35.77

B1 6.32 5.22 0.03 36.87

C1 5.79 4.69 0.03 36.63

D1 5.66 4.57 0.03 36.13

E1 4.58 3.56 0.03 33.87

A2 4.77 3.74 0.03 34.33

B2 4.75 3.73 0.03 34.00

C2 4.38 3.37 0.03 33.67

D2 4.83 3.80 0.03 34.33

E2 4.90 3.88 0.03 34.00

Pulse tests were performed on all the specimens, repeating the measurement twice to

maximize the signal coherence and minimize noise, reducing errors caused by the oper-

ator that manually exerts the impulsive force on the upper base. At the end of the pro-

cedure, data were imported and processed using MathWorks MATLAB environment. In

Figure 2.11 it is possible to observe the measured frequency response for sample C2 in

black and the associated coherence function in blue. Up to the first resonance frequency,

the coherence function remains almost unity, for higher frequencies the signal to noise

ratio deteriorates and the coherence function falls below unity.
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Figure 2.11: Frequency response and associated coherence function – C2 specimen

From the analysis of the frequency response, it was possible to estimate the first resonance

frequency and the compliance for all specimens. The comparison between the results

obtained from the experimental analysis and those obtained from FEA is shown in Table

2.6.

Table 2.6: Comparison between experimental and FEA modal analysis results

Specimen
fres

[Hz]

fres(FEA)

[Hz]

G

[µm/N]

G(FEA)

[µm/N]

A1 627 626 1.45 2.36

B1 674 623 1.33 2.30

C1 822 569 0.78 2.63

D1 766 573 1.00 2.69

E1 593 568 1.75 2.61

A2 726 626 1.09 2.36

B2 645 623 1.35 2.30

C2 865 569 0.74 2.63

D2 761 573 1.00 2.69

E2 583 568 1.91 2.61

Specimens sizing was performed in in order to obtain samples with comparable stiffness;

nevertheless, the specimens first order resonance frequency and compliance are quite

different compared to those calculated with FEA. The FEA analysis is not accurate since

the limits of the production process were not considered; these SLM-related limitations

caused the generation of specimens with geometry and mechanical properties different

from the nominal ones. As the number of cells increases, the structure stiffens (C and D

specimens); this phenomenon can be explained by the fact that small unit cell size exac-

erbated the limitations of the SLM process, generating stiffer specimens due to the unde-

sired adhesion of partially melted powders. This result had to be expected, due to larger

diameter of the lattices struts described previously. The lattices with larger unit cell di-
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mension are less affected by SLM process limitations, therefore the experimental results

are closer to those obtained from FEA.

Assuming the simple harmonic oscillator model, damping ratio ξ and damping factor c

were calculated. Moreover, using the Rayleigh damping model the β coefficient that mul-

tiplies the stiffness matrix [K] was calculated. Boxplots diagrams showing the modal anal-

ysis results are reported in Figure 2.12. The left column shows the results obtained from

measurements made on both sets of specimens, while in the right one results are grouped

to highlight the differences between specimens integrating lattice structures (L) and full-

cross section reference (F).

Figure 2.12: Modal analysis results for AlSi10Mg specimens

The damping ratio ξ, the damping coefficient c and the Rayleigh coefficient β have an

opposite trend with respect to the compliance G. C and D specimens have better damp-

ing properties, but the comparison can be influenced by the fact that their compliance is

lower. Comparing the results for specimens A and B with respect to the reference spec-

imen E, having similar compliance, it is possible to conclude that specimens integrating

lattice structures have better damping properties; this result is evident observing boxplot

diagrams on the right side of Figure 2.12 showing comparison between damping ratio,

damping factor and Rayleigh coefficient of lattices (L) vs full cross-section reference (F).

Results obtained for the two repetitions of B, C and D specimens are almost coincident;

on the contrary, the two series of specimens A and E demonstrated higher variability. Ge-

ometrical and modal analyses evidenced that A1 and E2 samples are the ones affected

by higher defectiveness. This problem can be due to the influence of the position on the
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construction platform, to the inhomogeneity of the printing process and to the stochastic

phenomena intrinsic to the SLM process. An Analysis of Variance (ANOVA) was carried

out on the compliance values of specimens A-B-C-D using the sample type and repetition

number as factors. The result of the ANOVA show that the sample type is statistically sig-

nificant (i.e. each sample type has a slightly different behaviour from the others) whereas

the replicate is not significant. This latter result proves the substantial replicability of the

SLM process. Lattice structures specimens have better damping properties in compari-

son to the full density reference specimen. Analysing the average values, the sample C is

the most promising for applications requiring lightness, good stiffness and enhanced vi-

bration damping properties. In order to evaluate the effects of cell dimension and fill ratio

on damping ratio an ANOVA was carried out. The input values were the damping ratio of

specimens A-B-C-D while the cell dimension and fill ratio were the factors. Analysing the

results of the ANOVA, summarized in Table 2.7, it is possible to affirm that cell size has a

statistically significant effect on the damping ratio. For this reason, it is confirmed that

lattice configuration with smaller cell size, like C and D specimens, have better damping

properties. The results obtained are promising and indicate an average improvement of

the damping properties when lattices are involved.

Table 2.7: ANOVA of damping ratio vs cell dimension and fill ratio – AlSi10Mg specimens

Factor Sum Sq. DOF MS F p-value

Cell dimension 0.94489 1 0.94486 9.14 0.0233<0.05

Fill ratio 0.32965 1 0.32965 3.19 0.1244

Error 0.62029 6 0.10338

Total 298.541 9

2.3.4 AlSi10Mg DoE conclusions

The experimental campaign allowed to evaluate SLM manufacturability, dimensional ac-

curacy and dynamic behaviour of specimens integrating different kinds of lattice struc-

tures, demonstrating their great potential as high performance lightweight porous materi-

als. Measurements performed with the optical microscope evidenced that the specimens

have inhomogeneous characteristics, since struts size and surface finish are influenced

by the variability of the SLM process; in particular, the factors that could influence the

printing result are the position of the object in the build volume, the unwanted adhesion

of partially melted powders and the stochastic phenomena typical of the SLM process.

An example is represented by specimens A1 and A2 which, although being identical, show

slight differences in size and surface finish. Nevertheless, although the printing accuracy,

especially for smaller unit cells, was lower than expected due to the SLM process limita-

tions, the repeatability was statistically good. 3D printed lattice structures in AlSi10Mg

evidenced a better damping ratio, especially for sample type C, in comparison to the full

density reference specimen. Results obtained by means of modal analysis of the speci-

mens, performed by Pulse Testing, are not identical to those obtained with FEA. In partic-
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ular, FEA tends to overestimate lattices compliance, especially for specimens with smaller

cell size (i.e. C and D); this phenomenon occurs because the mathematical model does

not take into account the limitations of the SLM process. The results obtained for speci-

mens with larger unit cells (i.e. A and B) are excellent; the resonance frequency and com-

pliance values obtained from the modal analysis are very close to those obtained from the

FEA, making the comparison of their damping properties with respect to the full-cross

section reference more accurate. The specimens having smaller cell size (i.e. C and D)

have excellent damping properties, however it should be noted that they have higher stiff-

ness with respect to the reference. The damping properties of the samples A and B are

slightly lower, however there is a significant improvement in the damping ratio with re-

spect to the reference; moreover, the stiffness of these specimens is comparable to that of

the reference, therefore the excellent damping properties conferred by lattice structures

can be confirmed.

These promising results suggest deepening the research in this field, studying the be-

haviour of lattices produced with different materials and geometries. Indeed, a better

characterization of the static and dynamic behaviour of lattice elementary cells is neces-

sary for their application as fillers of advanced mechanical components.

2.4 Stainless Steel specimens dynamic behaviour assessment

The work described in the previous paragraph, focusing on the characterization of the dy-

namic behaviour of AlSi10Mg specimens integrating different types of lattice structures,

ended with promising results that highlight the good damping properties of lattice struc-

tures. In this paragraph, the research on the dynamic behaviour of lattice structures is

extended, investigating the properties of specimens made of AISI 316L stainless steel hav-

ing different geometries. The possibility of exploiting unmelted metal powders as a filler

material to increase the damping properties of porous / lattice structures is also investi-

gated.

2.4.1 Stainless Steel specimens design and DoE

To investigate the dynamic behaviour of stainless-steel lattice structures, a new DoE that

extends the previous work is defined, choosing to study beam-like specimens integrating

different types of lattice structures. Unlike what was previously done, the material under

investigation is the AISI 316L stainless steel and the analysed geometries are extended, in-

troducing some specimens that exploit unmelted powders as filler material of the porous

structure. AISI 316L is an austenitic stainless steel that has high corrosion resistance and

high yield strength, used in aerospace and medical fields. The main properties of this ma-



2.4 Stainless Steel specimens dynamic behaviour assessment 89

terial are shown in Table 2.8. It should be remembered that material properties, as already

specified before, may not be uniform, therefore the values indicated should be intended

as average values.

To facilitate comparison with the results obtained for the AlSi10Mg specimens, it was

decided to leave specimens geometry unmodified. This choice facilitates data acquisi-

tion, not having to substantially modify the experimental set-up and having already tested

compatibility with available equipment and sensors; moreover, it is easier to compare the

damping properties of lattice structures having the same geometry but made of different

materials.

Table 2.8: AISI 316L material properties [95]

90°

(horizontal)

45°

(polar angle)

0°

(upright)

Yield Strength

Rp0,2
3 [N/mm2]

374 ± 5 385 ± 6 330 ± 8

Tensile Strength

Rm
3 [N/mm2]

650 ± 4 640 ± 3 529 ± 2

Elongation

[%] 3 65 ± 1 % 63 ± 1 % 63 ± 1 %

Young’s Modulus

E [N/mm2]
approx. 200 · 103 approx. 200 · 103 approx. 200 · 103

Thermal Conductivity

λ [W/mK]
approx. 15 approx. 15 approx. 15

Hardness

[HRC]
20 20 20

The DoE for the 316L specimens is a 22, devised to investigate static and dynamic be-

haviour of beam-like specimens integrating different types of lattice structures, composed

by FBCCZ unit cells. The DoE is substantially identical to that conceived for the alu-

minium specimens analysis. The factors are cell size and fill ratio, while levels values are

the same chosen for the AlSi10Mg specimens DoE. To reduce the influence of the SLM

process variability on the results, three replicates manufactured on separate build plat-

forms have been analysed.

It should be remembered that specimens geometry and therefore DoE’s factors levels were

selected in order to obtain substantially constant static compliance for all the specimens;

this result was achieved performing linear static and modal analyses to evaluate different

geometrical configurations and combinations of factors levels.

The use of polymeric fillers to improve the damping properties of porous /lattice struc-

tures has been demonstrated by several studies, however there are no investigations that

have verified the effect of unmelted powders as filler material for SLM-manufactured porous

/ lattice structures.

3Tensile test according to DIN EN 50125 at 20°C
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To fill this knowledge gap, three lattice specimens appropriately designed in order to trap

unmelt powders inside the lattice structure, were added to the DoE to investigate the effect

on vibration damping. The geometry of these specimens represents the evolution of that

of the C specimen which is the one that has demonstrated to have the most promising

damping characteristics; lattice’s cross section is composed by FBCCZ unitary cells and

dust containment walls arranged in different ways. Containment walls thickness has been

chosen to respect the constraint on compliance already described before; the sizing was

performed by estimating the compliance with FEA.

Since the three specimens containing unmelted metal powders are variants of the C one,

they are identified with the names CA, CB and CC with the second letter indicating con-

tainment baffles type. The cross section of these specimens highlights the different ar-

rangement of the dust containment walls, Figure 2.13.

Figure 2.13: Specimens cross section: arrangement of the dust containment walls

2.4.2 Stainless steel DoE specimens manufacturing

In order to proceed with 316L specimens production, it is necessary to export the 3D mod-

els in STL format and to proceed with SLM process design; specimens must be placed

within the virtual build volume, making sure to create the support structures necessary to

guarantee process success. Specimens STL models are composed by a very high number

of triangles, therefore it is advisable to consciously choose discretization parameters to

decrease errors and file size.

Materialise Magics software allows to fix errors generated in the conversion operation

from 3D model to STL and subsequent supports generation; placing the specimens along

the vertical direction, the need for supports is limited to the interface between build plat-

form and specimens lower base. Specimens positioning on the build platform can influ-

ence the print result; therefore, the following factors are taken into account:

• Welding fumes aspiration takes place through a vent positioned outside the working
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area; nevertheless, the side of the build platform near the vent is affected by deposits

of waste carried by the fumes. Slag can adversely affect mechanical properties and

surface finish, consequently it is preferable to place the specimens away from the

vent.

• Specimens vertical position allows to minimize support structures, which are diffi-

cult or impossible to remove from the lattice section of the specimen, and to limit

thermal stress accumulation. An horizontally positioned specimen would be af-

fected by strong residual stresses and by the occurrence of probable consistent per-

manent deformations.

• The 45° specimens rotation with respect to the coater blade minimizes the chances

of damage, while ensuring a gradual and uniform recoating operation.

The virtual build platform is shown in Figure 2.14, were the first and second repetitions

specimens are grouped together; the simplified cross section of the three specimens con-

taining unmelted powders is highlighted. As anticipated above, the three repetitions were

produced separately and the third repetition was produced with the same positioning as

the first one.

Figure 2.14: Virtual build platform – 316L specimens

Following slicing operation completion, which took several hours, the three repetitions

were produced for a total of twenty-four specimens. The process parameters used are

those recommended by Concept Laser: laser power 180 W, scanning speed 600 mm/s,

spot diameter 120 µm, layer thickness 25 µm and 30% overlap between single scanning

tracks. Islands exposure strategy was selected in order to reduce thermal strains as much
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as possible. The time required to print a single platform is about four days. The result of

3D printing of the three repetitions is shown in Figure 2.15.

Figure 2.15: As-built SLM-manufactured SS 316L specimens and masses

To limit the influence of residual thermal stresses, a stress relieving heat treatment was

performed as prescribed by the powder manufacturer: heat up gradually to 550°C in 3

hours, maintain temperature for 6 hours, subsequently allow the component cooling down

at ambient atmosphere [95]. Mechanical tests performed on dog-bone specimens made

using material and process parameters equivalent to those used in the present work have

shown that material properties are substantially equivalent to those declared by the pow-

der manufacturer and reported previously in Table 2.8. The first repetition of heat-treated

specimens, separated from the build platform using a band-saw machine, are visible in

Figure 2.16.

Figure 2.16: 1st repetition 316L specimens after separation from the build platform
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2.4.3 SS 316L specimens geometrical measurements

Detail views of the lattice structures obtained performing the same procedure applied

for the AlSi10Mg specimens geometry measurement are shown in Table 2.9. The lattice

section is visible only for A, B, C and D specimens because CA, CB and CC specimens are

closed externally to ensure metal powders containment. Comparing specimens having

the same geometry (different repetition), it is clear that geometry and surface finish can

be quite different. This result agrees with observations made for aluminium specimens.

The print quality is inferior for lattices composed by smaller unit cells (2 mm – i.e. C and

D) while the lattices composed by larger unit cells (4 mm – i.e. A and B) are well defined

and are closer to the theoretical geometry. Inclined struts have larger diameter than the

vertical ones despite having the same nominal size.

Table 2.9: Detail views of SS 316L lattice structures
Specimen 1st 2nd 3rd

A

B

C

D

Analysing the images acquired with the digital microscope, measurements of unit cells

characteristic dimensions have been carried out, allowing to assess the existence of a cor-

relation between struts diameter and their inclination with respect to the build platform.

Confirming aluminium specimens DoE’s results, inclined struts have larger diameter than

the nominal value (Di > Din) due to the limits of the manufacturing process, as shown in

Figure 2.17.
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Figure 2.17: Comparison between measured and nominal SS 316L struts diameters

2.4.4 FRF measurement: experimental setup and procedure

The technique and equipment used to determine the frequency response of the 316L

stainless steel specimens are the same as those used for aluminium specimens. The char-

acterization of the dynamic behaviour takes place through the pulse testing procedure,

using an instrumented hammer to exert the impulsive force and an inductive probe to

measure the vibrations. Signals are acquired through a dedicated National Instruments

system and processed in MathWorks MATLAB.

The experimental set-up is identical to that designed to perform tests on aluminium spec-

imens, facilitating results comparison. Specimen’s positioning with respect to the vice and

to the inductive probe has been kept constant as well as the excitation point; this improves

the repeatability of the test and the comparability of the results, even for different speci-

mens. The upper face of the specimen is placed at 100±0.1 mm from the base of the vice;

specimen’s lower base is constrained, allowing free vibrations of the lattice section. In-

ductive probe calibration, useful to establish the link between the analog output signal

and the distance measured by the sensor, was performed following the same procedure

previously described for aluminium specimens. The values of the calibration coefficient

c obtained for the individual specimens are shown in Table 2.10.

The measurement of the frequency response through pulse testing was performed using

the same techniques and equipment previously described for AlSi10Mg specimens. The

frequency response measurement was performed for two different configurations:
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Table 2.10: Inductive probe calibration results – SS 316L specimens

Specimen vmax vmin d c

[V] [V] [mm] [mV/µm]

A1 6.525 5.593 0.03 31.067

B1 6.068 5.17 0.03 29.967

C1 6.134 5.233 0.03 30.050

D1 6.125 5.228 0.03 29.900

E1 6.198 5.296 0.03 30.067

CA1 6.205 5.301 0.03 30.117

CB1 6.227 5.322 0.03 30.167

CC1 6.164 5.260 0.03 30.133

A2 6.332 5.420 0.03 30.417

B2 6.236 5.330 0.03 30.117

C2 6.080 5.179 0.03 30.050

D2 6.074 5.179 0.03 29.833

E2 6.160 5.258 0.03 30.067

CA2 6.021 5.125 0.03 29.867

CB2 6.303 5.394 0.03 30.317

CC2 6.159 5.256 0.03 30.100

A3 6.310 5.397 0.03 30.433

B3 5.687 4.820 0.03 28.883

C3 5.650 4.788 0.03 28.733

D3 6.060 5.166 0.03 29.800

E3 5.950 5.060 0.03 29.667

CA3 5.980 5.060 0.03 29.333

CB3 5.538 4.682 0.03 28.517

CC3 5.895 5.005 0.03 29.667

• without additional masses

• with additional masses

The difference between the two configurations is visible in Figure 2.18. The extra masses

are fixed to the specimen using two bolted joints that exploit the holes on the upper base;

the total additional mass is equal to 150 g.

To verify the influence of the fixing system on the measurements, the signals of a triaxial

accelerometer positioned on the base of the vice, see Figure 2.18, were acquired and anal-

ysed; this allowed to exclude a significant effect of the fixing system on the measurements.

Analysing the Frequency Response Function (FRF) it is possible to estimate the compli-

ance and first resonance frequency and amplitude, see Figure 2.19. The compliance can

be estimated as the amplitude of the frequency response at f ≈ 0 Hz; specifically, the am-

plitude of the frequency response is evaluated in a range close to 0 Hz where the FRF noise

is low, in the present work between 100 Hz and 150 Hz.
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Figure 2.18: Experimental set-up - SS 316L C specimen

Figure 2.19: Frequency response and associated coherence function – B1 specimen

To confirm compliance values estimated through frequency response analysis, verifying

whether the noise at low frequencies has a significant influence on the measurement, an

alternative experimental set-up was devised. The conceived test involved the application

of a known static load on the specimen tip and measurement of the resulting displace-

ment. The specimens were fixed in the vice respecting the positioning described before

but rotating the A-axis of the rotary table by 90° to facilitate the application of the load.

The known load was applied by means of weights (19.9±0.05 kg) fixed to the specimen’s
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tip through a custom made interface. Specifically, using two suitably shaped plates fixed

exploiting the holes on the upper base of the specimens, it was possible to apply the load

near the upper edge of the same. A dial gauge positioned at the centre of specimen’s tip

was used to detect the displacement resulting from the application of the load. Figure 2.20

shows an example of the measurements made with this method.

Figure 2.20: Specimens compliance measurement – alternative method

Moreover, to check if it is possible to assume that the upper base of the specimens is per-

fectly rigid compared to the lattice section, it is necessary to measure its deformed shape.

To carry out this test, a laser profiler positioned above the upper base thanks to a special

equipment is used, see Figure 2.21. A custom made bracket has been designed to con-

nect the laser profiler to the machine tool to easily control the distance with respect to the

measured surface. Measurements confirmed the hypothesis that the solid section of the

upper base can be considered perfectly rigid.

Figure 2.21: Specimens deformed shape measurement – 2D laser scanner
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2.4.5 Experimental results analysis

The results in terms of compliance and first resonance amplitude and frequency obtained

through the frequency response analysis are shown in Table 2.11 and Table 2.12 ; results

are divided according to whether the measurements were made with or without addi-

tional masses. For the samples of the first and second repetition, compliance values ob-

tained with the static method described in the previous paragraph are shown; further-

more, the compliance and resonance values of lattice specimens, obtained by FEA, are

reported in order to compare them with experimental values.

Table 2.11: 316L specimens resonance frequency and compliance – no additional mass

Specimen Additional fres fres(FEA) |W|res G(dynamic) G(static) G(FEA)

mass [Hz] [Hz] [µm/N] [µm/N] [µm/N] [µm/N]

A1 No 548.2 498.29 135.58 0.915 1.08 1.298

B1 No 582.0 481.73 84.19 0.761 0.974 1.375

C1 No 603.5 439.28 50.79 0.703 0.871 1.683

D1 No 571.8 415.55 77.28 0.788 0.974 1.862

E1 No 550.3 / 139.82 0.941 1.18 /

CA1 No 543.2 / 38.73 0.980 1.02 /

CB1 No 544.2 / 31.67 0.877 0.974 /

CC1 No 543.0 / 35.40 0.865 1.02 /

A2 No 596.5 498.29 41.78 0.768 0.871 1.298

B2 No 586.3 481.73 57.62 0.790 0.922 1.375

C2 No 661.9 439.28 21.19 0.594 0.717 1.683

D2 No 611.5 415.55 50.94 0.742 0.871 1.862

E2 No 533.3 / 180.81 0.982 1.18 /

CA2 No 573.8 / 38.55 0.806 0.974 /

CB2 No 571.8 / 39.50 0.791 1.02 /

CC2 No 569.4 / 47.19 0.805 0.974 /

A3 No 604.7 498.29 62.54 0.741 / 1.298

B3 No 578.8 481.73 99.23 0.801 / 1.375

C3 No 636.3 439.28 39.88 0.615 / 1.683

D3 No 574.5 415.55 97.68 0.789 / 1.862

E3 No 542.4 / 263.22 0.942 / /

CA3 No 577.3 / 45.30 0.767 / /

CB3 No 565.4 / 46.62 0.785 / /

CC3 No 559.2 / 51.79 0.836 / /

The specimens first order resonance frequency and compliance are quite different com-

pared to those calculated with FEA, due to the fact that production process limits were not

considered in the mathematical model; as specified before, these SLM-related limitations

caused the generation of specimens with geometry and mechanical properties different

from the nominal ones. Furthermore, the FEM model used to perform the simulations on

steel specimens is different from that used for aluminium specimens. In order to drasti-

cally reduce calculation time and computational resources needed to perform the simu-

lation, a simplified 1D-3D hybrid FEM model has been designed; nevertheless, it does not

take into account the exact geometry of the specimen and for this reason is less accurate.

This last aspect will be further examined in following paragraphs.
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Table 2.12: 316L specimens resonance frequency and compliance – with additional mass

Specimen Additional mass fres |W|res G(dynamic)

[Hz] [µm/N] [µm/N]

A1 Yes 386.8 90.27 1.024

B1 Yes 415.4 99.30 0.844

C1 Yes 432.6 75.06 0.786

D1 Yes 408.5 56.18 0.880

E1 Yes 387.3 91.20 1.086

CA1 Yes 387.6 42.24 1.090

CB1 Yes 389.2 36.43 0.936

CC1 Yes 389.5 43.90 0.956

A2 Yes 429.5 31.13 0.866

B2 Yes 418.0 53.75 0.888

C2 Yes 479.5 37.89 0.659

D2 Yes 436.5 75.80 0.830

E2 Yes 373.0 167.97 1.139

CA2 Yes 409.2 30.62 0.916

CB2 Yes 410.7 45.35 0.889

CC2 Yes 405.7 51.26 0.904

A3 Yes 431.0 99.75 0.817

B3 Yes 407.4 59.28 0.877

C3 Yes 457.4 105.65 0.674

D3 Yes 406.0 50.21 0.908

E3 Yes 375.7 343.20 1.146

CA3 Yes 409.4 47.46 0.866

CB3 Yes 400.7 65.25 0.936

CC3 Yes 398.2 61.14 0.961

Static compliance estimated analysing the frequency response is quite different compared

to that calculated applying a known load and measuring the displacement. Compliance

values estimated with the latter method are closer to those calculated with FEA, even if the

difference remains consistent due to the reasons already described before. As already ob-

served for aluminium specimens, smaller lattice unit cell’s dimension is associated with

higher stiffness (C and D specimens); this phenomenon is mainly due to SLM process

limitations, like undesired adhesion of partially melted powders. The larger diameter of

lattice’s inclined struts described previously confirm process related limitations. Com-

paring results obtained with and without additional mass, it is clear that the mass vari-

ation significantly influences the resonance frequency. Moreover, the amplitude of the

frequency response at resonance |Wres| of the specimens containing unmelted metal pow-

ders is smaller, suggesting that this type of filler has a significant effect on the specimens’

dynamic behaviour.

As previously done, damping ratio ξ and damping factor c were calculated assuming the

simple harmonic oscillator model, while β coefficient using the Rayleigh damping model.

Boxplots diagrams showing the modal analysis results are reported in Figure 2.22; on the

right column results are grouped to highlight differences between specimens integrating

lattice structures (L), lattices with powder filler (POW) and full cross-section reference (F).
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Figure 2.22: 316L specimens modal analysis results – without additional mass

Confirming the results of tests carried out on aluminium specimens, the damping ra-

tio ξ, the damping coefficient c and the Rayleigh coefficient β have an opposite trend

with respect to the compliance G. Specimens incorporating lattice structures demon-

strated better damping properties in comparison to the full cross-section reference spec-

imen, but specimens that have the best damping properties are those that contain un-

melt metal powders; this result is obvious observing boxplot diagrams on the right side

of Figure 2.22 where specimens are grouped in order to highlight the differences between

macro-categories (lattices (L), full cross-section reference (F), with unmelt metal powders

(POW)). Results obtained for the three repetitions of A and C specimens are affected by

higher variability, mainly due to the stochastic phenomena intrinsic to the SLM process.

The C specimen is confirmed to be the most promising when enhanced vibration damp-

ing properties are required; furthermore, the results unequivocally demonstrate that un-

melted metal powders contribute significantly to improve damping properties.

The results obtained from tests performed with additional masses are shown in Figure 2.23.

The specimens containing unmelted metal powders are still those with the best damping

properties; nevertheless, comparison between the different types of lattices is even more

difficult than without additional mass. For this reason, it is preferable to consider data

obtained without additional masses.

To evaluate the effects of cell dimension and fill ratio on damping ratio an ANOVA is car-

ried out, see Table 2.13. The input values are the damping ratio of specimens A-B-C-D
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Figure 2.23: 316L specimens modal analysis results – with additional mass

while cell dimension and fill ratio are the factors. ANOVA does not allow to affirm the ex-

istence of a statistically significant effect of cell size and the fill ratio on damping ratio. It is

therefore not possible to identify with certainty which type of lattice structure is the best,

even if looking at the average values C-type seems to be the one that has better damping

properties.

Table 2.13: ANOVA of damping ratio vs cell dimension and fill ratio - 316L specimens

Factor Sum Sq. DOF MS F p-value

Cell dimension 0.20819 1 0.20819 1.5 0.2523

Fill ratio 0.33086 1 0.33086 2.38 0.1574

Error 1.25205 9 0.13912

Total 1.7911 11

2.4.6 316L DoE conclusions

The investigation on the dynamic properties of AISI 316L lattice structures confirms the

results obtained in the previous study concerning AlSi10Mg lattices. SLM manufactura-

bility, dimensional accuracy and dynamic behaviour of specimens integrating different

kinds of lattice structures have been evaluated. Measurements performed with the optical

microscope confirmed that specimens lattice geometry is not homogeneous; struts size

and the surface finish are influenced by SLM process variability due to unwanted adhe-
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sion of partially melted powders and stochastic phenomena. Smaller lattice unit cell’s di-

mension is associated with higher stiffness and inclined struts have larger diameter com-

pared to vertical ones. The static compliance estimated analysing the frequency response

is quite different compared to the value calculated applying a known load and measuring

the displacement. Compliance values estimated with the latter method are closer to those

calculated with FEA, even if the difference remains consistent. Modal mass variation sig-

nificantly influences the frequency response. The amplitude of the frequency response at

resonance |Wres| of specimens containing unmelted metal powders is smaller, suggesting

that this type of filler has a significant effect on specimens dynamic behaviour. Lattice

specimens have better damping properties in comparison to the full cross-section refer-

ence specimen, nonetheless those that contain unmelt metal powders are the best; the

effect of cell size and the fill ratio on damping ratio is not statistically significant, never-

theless looking at the average values C-type seems to be the one that has better damp-

ing properties. An accurate characterization of dynamic behaviour and damping proper-

ties of lattice structures requires further investigations. In Chapter 3 the effect of lattice’s

geometry and size variation on static and dynamic behaviour have been evaluated, de-

veloping a methodology that could help characterizing different kinds of lattice / porous

structures.

2.5 Specimens 1D-3D hybrid FEM model

Calculation time required to perform meshing and static / modal analysis of the speci-

mens integrating lattice structures by means of a full 3D FEA is very high. If it is necessary

to repeat the calculation several times to check the behaviour of different geometries and

configurations, this implies a considerable allocation of time and resources.

An alternative to the full 3D analysis of lattice structures consists in the development of a

hybrid 1D-3D model that uses two-dimensional elements to discretize specimens lattice

section. This approach allows to considerably limit the FEM model complexity, which for

lattices composed of a high number of cells may not be acceptable or compatible with

available time and computing power.

The code used to develop this type of FEM model is Ansys Mechanical APDL 19.2. The lat-

tice section of the specimens is discretized using BEAM189 elements (Timoshenko beam

theory) connected to each other at elementary cell’s nodes, while the two bases are dis-

cretized using SOLID186 elements. The interface between 1D and 3D elements is mod-

elled using the contact elements TARGE170 and CONTA175, using Multipoint Constraint

(MPC). To calculate the specimen’s compliance, a unit load (1 N) is applied to the free end

of the beam-like specimen while the lower base is fixed. The hybrid model of the A spec-

imen is shown in Figure 2.24; the graphic representation highlights BEAM elements used

for the lattice section and SOLID ones for upper and lower bases.
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Figure 2.24: A specimen hybrid 1D-3D FEM model

The execution of linear static and modal analyses requires few minutes; the time saved is

very high compared to the full 3D model, which would require several hours of calcula-

tion. Figure 2.25 shows the displacement contour plot of specimen A, useful for compli-

ance estimation.

Figure 2.25: A specimen displacement contour plot – hybrid FEM model
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Using the same FE model, it is possible to perform the modal analysis, eliminating the

external load; for example, Figure 2.26 shows A specimen first mode shape.

Figure 2.26: A specimen first mode shape – hybrid FEM model

Figure 2.27 shows the comparison between FEM calculated and experimental results (three

replicates) in terms of compliance and first resonance frequency. The approach outlined,

generally involves an underestimation of lattice’s stiffness: the lattice’s actual geometry

in the areas where beams intersect (nodes) and geometric variations caused by the lim-

its of the SLM process, which generally involve a stiffening due to unwanted adhesion

of partially melted powders, are not taken into account. The model should be refined to

consider the real lattice’s geometry and material properties.

Figure 2.27: Comparison between FEM and experimental results – 316L specimens
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Numerical simulations performed assuming that the lattice’s geometry is identical to CAD

tend to underestimate the stiffness; this is due to larger struts diameter compared to the

nominal one, see Figure 2.17. This phenomenon mainly affects inclined beams, causing

the production of lattices with higher stiffness and fill ratio.

If it is required to obtain a lattice’s geometry close to the nominal one, literature review

suggests to define appropriate correction coefficients to modify CAD nominal struts di-

ameter in order to obtain the desired unit cell geometry [64]. In essence, changing the

nominal diameter of vertical and inclined beams it would be possible to obtain the de-

sired result at the end of SLM 3D printing process.

Applying an alternative approach, it is possible to improve simulations accuracy modify-

ing FEM model to take into account of real struts diameters. However, this method cannot

simulate undesired adhesion of partially melted metal powders at lattice nodes. To verify

the effectiveness of this approach, FE model struts diameters have been modified in order

to reflect the lattice’s real geometry; the comparison between compliance values obtained

from FEA with respect to the experimental ones is shown in Figure 2.28.

Figure 2.28: Comparison between FEM (with correction factor) and experimental results

– 316L specimens

Looking at Figure 2.28 it is clear that the FEM model that takes into account the real struts

diameter is more accurate than the previous one, in particular for type A and C specimens

that have lower fill ratio; this result may be due to the fact that for specimens B and D, with

higher fill ratio, the effect of powder agglomerates at nodes is not negligible.
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2.6 Beam-like specimens dynamic behaviour mathemati-

cal model

In previous paragraphs the dynamic behaviour of beam-like specimens integrating lattice

structures has been investigated through experimental tests and FEM simulations.

The following paragraph investigates the possibility of applying an analytical method to

describe the dynamic behaviour of beam-like specimens, through the development and

implementation of an appropriate mathematical model.

The goal is to develop a mathematical model to describe dynamic behaviour and damping

properties of beam-like specimens; their geometry is subdivided in three distinct sections

(see Figure 2.29), similarly to those analysed in previous paragraphs. The mathemati-

cal model is based on the Euler-Bernoulli beam theory. In order to calculate specimens

damping properties, some fundamental parameters obtained through the analysis of the

frequency response obtained experimentally, for example via pulse testing, are still re-

quired.

Figure 2.29: Beam-like specimen geometry and dimensions

The specimen’s geometry is divided into three beam-like sections joined together, having

different characteristics:

• Square full cross-section 0-1: length L0 and side h2

• Lattice section 1-2: length L1 and side h1

• Square full cross-section 2-3: length L2 and side h2

The experimental set-up chosen to determine the frequency response of the specimens

used a vice to block the lower base (0-1), while the impulsive force was applied to the

upper one (3) using an instrumented hammer; it is therefore reasonable to constraint all

displacements and rotations at point 1 and hypothesize that the impulsive force is ap-

plied at point 3. The model can therefore be simplified, eliminating the lower base, see

Figure 2.30. To further simplify the model, it is also assumed that the upper base (2-3)

is perfectly rigid; this hypothesis is justified by the analysis of the specimens deformed
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shape previously acquired using a laser profiler, that demonstrated that full cross-section

is considerably stiffer compared to lattice section.

Figure 2.30: Simplified beam-like specimen model

In Figure 2.30, the center of mass of the upper base is indicated with cm, while LA and

LB are the distances with respect to nodes 2 and 3. To take into account of the different

position of the center of mass when the geometry of the upper base and the additional

mass varies, the parameter q1 has been defined.

L A = q1L2 (2.9)

The equation of motion that describes the behavior of the reticular section of the speci-

men can be expressed as:
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taking into account the constraint applied at node 1 (u1 =φ1 = 0), the simplified dynamic

equation is the following, where simplified matrices are identified with the subscript r:
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The experimental tests carried out to determine the specimens frequency response al-

lowed to collect data in terms of displacement at node 3; therefore, it is required to rede-

fine the Equation 2.11:
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F3 (2.12)

to obtain this equation, it is necessary to modify the mass, damping and stiffness matrices

following the steps below. Figure 2.31 shows the forces and moments that act on the solid

section of the specimen (2-3).

Figure 2.31: Forces and moments acting on the solid section of the specimen

The acceleration of the centre of mass is assumed equal to the average of the accelerations

of the nodes 2 and 3, a23 ≈
ü3+ü2

2 . The solid section of the specimen can be considered

perfectly rigid, since its compliance is much lower than the lattice section; therefore, the

deformation of the beam can be schematized as in Figure 2.32, where the section 2-3 is a

straight line (φ2 ≈φ3).

Figure 2.32: Specimen’s deformed shape and dimensions

The node 2 displacement can be calculated knowing that of the node 3, assuming a small

angular displacement (sinφ2 ≈φ2):

u2 ≈ u3 −L2φ2 (2.13)
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Using the equation of translational equilibrium for the full cross-section beam it is possi-

ble to express F2 as a function of known quantities:

F2 ≈ F3 −m2

(︃
ü3 + ü2

2

)︃
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2
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2
φ̈2

)︃

(2.14)

Similarly, using the equation of rotational equilibrium for the full cross-section beam it is

possible to express M2 as a function of known quantities:

JROT2 φ̈2 =−M2 +F3LB +F2L A (2.15)

substituting Equation 2.9 and Equation 2.14:

JROT2 φ̈2 =−M2 +F3 (L A +LB )−m2L Aü3 +m2
L2

2
L Aφ̈2 (2.16)

therefore:
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Replacing Equation 2.14 and Equation 2.17 in the Equation 2.11, the simplified equation

of motion becomes:
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{︄

u̇2

φ̇2

}︄

+

[︂

Kr

]︂
{︄

u2

φ2

}︄

=

⎡

⎢
⎣

F3 −m2

(︂

ü3 −
L2
2 φ̈2

)︂

F3L2 −m2q1L2ü3 +

(︃

m2
L2

2
2 q1 − JROT2

)︃

φ̈2

⎤

⎥
⎦ (2.18)

Therefore, it is required to calculate the simplified matrices of mass, damping and stiff-

ness, taking into account the constraint at node 1, expressing them as a function of known

quantities (node 3).
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The simplified mass matrix can be expressed as:

[︂

Mr

]︂
{︄

ü2

φ̈2

}︄

=

[︄

m11 m12

m21 m22

]︄{︄

ü2

φ̈2

}︄

=

[︄

m11 m12

m21 m22

]︄{︄

ü3 −L2φ̈3

φ̈3

}︄

=

=

[︄

m11ü3 (m12 −L2m11) φ̈3

m21ü3 (m22 −L2m21) φ̈3

]︄

=

[︄

m11 m12 −L2m11

m21 m22 −L2m21

]︄{︄

ü3

φ̈3

}︄ (2.19)

To get an equation that has the form of the Equation 2.12, it is necessary to move the

terms of the second member of the Equation 2.18 to the first; therefore, some terms of the

second member have been added to the mass matrix [M12]:

[︂

M12

]︂

=

[︄

m11 +m2 m12 −L2m11 −m2
L2
2

m21 +m2q1L2 m22 −L2m21 −m2
L2

2
2 q1 + JROT2

]︄

(2.20)

The same procedure is applied to derive the damping and stiffness matrices, [C12] and

[K12]:

[︂

Cr

]︂
{︄

u̇2

φ̇2

}︄

=

[︄

c11 c12

c21 c22

]︄{︄

u̇2

φ̇2

}︄

=

[︄

c11 c12

c21 c22

]︄{︄

u̇3 −L2φ̇3

φ̇3

}︄

=

=

[︄

c11u̇3 (c12 −L2c11) φ̇3

c21u̇3 (c22 −L2c21) φ̇3

]︄

=

[︄

c11 c12 −L2c11

c21 c22 −L2c21

]︄

⏞ ⏟⏟ ⏞

[C12]

{︄

u̇3

φ̇3

}︄
(2.21)

[︂

Kr

]︂
{︄

u2

φ2

}︄

=

[︄

k11 k12

k21 k22

]︄{︄

u2

φ2

}︄

=

[︄

k11 k12

k21 k22

]︄{︄

u3 −L2φ3

φ3

}︄

=

=

[︄

k11u3 (k12 −L2k11)φ3

k21u3 (k22 −L2k21)φ3

]︄

=

[︄

k11 k12 −L2k11

k21 k22 −L2k21

]︄

⏞ ⏟⏟ ⏞

[K12]

{︄

u3

φ3

}︄
(2.22)

To consider material damping properties the Rayleigh damping model is chosen; the mass

proportional coefficient is neglected as a first approximation (α=0). The β term models
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structural or hysteretic damping, taking into account of the internal energy dissipation.

[C12] =β[K12] (2.23)

The equation of motion that describes the behaviour of the beam is therefore the follow-

ing:

[︂

M12

]︂
{︄

ü3

φ̈3

}︄

+β
[︂

K12

]︂
{︄

u̇3

φ̇3

}︄

+

[︂

K12

]︂
{︄

u3

φ3

}︄

=

{︄

1

L2

}︄

F3 (2.24)

To solve this system of equations, the transition to the state-space representation is re-

quired. The state-space representation of a linear system with p inputs, q outputs and n

state variables can be written in the following form:

ẋ(t ) = A(t )x(t )+B(t )u(t )

y(t ) =C (t )x(t )+D(t )u(t )
(2.25)

where x(•) is the state vector, y(•) is the output vector, u(•) is the input vector, A(•) is the

state matrix, B(•) is the input matrix, C(•) is the output matrix and D(•) is the feedthrough

matrix.

Hence, the state vector of the system under investigation can be defined as:

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

x1 = u3

x2 =φ3

x3 = u̇3

x4 = φ̇3

=⇒

⎧

⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ẋ1 = u̇3 = x3

ẋ2 = φ̇3 = x4

ẋ3 = ü3

ẋ4 = φ̈3

(2.26)

from the equation of motion, it is possible to obtain:

{︄

ẋ3

ẋ4

}︄

=

{︄

ü3

φ̈3

}︄

=

[︂

−M12

]︂−1 [︂

C12

]︂
{︄

u̇3

φ̇3

}︄

+

[︂

−M12

]︂−1 [︂

K12

]︂
{︄

u3

φ3

}︄

+

[︂

M12

]︂−1
{︄

1

L2

}︄

F3 (2.27)
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hence, the state vector is:

⎧

⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ẋ1

ẋ2

ẋ3

ẋ4

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

=

⎛

⎜
⎜
⎝

0 0 1 0

0 0 0 1

[−M12]−1 [K12] [−M12]−1 [C12]

⎞

⎟
⎟
⎠

⎧

⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

x1

x2

x3

x4

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭
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⎧

⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0

0

[−M12]−1

[︄

1

L2

]︄

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(2.28)

since the variable of interest is x1 = u3 (displacement of node 3), the output vector can be

written as:

y =

[︂

1 0 0 0
]︂

⎧

⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

x1

x2

x3

x4

⎫

⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

+Du (2.29)

since the system does not have a direct feedthrough, D is the zero matrix.

By implementing the mathematical model in MATLAB and performing data analysis, it

is possible to calculate the theoretical frequency response of the system. As mentioned

before, the data obtained from the analysis of the frequency response obtained by pulse

testing are essential to calibrate the mathematical model. In particular, they are required

to calculate the β coefficient. This operation is performed by comparing the experimen-

tal frequency response with that obtained from the mathematical model. The goal is to

find the value of the β coefficient in order to obtain ξth = ξexp (theoretical damping ra-

tio equal to the experimental one). Applying this approach, the first resonance frequency

of the mathematical model deviates up to 15% with respect to the experimental value.

This may be due to compliance estimation inaccuracy, caused by inaccurate positioning

of the inductive probe and measurement noise. Compliance values obtained experimen-

tally are used to calculate the equivalent Young modulus of the lattice section; therefore,

an inaccurate estimate influences the accuracy of the mathematical model. For this rea-

son, a better result can be obtained optimizing compliance values beforehand, in order to

have f(r es,th) = f(r es,exp) (theoretical resonance frequency equal to the experimental one);

subsequently the β coefficient can be calculated using the procedure described before.

The mathematical model described before can be used to characterize the behaviour of

the specimens previously measured by pulse testing. Parameters necessary to calculate

the theoretical frequency response are reported in Table 2.14, while the static compliance

has been reported previously. The mass m2 and the correction parameter of the centre of

mass q1 of the solid section have been obtained from specimens’ CAD models.
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Table 2.14: Geometrical and physical parameters for mathematical model application

Specimen
L1

[mm]

h1

[mm]

L2

[mm]

h2

[mm]
q1

m2

[kg]

A 60 20.8 40 21 0.495 0.124

Am 60 20.8 40 21 0.478 0.274

B 60 16.55 40 21 0.507 0.121

Bm 60 16.55 40 21 0.483 0.270

C 60 20.4 40 21 0.495 0.124

Cm 60 20.4 40 21 0.478 0.274

D 60 16.28 40 21 0.507 0.121

Dm 60 16.28 40 21 0.483 0.270

E 60 12 40 21 0.531 0.114

Em 60 12 40 21 0.493 0.264

CA 60 20.5 40 21 0.495 0.124

CAm 60 20.5 40 21 0.478 0.274

CB 60 20.5 40 21 0.495 0.124

CBm 60 20.5 40 21 0.478 0.274

CC 60 20.5 40 21 0.495 0.124

CCm 60 20.5 40 21 0.478 0.274

Applying the mathematical model using the coefficients specified in the table above and

the data obtained from pulse testing analysis, it is possible to obtain the Rayleigh β coeffi-

cient. To consider the phenomena described in the previous paragraph, some of the input

variables of the mathematical model must be optimized. The first step consists in exper-

imental compliance values optimization, in order to obtain a calculated resonance fre-

quency equal to that obtained through pulse testing ( f(r es,th) = f(r es,exp)). Subsequently,

the Rayleigh β coefficient is optimized in order to obtain a calculated damping ratio equal

to that obtained through pulse testing (ξth = ξexp ). The total number of stainless-steel

specimens analysed is 24, having produced three identical replicates on separate build

platforms. Figure 2.33 shows boxplot diagrams of the calculated Rayleigh β coefficient for

different kind of specimens; on the left side (Figure 2.33 a) for specimens without addi-

tional mass, while on the right side (Figure 2.33 b) with additional mass.

The Rayleigh β coefficient values obtained by calibrating the mathematical model using

pulse testing experimental results are different from those calculated using the simple

harmonic oscillator model. However, the trend is the same and allows to confirm that

lattice specimens have better damping properties with respect to the full cross section

specimen. Nevertheless, it is still not possible to establish whether there is a significant

effect of cell size and fill ratio on damping properties. The type C specimen is confirmed

to be the one that could guarantee the best results when good stiffness to weight ratio and

damping properties are required.
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Figure 2.33: Optimized Rayleigh β coefficient for different kind of specimens

The behaviour of beam-like specimens is correctly described by the mathematical model.

Looking at Figure 2.34, the frequency response calculated using the mathematical model,

optimizing experimental compliance values in advance (blue curve), is almost identi-

cal to the experimental one (black curve); without experimental compliance values op-

timization, the mathematical model tends to overestimate the resonance frequency (red

curve). Having previously justified the reasons that suggest performing the preliminary

optimization of compliance, the mathematical model satisfactorily represents beam-like

specimens behaviour.

Figure 2.34: Comparison between calculated and experimental A specimen’s FRF
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2.7 Innovative mini dynamometer for in-process cutting forces

data acquisition

Results obtained in previous paragraphs and some experimental studies have shown that

lattice structures can be useful to generate controlled porosity materials with excellent

stiffness to weight ratio and good damping properties.

In this paragraph, the possibility of concretely exploiting lattice structures to design and

manufacture an optimized mechanical component that can benefit from the peculiar

characteristics of these structures is investigated. Performances of some types of mea-

suring instruments, if properly optimized, can be improved in terms of accuracy and

flexibility. Lattice structures, as suggested by the experimental tests, can be used to ob-

tain light components with good damping properties. A class of measuring instruments

that could benefit from these features are dynamometers used to measure milling cutting

forces. The ability to perform accurate measurements of milling cutting forces allows to

achieve a more accurate and detailed characterization of the physical phenomena that oc-

cur during the cutting process, helping in the development of increasingly reliable math-

ematical models. It is therefore possible to better characterize materials machinability,

helping in the choice of tools and optimal cutting parameters and in the development of

new optimized tools. Increasing efficiency, reducing costs and ensuring high quality are

important objectives of industrial interest; the development of an optimized dynamome-

ter for the measurement of milling cutting forces can help achieve these objectives and is

therefore the subject of the study reported in this paragraph. There are different types of

devices suitable for cutting forces measurement, characterized by geometries and tech-

nical characteristics appropriate for different application fields. The characterization of

cutting forces takes place through different techniques and sensors, exploiting deforma-

tion, displacement or acceleration measurements. The dynamometer under investiga-

tion was designed to make possible the integration with the equipment of the Advanced

Mechatronics Laboratory of the University of Udine. The instrument is therefore compact

and integrates the previously studied lattice structures to optimize its characteristics. The

lattice chosen to perform the optimization is the type C, with 2 mm FBCCZ unit cell and

0.2 fill ratio.

2.7.1 Dynamometer design and optimization

As anticipated above, the mechanical component being optimized using lattice structures

is a dynamometer for milling cutting forces measurement. This measuring instrument

must satisfy certain constraints in order to exploit the equipment of the University of

Udine and ease the development of further research campaigns.
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The project is inspired to Kistler 9256C2 commercial dynamometer and uses four triaxial

force sensors (Kistler 9016B4). The optimized dynamometer must be compatible with the

HAAS VF-2TR milling machine of the Advanced Mechatronics Laboratory of the Univer-

sity of Udine and should be designed in order to obtain better performances with respect

to the commercial reference.

The design phase involves the creation of three different central plates to be manufactured

through SLM 3D printing:

• CAD modeling of the reference dynamometer, that does not integrate lattice struc-

tures, inspired to the design of the Kistler 9256C2 commercial dynamometer

• CAD design of the optimized dynamometer integrating the FBCCZ lattice structure

• CAD design of the optimized dynamometer integrating the FBCCZ lattice structure

filled with unmelt metal powders

The exploded view that highlights the main components of the designed dynamometer

is shown in Figure 2.35; the core of the measurement system are the four Kistler triaxial

force sensors, the central perforated platform that allows easy fixing of the workpiece, the

bolts and the rings to preload the coupled force sensors.

Figure 2.35: High performance mini dynamometer exploded view (LAMA FVGTM)

The chosen force sensors are piezoelectric; they are composed of three rings of piezo-

electric material that detect the forces along the three directions of the orthogonal triad.

The Kistler 9016B4 kit consists of two cells 9017B and two 9018B, which differ in the ori-

entation of the reference system according to which the forces are measured; this allows

the sensors to be mounted coupling them two by two as in the case under analysis. Fig-

ure 2.36 shows a detail image of the triaxial force sensor and the diagram that clarifies the

orientation of the reference systems for each of the four sensors.
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Figure 2.36: Kistler 9016B4 sensors and reference systems orientation (Kistler)

In fact, the peculiar characteristic of this type of dynamometer is the arrangement of the

coupled force sensors; the piezoelectric sensors are preloaded in pairs by applying the

tightening torque through the appropriate ring nuts. Figure 2.37 section highlights the

elements involved in the preloading operation.

Figure 2.37: Optimized dynamometer - preload system section

This configuration is compact and makes it possible to minimize the effect of any thermal

variation on acquired measurements, while ensuring a rigid coupling between the central

plate and the sides of the dynamometer, increasing the instrument’s passband. Particular

attention was paid to the machining of the sensors coupling surfaces, to sensors align-

ment and preload application; these steps should be performed with care to ensure cor-

rect operation of the dynamometer. In particular, preload application is critical to obtain
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a rigid no-play coupling that adequately transmits shear stresses between sensors and dy-

namometer structure. The preload limits the measurement range of the force sensor by

a quantity equal to the value of the preload itself. Preload force varies between 20% and

70% of the maximum measurable value and is set according to the specific measurements

set-up.

In the following subparagraphs the main components of the optimized dynamometer are

analysed in detail.

2.7.2 Core / central plate design

The central platform is a fundamental part of the dynamometer, since it must ensure the

fixing of the piece to be processed and adequately transfer the forces to the sensors, alter-

ing measured data as little as possible. Being the main component of the dynamometer

and being responsible of transmitting cutting forces to the force sensors, optimization of

this part of the dynamometer should be particularly effective. The optimization is pur-

sued by integrating within the component the lattice structures studied in the previous

paragraphs, which have shown to have excellent stiffness to weight ratio and good damp-

ing properties. The goal is to obtain a central platform integrating lattice structures, trying

to maximize stiffness and minimize mass; these features allow to improve measurement

performances, enhancing accuracy and obtaining a wider measuring range.

As specified above, the dynamometer being optimized is inspired to the Kistler 9256C2;

exploiting the available information, the central reference platform, which does not con-

tain lattice structures, is designed (see Figure 2.38).

Figure 2.38: Optimized dynamometer central plate – reference geometry

Geometry is quite simple to ease the comparison of the results obtained using the three

types of central plates listed before. Two out of three central platforms integrate lattice

structures, for this reason the three variants of the central platform have to be manufac-

tured using SLM 3D printing. The material chosen is a 316L stainless steel, which has

excellent mechanical properties and corrosion resistance. The central reinforcement ribs
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have been sized trying to maximize the value of the first resonance frequency; modal anal-

yses have been carried out, constraining the areas in which there is rigid coupling between

the sides, sensors and the central platform. The values of the frequencies of the first three

normal modes, shown in Table 2.15, can be useful for a future comparison with those

measured experimentally.

Table 2.15: Modal analysis results – reference central plate

Normal mode fres [Hz]

1 13250

2 14992

3 15560

The two optimized versions of the central platform have the central section filled with a

FBCCZ type C lattice (see previous paragraphs); moreover, one of the central platforms

uses unmelted metal powders as filler for the lattice section.

2.7.3 Static parts and interface with the machine tool

The components that guarantee the connection between central platform, force sensors

and the TR160 rotary table of the HAAS VF-2TR vertical machining centre are the two sides

static blocks and the lower fixing coupling plate.

The two sides of the dynamometer are designed to facilitate centering and alignment op-

erations without compromising ease of assembly. The coupling between the sides and

the lower coupling plate is guaranteed by centering pins. Load cell rotation is blocked by

pins inserted in the side blocks near the connectors. The lower coupling disc is fixed on

the interface of the TR160 rotary table using four M10 screws. In addition, a centering pin

and a feather key are used to ensure the correct alignment between the coupling plate and

the interface of the TR160. The slots on the coupling plate facilitate fixing on alternative

equipment. Figure 2.39 shows the virtual assembly of the dynamometer with the HAAS

rotary table.

Figure 2.39: Virtual assembly of the dynamometer with the HAAS TR160 rotary table
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2.7.4 Optimized dynamometer manufacturing and assembly operations

The three types of central platform have to be manufactured by SLM 3D printing, since

the geometry of the lattice structures integrated in two of the three platforms cannot be

produced with traditional manufacturing technologies. The material chosen is a 316L

stainless steel, an austenitic steel whose properties have been reported in the previous

paragraphs. Three distinct versions of the central platform were designed and produced:

the first one, chosen as reference, has the central section filled by reinforcing ribs, the

second one uses the FBCCZ type C reticular structure previously studied as central sec-

tion filler, while the third one is identical to the second but uses unmelt metal powders

to fill lattice porosity. After performing CAD modelling of the reference dynamometer,

the model was exported to STL format to proceed with the generation of dynamometers

plates incorporating the lattice structure. The FBCCZ lattice is generated in SolidWorks

and is exported in STL format to integrate it with the geometry of the central plate. The

actual integration between reference geometry and lattice was performed in Materialise

Magics by means of Boolean operations. Central plates positioning on the build platform

and supporting structures are shown in Figure 2.40; plates have been positioned to facili-

tate supports removal and subsequent finishing operations. In particular, the upper part

of central plates is supported and have to be machined after support removal.

Figure 2.40: Virtual build volume – optimized dynamometer’s central plates

Appropriate machining allowance have been foreseen in the areas that must be machined

at the end of printing. The process parameters chosen for SLM production are those rec-

ommended by Concept Laser for AISI 316L: power 180 W, scan speed 600 mm/s, spot

diameter 120 µm, layer thickness 25 µm, island exposure strategy. The SLM as-built result

is visible in Figure 2.41; the set of lattice specimens serves as a preliminary prototype for

an additional DoE conceived to expand lattice structures characterization of the previous

paragraphs, this aspect will be further discussed in Chapter 3.
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Figure 2.41: As-built optimized dynamometer’s central plates

The central platforms show significant thermal deformations that mainly affect the upper

face (see Figure 2.42 a); this unwanted deformation can be recovered by removing the

machining allowance added during design phase to the upper face. The SLM additive

manufacturing of the FBCCZ lattice integrated within the central part of the dynamometer

is successful, confirming results on manufacturability obtained previously (see Figure 2.42

b). Following the stress relieving heat treatment, the components were separated from the

build platform by band sawing machine.

Figure 2.42: Support cracking, upper face deformation and lattice detail view
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Dynamometer sides and coupling plate have been made by milling starting from blanks.

The tool trajectories were generated through SolidCAM 2016 and the milling operations

were performed on the HAAS VF-2TR Vertical Machining Center (VMC). Using the TR160

rotary table it is possible to perform 5-axis continuous machining; this allowed the ex-

ecution of multi-placement processes without having to manually reposition the piece.

Operations carried out with the aid of the VMC are briefly described below.

The three central platforms, after 3D printing, have undergone milling operations; in

particular, upper face milling, contouring of the lateral faces, finishing of the coupling

surfaces and through holes enlargement. Threading of the holes on the upper face was

performed manually. An image of central platform’s upper face milling is visible in Fig-

ure 2.43.

Figure 2.43: Central platform’s upper face milling – HAAS VF-2TR

The lower coupling disc was created starting from an aluminium blank, the fixing of the

blank is guaranteed by four M8 screws appropriately recessed (see Figure 2.44).
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Figure 2.44: Coupling plate machining

Dynamometer’s sides were obtained from a C45 steel blank. The dynamometer mounted

on the HAAS VF-2TR vertical machining centre, connected to the National Instrument

data acquisition system, following the application of the preload and the calibration of

the force sensors, is shown in Figure 2.45.

Figure 2.45: Dynamometer: fully operational cutting forces measurement system
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2.7.5 Optimized dynamometer dynamic identification

To evaluate dynamometer’s performance, preliminary tests were carried out using the

different types of central platform described before. The dynamic behaviour of the dy-

namometer was identified using the pulse test technique. The system was excited using

an instrumented hammer; the impulsive force was exerted on different points of the alu-

minium blank shown in Figure 2.45, along the three main directions (X, Y and Z). The input

(Hammer) and the output (load cells) signals were acquired and modal analysis was per-

formed to obtain the frequency response along the three main directions [96], [97]. The

tests were performed using the standard central platform and the one with lattice infill,

in order to evaluate the effect on the dynamometer’s dynamic behaviour. The frequency

responses obtained are shown in figure Figure 2.46.

Figure 2.46: Comparison between dynamometers with and without lattice infill: FRF co-

herence, amplitude and phase

Comparing the standard dynamometer’s FRF with that of the dynamometer with lattice

infill, it can be seen that the peak amplitude of the first mode of vibration is higher for the

dynamometer with lattice infill. This result is due to the central platform’s mass increase,

caused by the lattice infill addition. The peak amplitude of the second mode of vibration

along the Z direction is lower for the dynamometer with lattice infill; this suggests the ex-

istence of a measurable damping effect due to the lattice structure, which occurs mainly
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at high frequency (> 5kHz). The frequency bandwidth of the dynamometer with lattice

infill does not appear to be wider than that of the standard dynamometer, as highlighted

by the ±3dB crossing frequencies shown in Figure 2.46; this result suggests that the mea-

surement system’s performance is not significantly affected by the lattice infill.

2.8 Conclusions

The in-depth analysis of the state of the art on lattice porous structures highlighted the

lack of exhaustive studies investigating static and dynamic behaviour of SLM-manufactured

lattices. Chapter 2 is conceived to fill this knowledge gap. Drawing inspiration from avail-

able scientific literature, the characteristics of the lattice’s unit cell, in terms of topology

and geometry, which allow to enhance manufacturability (no need for supports) and po-

tentially damping properties have been identified. Thus, static and dynamic behaviour of

different kinds of lattices, made of AlSi10Mg aluminium alloy and 316L austenitic stainless

steel, were investigated by means of two experimental campaigns. A total of 10 aluminium

specimens and 24 steel specimens were designed, manufactured and measured. Assess-

ment of lattice’s performance advantage in terms of vibration damping with respect to full

density equivalent and evaluation of lattice’s geometry variation effect on its properties

were the main goals. Following conclusions can be drawn from the analysis of the experi-

mental campaigns results (unless specified, results are valid for both aluminium and steel

specimens):

• Measurements performed with the optical microscope evidenced that the speci-

mens had inhomogeneous characteristics. Struts size and surface finish were in-

fluenced by the variability of the SLM process; in particular, position of the object

in the build volume, unwanted adhesion of partially melt powders and stochastic

phenomena typical of the SLM process affected the printing result. Nevertheless,

although the printing accuracy, especially for smaller unit cells, was lower than ex-

pected due to the SLM process limitations, repeatability was statistically good.

• Analysing the SLM-manufactured lattices geometry it was possible to assess a lack

of homogeneity between the nominal (CAD) and the as-built geometry; in particu-

lar, inclined beams (with respect to the build direction) diameter was greater than

that of the vertical ones. This phenomenon is mainly due to undesired adhesion of

partially melt metal powders affecting overhanging surfaces.

• The lack of homogeneity between CAD and as-built specimens’ geometries, nega-

tively affected accuracy of results obtained from FE simulations performed starting

from the nominal CAD model.

• Measured compliance values of specimens integrating lattice structures were lower

than those calculated by means of FEA. FEA tended to overestimate lattices compli-
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ance especially for specimens with smaller cell size (i.e. C and D); this phenomenon

occurred because SLM process limitations were not taken into account (e.g. inho-

mogeneity between nominal and as-built lattice’s geometry).

• FEA results accuracy was improved by means of a FE model that simulates the real

lattice’s geometry; as-built lattices geometry was studied and appropriate factors for

nominal beams diameter correction were estimated and applied.

• Calculation time and computational effort required to perform FE simulations was

significantly reduced, exploiting 1D-element meshing for the specimens’ lattice sec-

tion.

• Specimens dynamic behaviour assessment, performed using the Pulse Test tech-

nique, showed that lattices damping properties are significantly better than those

of the equivalent solid material.

• Analysing average values, the lattice’s geometric configuration with the best damp-

ing characteristics is the C specimen’s one, characterized by a small unit cell (2mm)

and low fill ratio (0.2).

• Effect of cell dimension and fill ratio on damping ratio was assessed with ANOVA.

For AlSi10Mg specimens, cell size has a statistically significant effect on the damp-

ing ratio whereas for 316L specimens it has not. Therefore, AlSi10Mg lattices with

smaller cell size (i.e. C and D), have better damping properties.

• Specimens exploiting un-melt metal powders as filler of the lattice porosity demon-

strated significantly higher damping properties compared to all the other speci-

mens, suggesting that using appropriate filler materials is beneficial when optimal

damping performance is desired.

• Dynamic behaviour of the beam-like specimens was described through the devel-

opment and implementation of a mathematical model based on the Euler-Bernoulli

theory. The mathematical model satisfactorily represents beam-like specimens’ be-

haviour and allows to estimate Rayleigh damping β coefficient.

The development of an innovative measurement system allowed to investigate the feasi-

bility of exploiting lattice structures as high-performance filler materials. The system un-

der investigation was a dynamometer for in-process (e.g. milling, drilling, grinding) cut-

ting forces measurement. Design and manufacturing of all system’s components, whose

main feature is the SLM-manufactured central platform, were carried out. Main results

obtained are listed below:

• Three distinct versions of the central platform were designed, two of which integrat-

ing lattice structures to enhance stiffness to weight ratio and damping.
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• External geometry of the three central platforms is the same, while the core sec-

tion changes: the first one is quite similar to commercially available ones while

two of them integrate the previously studied type C lattice, with and without un-

melt metal powders filler. This choice guarantees platforms interchangeability and

favours comparison between the results obtained using the three configurations.

• CAD modelling and FEA simulations were performed to design dynamometer’s com-

ponents, while manufacturing was carried out by means of CAM, SLM 3D printer

and VMC.

• Minimization of thermal variation effect on measurements and rigid coupling be-

tween parts were pursued during design phase.

• SLM-manufactured central platforms had significant thermal deformations, cor-

rected removing the machining allowance; integrated lattice was reproduced suc-

cessfully.

• Dynamometer FRF analysis suggests the existence of a measurable damping effect

due to the lattice structure, which occurs mainly at high frequency (> 5kHz). Nev-

ertheless, the frequency bandwidth of the dynamometer with lattice infill does not

appear to be wider than that of the standard dynamometer; this result suggests that

the measurement system’s performance is not significantly affected by the lattice

infill.

• No studies or commercially available systems investigated similar solutions.
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Experimental campaigns discussed in the previous chapter have shown that lattice struc-

tures possess particularly useful features like good stiffness to weight ratio and improved

damping properties. The results obtained allowed to observe the dynamic behaviour of

lattice structures composed by topologically identical unit cells but with different geom-

etry. In general, lattice structures guaranteed enhanced damping performances. Data

analysis allowed to identify the unit cell geometry that maximizes the damping effect; fur-

thermore, it was demonstrated that the use of unmelted metal powders as lattice poros-

ity’s filler significantly enhances energy dissipation, further improving the damping char-

acteristics of the lattice.

In this chapter the investigation on the damping properties of the lattice structures is

deepened. Lattices damping properties depend on their macroscopic geometry; since

lattices under investigation are constituted by the repetition of unit cells, lattice’s size is a

multiple of cell’s size. The objective is to study damping properties variation as a function

of lattice’s size (number of unit cells repeated along the three main directions); acquired

data could be used to develop mathematical models useful for lattices damping proper-

ties estimation as well as for the development of a universal methodology for static and

dynamic lattice and porous structures property assessment.

129
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3.1 Specimen design and DoE

A DoE is devised to study damping properties variation as a function of lattice’s geometry.

Similarly to previous experimental campaigns, in order to derive lattices static and dy-

namic mechanical properties, specifically designed beam-like specimens are SLM manu-

factured and measured.

3.1.1 Lattice type, geometry and material selection

The lattice geometry under investigation is chosen taking advantage of the results ob-

tained from previous studies. The experimental campaign conceived, is an extension of

the previous ones. FBCCZ unit cell’s topology is selected, beams diameter and unit cell’s

size are equivalent to those of A and C samples described in Chapter 2. These choices

allow to compare the results with those already acquired previously. Type A and C lat-

tices have the same fill ratio, therefore comparison between specimens having the same

external section is simpler having comparable stiffness. Moreover, analysing lattices hav-

ing different unit cell size, it is possible to evaluate the effect of cell size variation on the

damping properties of the lattice. To ensure comparability with previous experiments, the

material chosen for specimens SLM production is a 316L stainless steel.

The proposed DoE is characterized by three factors and three levels for each factor. It is a

full factorial DoE that requires the production of 27 specimens. Since two types of lattices

with different unit cell’s size are under investigation, the DoE is repeated twice, one for

each cell size. The total number of specimens to be produced is therefore equal to 54.

Table 3.1 shows factors and levels chosen to investigate the effect of the lattice’s size on

its mechanical behaviour. The factors identify the number of unit cells that make up the

lattice, divided according to the three main directions (i.e. Nx, Ny, Nz). Three levels for

each factor are under investigation.

Table 3.1: 3rd DoE factors and levels
Factor Level 1 Level 2 Level 3

Nx Nx,1 Nx,2 Nx,3

Ny Ny,1 Ny,2 Ny,3

Nz Nz,1 Nz,2 Nz,3

To establish factors levels, determining the size of the lattices to be analysed, it is required

to fulfil constraints due to the limitations of the equipment used to acquire the data use-

ful for specimens static and dynamic properties estimation. In the following paragraphs,

design choices about specimens’ geometry and experimental set-up are analysed.
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3.1.2 Specimens geometry and experimental set-up design

As previously stated, beam-like specimens’ geometry should be designed in order to ease

data acquisition; characteristics and limitations of the equipment available at the Ad-

vanced Mechatronics Laboratory of the University of Udine must be taken into account.

To determine the static compliance of the samples, a Kistler Type 9311B load cell is used;

a displacement constraint is applied using a 6 mm diameter strut, measuring the reaction

force (Figure 3.1 left side). Similarly to previous experimental campaigns, the pulse test

technique is used to assess specimens dynamic behaviour. To facilitate measurements

execution, specimens are fixed in a vice. Bearing in mind the requirements described

above, specimens are designed with an upper base useful for the application of external

loads and a lower base to ensure a solid grip in the vice. The size of the two bases is chosen

in order to reduce printing time; moreover, specimens upper base is designed in order

to allow investigation of modal mass variation effect on dynamic behaviour, by means

of additional masses. The central part of the beam-like specimen integrates the lattice

structure.

Figure 3.1 shows a diagram representing measurements experimental set-up and speci-

mens’ geometry.

Figure 3.1: Specimens static and dynamic behaviour assessment – experimental setup

Figure 3.2 shows an example of specimen integrating type A lattice structure, with and

without additional mass. Set screws are used to secure additional masses to the upper

base.
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Figure 3.2: Example of specimen integrating type A lattice structure, with and without

additional mass

3.1.3 Selection of factors and levels for 3rd DoE

In the previous paragraph the experimental set-up used to perform the measurements

was analysed. To measure the displacement resulting from the application of the impul-

sive force applied through the instrumented hammer, an inductive probe is used. To ob-

tain satisfactory measurements with this kind of probe it is advisable to design specimens

with a first natural frequency lower than 2500 Hz. For this reason, the numerical values of

the DoE’s factors levels are chosen by evaluating the results obtained by FE simulations,

allowing to design specimens that can be easily characterized by pulse testing, using the

available equipment. As specified in Chapter 2, performing finite element simulations on

3D models of lattices made up of a considerable number of unit cells requires a lot of time

and huge computational resources. Therefore, to complete the design of the specimens

in reasonable time, the first resonance frequency is estimated using a 3D hybrid model

similar to that described in Chapter 2; lattice’s beams are discretized using 1D beam-type

finite elements, allowing to reduce consistently FE model nodes. Using 1D elements to

discretize the lattice, the solution obtained is less precise than that calculated using the

3D model of the entire specimen. To understand the order of magnitude of the error com-

mitted, a comparison between results obtained starting from the 3D model with respect

to those obtained with the 3D hybrid model is made. Table 3.2 summarizes the results

obtained: error tends to increase when cell’s number increases and when unit cell’s size

decreases. The 3D hybrid model is a useful tool for designing lattice specimens, being

aware that the results are not accurate.
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Table 3.2: Comparison between 3D and hybrid 3D FE models results

Specimen A1 A2 C1 C2

Nx 1 3 2 6

Ny 1 3 2 6

Nz 15 15 30 30

Cd [mm] 4 4 2 2

fr (3D) [Hz] 460 895 345 805

fr (hybrid 3D) [Hz] 405 744 289 621

Error [%] 11.95 16.87 16.23 22.86

Specimens integrating lattices of different sizes are analysed by means of FEA and factors

levels shown in Table 3.3 are chosen. It has been verified that specimens first resonance

frequencies are lower than 2500 Hz, facilitating measurements using the inductive probe.

Since the number of beams of the lattices is very large, the 3D hybrid model was used,

considerably reducing calculation time.

Table 3.3: 3rd DoE factors and levels - numerical values
Factor A-Level 1 A-Level 2 A-Level 3 C-Level 1 C-Level 2 C-Level 3

Nx 3 5 7 6 10 14

Ny 3 5 7 6 10 14

Nz 12 15 18 24 30 36

The factors levels combinations to be analysed are clearly summarized in Figure 3.3, where

Nz is fixed and resulting specimens’ cross sections are schematized. It is clear that it is not

required to produce 54 specimens as some of the combinations are geometrically identi-

cal; therefore, the production of 36 specimens is sufficient, 18 of which have to be mea-

sured with respect to two different orientations. Central specimen is highlighted in red as

its lattice is equal to that of specimens A and C of Chapter 2, it is therefore clear that the

3rd DoE is an extension of previous experimental campaigns.

In Chapter 2 it was observed that FBCCZ lattice’s inclined beams diameter is generally

greater than that of vertical beams. To investigate this phenomenon and verify whether

it is possible to modify the lattice’s CAD model to improve geometric accuracy, a small

experimental campaign is conceived. For this purpose, FBCCZ structures with a nominal

beam diameter between 0.2 mm and 0.4 mm are designed and produced; five specimens,

each of which with a beam diameter increased by 0.05 mm compared to the previous one,

are obtained. The study is performed for lattices with 2 mm and 4 mm unit cell size, for a

total of ten 316L SLM-manufactured specimens (Figure 3.4).

The average diameters of vertical and inclined beams, obtained with the 3D optical pro-

filometer Sensofar S neox, are shown in Table 3.4.

Moreover, images acquired with the aforementioned profilometer showing lattice’s sur-

face are reported in Figure 3.5.
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Figure 3.3: 3rd DoE factors levels combinations scheme

Figure 3.4: FBCCZ lattices geometric accuracy assessment - beam diameter equal to: a)

0.4 mm b) 0.35 mm c) 0.3 mm d) 0.25 mm e) 0.2 mm
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Table 3.4: FBCCZ lattices geometric accuracy assessment - beam diameter measurement

Cd [mm] Dn [mm] Dv [mm] Di [mm]

A 2 0,4 0,41 0,55

B 2 0,35 0,35 0,46

C 2 0,3 0,34 0,5

D 2 0,25 0,31 0,41

E 2 0,2 0,26 0,4

A 4 0,4 0,4 0,52

B 4 0,35 0,35 0,46

C 4 0,3 0,35 0,51

D 4 0,25 0,3 0,44

E 4 0,2 0,26 0,43

A) Cd=2 mm; Dn=0,4 mm A) Cd=4 mm; Dn=0,4 mm

A) Cd=2 mm; Dn=0,35 mm A) Cd=4 mm; Dn=0,35 mm

A) Cd=2 mm; Dn=0,3 mm A) Cd=4 mm; Dn=0,3 mm

A) Cd=2 mm; Dn=0,25 mm A) Cd=4 mm; Dn=0,25 mm

A) Cd=2 mm; Dn=0,2 mm A) Cd=4 mm; Dn=0,2 mm

Figure 3.5: FBCCZ lattices geometric accuracy assessment - lattice’s surface
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Vertical beams diameter is quite similar to the nominal value while inclined beams diam-

eter is larger. Therefore, higher geometric accuracy could be obtained by introducing a

correction coefficient to reduce the CAD nominal diameter of inclined beams. Analysing

values of Table 3.4, it is noticed that a uniform lattice having beams with a diameter equal

to 0.4 mm can be obtained reducing inclined beams nominal diameter to 0.2 mm. In order

to test this hypothesis, two specimens with nominal diameter equal to 0.4 mm for vertical

beams and 0.2 mm for inclined ones are manufactured (Figure 3.6).

Figure 3.6: FBCCZ lattices geometric accuracy - inclined beams diameter correction

Comparing diameter measurements of vertical and inclined beams, it is confirmed that

reducing inclined beams nominal diameter helps to increase geometric accuracy; speci-

mens beams diameter is uniform and is very close to the nominal value equal to 0.4 mm.

Observing the surface of the lattice using the Sensofar S Neox 3D optical profilometer, a

sudden variation of the geometry at the intersection between inclined and vertical beams

is observed (Figure 3.7); this evidence suggests the possibility that inclined beams section

could be ellipsoidal rather than circular.

Cd=2 mm; Dn,v=0,4 mm Dn,i=0,2 mm Inclined beam profile

Cd=4 mm; Dn,v=0,4 mm Dn,i=0,2 mm Inclined beam profile

Figure 3.7: FBCCZ lattices geometric accuracy assessment - lattice’s surface after correc-

tion
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To investigate this phenomenon, it is required to produce specimens that allow measure-

ment of beams sections; therefore five specimens with lattice cells sectioned along planes

orthogonal to the beams axis are designed and produced (Figure 3.8). Specimens beams

diameter varies between 0.2 and 0.4 mm (0.05 mm steps).

Figure 3.8: FBCCZ lattices geometric accuracy assessment – effective beam section

Vertical and inclined beams sections are measured using the experimental set-up shown

in Figure 3.9.

Comparing sections measurements of the vertical and inclined beams it is clear that the

latter is not circular (Figure 3.10). Inclined beam’s section is elongated along the direction

parallel to the build axis; this phenomenon could be due to undesired adhesion of metal

particles on overhanging surfaces. Inclined beam’s diameter along the direction perpen-

dicular to the build one is close to the nominal value. The geometry of inclined beam

section is therefore elliptical.

Figure 3.9: FBCCZ lattices geometric accuracy assessment – section measurement
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Vertical beam section (circular) Inclined beam section (elliptical)

Figure 3.10: FBCCZ lattices geometric accuracy assessment – beam section surface

Results obtained suggest that it is not sufficient to apply a correction coefficient to obtain

inclined beams of the desired diameter; a possible approach may be to model inclined

beams with an elliptical section in order to compensate printing error along the build

direction. This approach requires further studies. To ensure uniformity with previous ex-

perimental campaigns and avoid complicating three-dimensional modelling of lattices,

geometric error is accepted and 3D models consisting of uniform section beams are used.

This choice also has the advantage of guaranteeing the possibility of comparing the re-

sults with those of 2nd DoE. Three-dimensional modelling of the specimens integrating

lattice structures requires a considerable amount of time due to the huge number of el-

ements that make up the structure. The conversion into STL files requires a lot of time,

since the number of triangles necessary to discretize the lattice geometry is significant;

moreover, file’s size is quite big, slowing down all the operations that must be performed

before production.

3.2 Manufacturing of 3rd DoE

Once the specimens STL model generation phase is completed, it is possible to start per-

forming all the operations required to be ready to start SLM 3D printing. For this purpose,

Materialise Magics software is used. The first operation to be performed is the correction

of errors generated during the conversion to STL file; even taking advantage of the au-

tomatic algorithm integrated into Magics, the time required to perform this operation is

very long due to the very large number of triangles that make up the specimens surface.

Subsequently, the specimens are positioned on the virtual build platform. Preliminary es-

timates of time and computational resources needed to perform slicing and 3D printing

of the components suggest dividing the production on three distinct build platforms. The

time required to perform the slicing of 36 specimens simultaneously is more than 15 days

and production would take more than 7 days. The risk connected to the execution of such
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long operations that cannot be restored in the event of interruptions (e.g. power failure)

is very high. Therefore, specimens positioning is performed on three separate build plat-

forms; specimens are subdivided according to their height, hence each build platform

contains specimens of the same height. Specimens are positioned randomly to reduce

the effect of the position on mechanical properties and with an angle of 45° with respect

to the coater blade, to favour uniform powders distribution. Figure 3.11 shows specimens

positioning for each of the three virtual printing platforms.

Figure 3.11: 3rd DoE’s specimens positioning on build platform

It takes 4 to 5 days to slice each build platform, depending on specimens’ height; obtained

files define geometrical and process related characteristics of the individual layers. For

each platform, files between 10 GB and 20 GB are generated; processing large files causes

the slowdown of all the preliminary operations to be performed before proceeding with

3D printing. At the end of the slicing operation it is possible to proceed with the 3D SLM

printing, using the generated files.

To assess whether lattice specimens have better damping properties compared to equiva-

lent full cross-section specimens, three reference specimens have been designed similarly

to what was done in Chapter 2. The points of the DoE chosen to execute the comparison

are the central ones; therefore, lattice specimens chosen are those with an external sec-

tion equal to 20 x 20 mm with three lattice height levels (unit cell size equal to 4 mm). The

three reference specimens have a full cross-section and have been designed in order to

have compliance equal to that of as-built lattice specimens.

As specified before, the material chosen for the production of the specimens is a 316L

austenitic stainless steel; moreover, the SLM process parameters used are the same as

those specified in Chapter 2. These choices allow the production of specimens with me-

chanical properties comparable to those of 2nd DoE specimens, allowing to compare the

results with those obtained from previous experimental campaigns.

The SLM 3D printing process, performed using the machines already described in Chap-

ter 2, requires 5 to 7 days depending on the specimens’ height. Nearly 18 days are required

to manufacture the specimens positioned on build platforms shown in the previous para-

graph. In Figure 3.12a it is possible to observe the result obtained at the end of the print-

ing phase of the first platform (specimens with 48 mm high lattice structure); the powder
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layer’s and specimens’ surfaces are uniform, suggesting a successful SLM process. In Fig-

ure 3.12b, c and d it is possible to observe the as-built specimens.

Figure 3.12: 3rd DoE’s specimens SLM 3D printing as-built result

From a qualitative point of view, examining details of Figure 3.13, it is possible to observe

that lattices geometry is reproduced correctly; the result is similar to that already docu-

mented in Chapter 2.

All specimens are subjected to stress relieving heat treatment; therefore, it is possible to

characterize the specimens avoiding the effect of residual thermal stresses. This choice

favours the exploitability of results at industrial level since it is good practice to carry out

the stress relieving heat treatment of SLM-manufactured components, to eliminate the

residual thermal stresses typical of this type of production process which could generate

macro deformations of parts.

Heat treated specimens are separated from the build platforms using a band saw. There-

fore, it is possible to perform measurements to estimate static and dynamic properties of

the samples.
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Figure 3.13: 3rd DoE’s specimens SLM 3D printing - detail views

3.3 Static and Modal analysis

In order to proceed with specimens static and dynamic properties characterization, it is

necessary to design and implement appropriate experimental set-ups, perform measure-

ments and data analysis. The objective is to collect enough data to describe lattice spec-

imens static and dynamic behaviour. The following paragraphs describe the procedures

used to obtain static compliance and frequency response of the individual specimens.

Therefore, data analysis allows to evaluate the effect of lattice geometry on static and dy-

namic properties and on damping performance.

3.3.1 Static analysis experimental setup and measurements

To estimate the static compliance of beam-like specimens it is possible to use different

methodologies. In Chapter 2, specimens’ static compliance was estimated analysing the

frequency response; results obtained were compared with those calculated by measuring

the displacement due to the application of a known load on the specimens tip (cantilever

beam - tip displacement vs tip loading). Comparing the values obtained using the two

methodologies, it was observed that the static compliance estimated using the frequency
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response is lower than that calculated by measuring the displacement deriving from the

application of a known load.

To calculate the static compliance more accurately, a new experimental set-up is devised:

it allows to measure the force that develops when a fixed displacement is applied to spec-

imen’s tip (cantilever beam - fixed tip displacement vs reaction force). The scheme that

represents the main components of this experimental set-up has been reported previ-

ously in Figure 3.1, since the compatibility between experimental set-ups and specimen

geometry was evaluated in the specimens’ design phase.

Specimens are fixed one at a time in the HAAS VF-2TR vertical machining centre grip; 90

degrees rotation of the TR160 rotary table A axis allows to exploit the spindle head to exert

a fixed deformation on the specimen tip. The displacement constraint is applied to the

specimen tip using a 6 mm diameter strut connected to a Kistler Type 9311B load cell that

measures the reaction force. Resulting experimental set-up is visible in Figure 3.14.

Figure 3.14: 3rd DoE’s specimens static compliance assessment – experimental set-up

The load cell is connected to a Kistler Type 5073A charge amplifier connected via USB to

a PC; data are acquired using ManuWare software provided by Kistler (Figure 3.15).

To improve measurement accuracy, before starting acquisition, each sample is subjected

to a loading and unloading cycle to favour specimen’s settlement in the vice. Then the

loading and unloading cycle is performed: a fixed displacement is imposed on the spec-

imen’s tip (loading), then the unloading is performed taking note of load cell’s voltage

variation and corresponding displacement. VMC’s Z axis moves with steps equal to 1 µm.

To mitigate the effects of backlash, during unloading phase the first displacement step is

neglected.
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Figure 3.15: 3rd DoE’s specimens static compliance assessment – data acquisition

3.3.2 Modal analysis experimental setup and measurements

Similarly to previous experimental campaigns, the pulse test technique is used to assess

specimens dynamic behaviour. This technique, applied to estimate the frequency re-

sponse of lattice structures, is based on the impulsive excitation of the specimen’s up-

per base by means of an instrumented hammer. Resulting vibrations are measured by an

inductive probe placed near the surface of the upper base, on the same axis of the impul-

sive force. Specimens lower base is constrained by tightening VMC’s vise jaws. Tools and

equipment used to perform pulse tests and data acquisition have been already listed in

Chapter 2. The resulting experimental set-up is visible in Figure 3.16.

Figure 3.16: 3rd DoE’s specimens frequency response assessment – experimental set-up
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As previously stated, the inductive probe is suitable for measurement of medium-low fre-

quency vibrations; therefore, the specimens have been designed with first resonance fre-

quency lower than 2500 Hz. To study specimens with higher resonance frequencies it is

required to use sensors that exploit different operating principles, for example laser in-

terferometry. Even a triaxial accelerometer would be appropriate; however, having to be

applied on the specimen it alters the dynamic response.

3.3.3 Data analysis and results

Data analysis was performed in MATLAB environment applying the same methodology

explained in Chapter 2. The specimens’ frequency response is calculated; therefore, the

first natural frequency and its amplitude are gathered while the static compliance is esti-

mated as the amplitude of the frequency response at f ≈ 0. Using the simple harmonic

oscillator model, specimens damping coefficient and damping ratio are estimated. The

measurements were repeated twice for each sample; the average value of the results ob-

tained are reported in Appendix 1. In Chapter 2 it was observed that specimens’ static

compliance values were different depending on whether the estimate was made by evalu-

ating the frequency response or evaluating the deformation generated by the application

of a known tip load. Therefore, to estimate 3rd DoE’s samples static compliance the exper-

imental set-up has been modified, as specified in the previous paragraph. In Figure 3.17

it is possible to observe the comparison between the results estimated by analysing the

frequency response and those obtained using the load cell.

Figure 3.17: 3rd DoE’s samples static compliance – FRF vs load cell estimated values

The specimen’s type is indicated on the x-axis, specifying the number of cells along x-

axis and y-axis, defined as in Figure 3.16. Looking at the graphs, it can be observed that

specimens’ compliance tends to decrease when the cross-sectional area along the load-
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ing direction (x-axis) increases. The absence of trends that cannot be explained from a

physical point of view confirms that measurements acquisition was performed correctly

in both cases. Similarly to Chapter 2 results, the compliance estimated from the FRF is

lower than that calculated by measuring with the load cell the reaction force that is gener-

ated by applying a fixed displacement to the specimen’s tip. The discrepancy between the

values obtained with the two methodologies can be attributed to the noise affecting the

FRF at low-frequency and to the errors due to the measurement chain used to perform

measurements with the load cell (i.e. mechanical tolerances and data acquisition system

noise). To ensure consistency with the previous experimental campaigns, it was chosen

to use the value derived from the FRF; however, it is suggested to further investigate this

aspect, for example by calibrating the acquisition system using a specimen with known

compliance.

Looking at Figure 3.18, the effect of compliance’s variation on damping ratio "ξ" can be

evaluated. Observing the values related to samples having Nx = Ny, in general the damping

effect tends to increase when the compliance decreases, confirming what was observed in

Chapter 2. However, analysing the data relating to the specimens with Nx /= Ny compli-

ance’s variation effect on damping is less clear.

Figure 3.18: Effect of specimens’ compliance variation on damping ratio

Comparing damping ratio "ξ" and damping coefficient "c" values, the trend with respect

to the specimen section is generally the same (Figure 3.19). Analysing data related to spec-

imens having Nx = Ny it can be observed that the damping effect tends to grow with cross-

sectional area and therefore it is proportional to unit cells number; furthermore, observ-

ing the results for specimens having Nx /= Ny , generally the damping effect is greater when

Ny> Nx. This latter result is significant taking into account that the load is applied along

the x-axis.
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Figure 3.19: Comparison between damping ratio "ξ" and damping coefficient "c"

Grouping damping ratio results on the basis of the number of cells along X and Y axis

it is possible to obtain the boxplots of Figure 3.20; the damping ratio average value of

the specimens having Ny > Nx is higher than those having Nx > Ny. This result is valid

both for lattices composed by 4 mm and 2 mm unit cells and confirms what was observed

previously.

Figure 3.20: Aspect ratio effect on damping ratio "ξ"

To analyse the effect of cells number variation on the damping ratio, the results are grouped

according to the number of cells along the three main directions; it is therefore possible

to observe the effect of cells number variation along X, Y and Z for lattices composed by 4

mm and 2 mm unit cells (Figure 3.21).
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Figure 3.21: Lattice’s cells number variation effect on damping ratio "ξ"

The cells number variation along X and Y directions has a significant influence on the

damping ratio both for lattices composed by 4 mm and 2 mm unit cells. When the number

of cells increases it also tends to increase the damping ratio. This trend is also confirmed

for Nz, albeit less clearly. To evaluate the effect of cells number variation on damping ratio

from a statistical point of view, an ANOVA is performed; as expected, the result obtained

confirms that the individual factors as well as the interactions are significant.

To evaluate if unit cell’s size variation affects damping ratio, the trend of the latter is eval-

uated as a function of specimens external section; in this way it is possible to compare

specimens having lattice structures with the same cross-section but different unit cell size

(Figure 3.22).

Figure 3.22: Damping ratio "ξ" with respect to lattice’s cross-section
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In general, considering specimens having the same section, the effect of unit cell’s size

variation on damping ratio is not striking; however, specimens with smaller unit cell seem

to be able to guarantee slightly higher damping performance. Looking at the graph, it

could be observed that in general, as the cross-section increases, the damping effect also

increases; moreover, having included the results of both measurements repetitions, it is

verified that repeatability is good.

To ascertain whether there is an effect, albeit small, of unit cell’s size on damping ratio,

results are grouped according to unit cell’s size, obtaining boxplots of Figure 3.23. Com-

paring damping ratio’s average values of the specimens with a 4 mm unit cell compared

to those with a 2 mm cell, it can be observed that the latter allow to obtain a slightly bet-

ter damping performance. This result suggests that lattices made up of smaller sized unit

cells may be more suitable for applications where damping performance maximization is

required.

Figure 3.23: Damping ratio "ξ" with respect to unit cell’s size

To confirm that lattice specimens have better damping properties than solid ones, as pre-

viously mentioned three reference specimens have been designed. These specimens have

a full cross-section and have been designed in order to have compliance equal to that of

lattice specimens. The lattice specimens chosen to perform the comparison are those

having a 20 x 20 mm cross section, 4 mm unit cell and three lattice height levels (48-60-72

mm). The comparison between damping ratios of lattice specimens with respect to refer-

ence ones is shown in Table 3.5. Lattice specimens guarantee better damping properties;

however, to confirm this result from a statistical point of view further replicates and tests

are required.
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Table 3.5: Comparison between lattice and full-cross section specimens damping ratio

Type (Nx x Ny x Nz) ξlattice ξfull cross-section

5x5x12 0,0095 0,0024

5x5x15 0,005 0,0045

5x5x18 0,0129 0,0048

To model the relationship between the number of unit cells of specimen’s cross section

(i.e. Nx, Ny) and damping ratio a linear regression was performed. ANOVA allowed to es-

tablish that statistically all factors (i.e. Nx, Ny, Nz) and interactions are significant; there-

fore, interactions cannot be neglected. The cell’s number variation along Z axis signifi-

cantly changes specimen’s dynamic behaviour. Therefore, data are divided according to

unit cell’s size “Cs” and cell’s along Z-axis number Nz (i.e. lattice height – “Lh”). Using

damping ratio as response variable and cells numbers (i.e. Nx, Ny, Nz) as predictors, six

mathematical models useful for damping ratio estimation are obtained by linear regres-

sion.

ξ1 =β1 +β2Nx +β3Ny +β4Nx Ny +β5N 2
x (3.1)

ξ2 =β1 +β2Nx +β3Ny +β4Nx Ny +β5N 2
x (3.2)

ξ3 =β1 +β2Nx +β3Ny +β4N 2
x +β5N 2

y (3.3)

ξ4 =β1 +β2Nx +β3Ny +β4Nx Ny +β5N 2
x +β6N 2

y (3.4)

ξ5 =β1 +β2Nx +β3Ny +β4Nx Ny +β5N 2
y (3.5)

ξ6 =β1 +β2Nx +β3Ny +β4N 2
x (3.6)

Estimated values of mathematical models β coefficients are shown in Table 3.6.

Table 3.6: Estimated values of linear regression models β coefficients

ξn CsxLh β1 β2 β3 β4 β5 β6
R2

[%]

ξ1 4x48 -8,19E-03 4,47E-03 -4,58E-04 3,31E-04 -5,26E-04 \ 85

ξ2 4x60 -5,91E-03 1,61E-03 -2,19E-04 9,18E-05 -1,01E-04 \ 98

ξ3 4x72 3,21E-02 -1,87E-02 5,23E-03 2,01E-03 -3,55E-04 \ 95

ξ4 2x48 3,91E-02 -1,34E-02 4,40E-03 2,63E-04 6,16E-04 -2,70E-04 88

ξ5 2x60 6,92E-02 -9,13E-03 -2,46E-02 2,73E-03 1,60E-03 \ 91

ξ6 2x72 -3,17E-02 5,96E-03 1,02E-03 -2,55E-04 \ \ 90
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Figure 3.24 shows damping ratio values distribution with respect to unit cell’s number

(i.e. Nx, Ny, Nz) and the surfaces that represent mathematical models obtained by linear

regression.

Figure 3.24: Distribution of damping ratio values and mathematical models surfaces

Observing mathematical models surfaces, it is confirmed that as the number of cells of

the lattice’s cross-section increases the damping effect is enhanced. These mathematical

models can be useful to evaluate damping effect of lattices as a function of their size; fur-

thermore, results obtained can be exploited for FE models calibration and development

of homogenization methods.
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3.4 Conclusions

On the basis of the results obtained from the experimental campaigns described in Chap-

ter 2, a further in-depth study was devised to investigate static and dynamic behavior of

lattices of different sizes (i.e. number of cells). A DoE developed starting from the previ-

ous ones was designed; topology and geometry of the unit cell of the lattices being studied

were the same as the specimens A and C described in Chapter 2, while the number of unit

cells was changed. A full factorial DoE was devised, with three factors and three levels for

each factor. The variation of lattices static and dynamic properties with respect to lattice

size (i.e. number of unit cells along the three main directions - Nx, Ny, Nz) was under in-

vestigation. The DoE was divided in two parts, according to unit cell’s size, and the central

point was represented by specimens integrating lattices having dimensions equivalent

to Chapter 2 A and C specimens. Using appropriate experimental set-ups, compliance

and frequency response of the 36 specimens produced were obtained. Data analysis was

performed allowing to evaluate lattice structures behavior according to their size; hence,

exploiting data and expertise acquired by means of all the experimental campaigns in-

vestigating lattice structures properties, a generalised methodology useful to character-

ize static and dynamic behaviour of different types of lattice porous structures was con-

ceived. Below, some observations and conclusions:

• Measurements execution and data analysis were facilitated optimizing specimens’

geometry and DoE’s factors levels by means of FEA results analysis.

• Using a 3D optical profilometer it was assessed that inclined beams cross-section

was not circular. Inclined beam’s section is elongated along the direction parallel

to the build axis. Therefore, modifying the nominal diameter of the beam (CAD) to

improve dimensional accuracy is not sufficient.

• Specimens slicing and SLM manufacturing required 13 and 18 days respectively.

• By means of adequate experimental set-ups, compliance and frequency response

of 36 specimens made of 316L stainless steel were obtained, allowing to observe the

effect lattice’s size variation on mechanical properties.

• Specimens compliance estimated from the FRF is lower than that obtained exploit-

ing the load cell. This problem can be connected to the noise that affects FRF’s at

low frequency and mechanical tolerances of the measurement chain; further inves-

tigations are necessary to improve compliance estimation accuracy.

• In general, specimens damping ratio tends to increase with stiffness and cross-

sectional area. Furthermore, damping effect is enhanced when lattice’s cross-section

is more extended along the plane perpendicular to the applied force.

• Effect of cells number variation on damping ratio was assessed with ANOVA. All

factors (i.e. Nx, Ny, Nz) as well as the interactions are significant.
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• It is confirmed that lattices composed of smaller unit cells can guarantee slightly

better damping performance than those made up of larger cells.

• Lattice specimens had higher damping ratios compared to full cross-section equiv-

alents.

• By means of linear regression, mathematical models useful for lattices damping

properties estimation as a function of their size have been obtained. These can

be used for FE models calibration, development of homogenization methods and

advanced mathematical models for the prediction of lattices damping behaviour.

• Static and dynamic characteristics of porous / lattice structures could be assessed

by means of the proposed method.



Chapter 4

INNOVATIVE METHODOLOGY

FOR FAST SLM MANUFACTURING

OF LATTICE AND POROUS

STRUCTURES

Studies concerning lattice structures described in the previous chapters allowed an in-

depth evaluation of the advantages and disadvantages related to design, optimization

and production of controlled porosity materials. Furthermore, the damping properties

of these structures have been investigated, contributing to improve the knowledge in an

innovative field of research that was investigated by a limited number of scientific works;

below is a brief summary of the aspects that highlight the potential offered by these type

of structures, justifying the need to develop new strategies that facilitate and speed up

their design and production. Lattice and porous structures offer the possibility of de-

veloping innovative functions and better thermo-mechanical properties, increasing de-

sign freedom compared to what is achievable with solid materials. It is possible to obtain

lightweight structures with a high specific strength, improve damping properties and heat

exchange, improve biocompatibility for medical applications. Lattice / porous structures

are formed by the orderly or stochastic repetition of unit cells, depending on the geom-

etry of these cells the resulting porosity can be open or closed. Mechanical properties of

this kind of structures are influenced by a large number of parameters, the main ones be-

ing shape of the unit cell, relative density, geometric parameters such as beams diameter,

wall thickness and cell size and material properties. The choice of unit cell type and ge-

ometry allows the creation of structures with tuneable properties calibrated according to

the specific case needs. Lattice structures are particularly interesting because, depend-

153
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ing on their topology, they exhibit different under load behaviour. This characteristic can

be exploited to obtain optimized structures with point by point tuneable mechanical be-

haviour, helping to achieve high specific mechanical strength and good damping prop-

erties. Lattice structures are easier to exploit than foams, since it is possible to generate

materials with controlled relative density and mechanical properties. SLM technology is

particularly suitable to produce lattice / porous structures, since it makes it possible to

produce complex geometry easily.

Therefore, considering all the aspects described above, lattice / porous structures proven

to be a useful tool to design high performance mechanical components. However, some

significant problems affecting the design and production phases of these structures have

been highlighted. In particular, traditional CAD three-dimensional modelling methods

proven to be inadequate, requiring in many cases consistent calculation times and the

generation of large files; moreover, the traditional SLM scanning strategies are not op-

timized for the production of small-sized lattice structures, contributing to significantly

increase the machine time required for production.

This chapter describes an innovative methodology for the design and production of con-

trolled porosity lattice structures that addresses the problems described above, demon-

strating the existence of important margins for improvement for design and production

of these structures.

4.1 Geometry and process design for lattice and porous struc-

tures

Traditional 3D CAD modelling techniques, used to design geometric models of parts to

be produced with Additive Manufacturing Technologies - AMT, involve the creation of

closed surface models (i.e. watertight STL); this type of 3D model is characterized by the

clear distinction between the internal and external surface of the component. An example

of FBCCZ lattice structure solid model and the section of the watertight surface model is

shown in Figure 4.1.

The parts produced with additive technologies are the result of layer by layer material

addition; in order to proceed with production, it is therefore required to define the ge-

ometry of the individual bidimensional layers that make up the object. Following the

creation of the 3D model, before production phase, the surface model (generally in .stl

format, which uses triangles to discretize the surface of the part) must be subjected to an

operation called "slicing" which generates the geometry of the individual layers, defining

contours and areas affected by the AM process. The individual layers are made by the

composition of closed polygons that describe the sections of the parts to be produced;
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Figure 4.1: FBCCZ solid model and section of the watertight surface

curved paths are discretized using straight segments. For SLM manufacturing technology,

the result of FBCCZ lattice structure slicing operation is reported in Figure 4.2; on the right

side it is visible the conformation of one of the layers, the contour laser path (red) does not

coincide with the actual slice contour (grey) because it is necessary to take into account

the actual size of the circular spot (laser beam’s diameter compensation).

It should be pointed out that most slicing software does not provide the ability to manage

and produce single isolated points. In the case of the Selective Laser Melting (SLM) AM

technology, the manufacturing process takes place thanks to the heat supply of a laser

source that causes the selective fusion of the raw material in the form of powders and the

consequent solidification, allowing the generation of the layers described above. Process

parameters and in particular the circular cross-section spot diameter of the laser source

can be varied within a certain range.

The creation of the three-dimensional model of the lattice structure and the conversion

into a watertight surface model in many cases require huge calculation resources and long

calculation times. This problem occurs because lattice structures are composed by a large

number of unitary cells repeated in space and the total number of beams forming the

structure is very large. This involves long times for the realization of the solid model of

the structure and for the subsequent transformation into a closed watertight surface. In

fact, the lattice’s surface is discretized by means of a very high number of triangles, es-

pecially if beams section is circular, requiring long calculation times and the generation

of large files. The watertight closed surface, as previously specified, has to be sliced; this

operation requires a calculation time proportional to the number of triangles composing

the surface. Therefore, the need to process large files describing surfaces composed of a
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Figure 4.2: Example of layer obtained after slicing operation

very large number of triangles significantly slows down slicing operation. The result of

slicing is used by the SLM machine to establish the laser trajectories used to produce the

individual layers; the file obtained after slicing lattices is quite big, since it contains all

the instructions for the production of contours and areas composing the lattice, therefore

production process is significantly slowed down. In fact, to produce a single layer, com-

posed of several circular / ellipsoidal sections, the laser must follow the trajectories that

describe contours and internal areas of all the beams sections that make up the structure;

the large number of individual trajectories to be produced contributes to slow down the

production process. The problems described above highlight the weaknesses associated

with design and production of lattice structures when conventional three-dimensional

modelling tools and methods are used, suggesting the need to investigate new method-

ologies to eliminate or mitigate these problems.

Literature review evidenced some studies describing an alternative approach, named Laser

Spot Welding (LSW), suitable for lattice structures manufacturing that solves some of the

issues highlighted before; exploiting this type of methodology, the lattice geometry is de-

fined layer by layer by means of points that describe the centre of the circular / ellip-

soidal sections of the individual beams of the controlled porosity structure [98]–[100].

Figure 4.3 shows the comparison between conventional exposure strategy, used to man-

ufacture the 3D watertight model of lattices, and the Single Exposure Strategy (SES) or

Laser Spot Welding, which requires the geometric representation "by points". Figure 4.3a

shows the conventional exposure strategy used for the production of layers obtained by

slicing a complete 3D model of a cylindrical beam: two distinct groups of laser trajec-

tories can be observed, “contour” made by the composition of segments that discretize

circular ellipsoidal sections and “infill” made by straight paths. In Figure 4.3b it is pos-
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Figure 4.3: Comparison between conventional exposure strategy (a) and Single Exposure

Strategy or Laser Spot Welding (b) [99]

sible to observe the LSW technique which uses a single point to define the centre of the

circular section of the cylindrical beam. In the first case, the SLM process parameters are

kept constant throughout the production process and geometric characteristics of the lat-

tice such as shape and diameter of the individual beams are defined by contour and infill

laser paths. When LSW is involved, the geometric characteristics are controlled modifying

SLM process parameters (e.g. power, exposure time, laser spot size). Figure 4.4 shows the

comparison between the layers obtained from the slicing of a lattice structure 3D model,

with and without LSW technique: taking advantage of the traditional scanning strategy,

the contours of the circular / ellipsoidal sections of the beams forming the structure are

generated, while applying the LSW technique a series of points identifying the centres of

the aforementioned sections is created.

Figure 4.4: Comparison between layers obtained after slicing applying the conventional

exposure strategy (left - contour) and the SES / LSW (right - points) [99]
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As mentioned above, slicing and machine control software generally do not allow to man-

age trajectories composed by points; therefore, the LSW strategy requires the use of specif-

ically programmed modelling tools, used for research purposes, or commercial tools that

use uncommon data interchange formats (e.g. Betatype). Furthermore, the management

of "point" trajectories is not universally supported by SLM machines, therefore in most

cases the production of lattice structures with LSW technique is only possible if the avail-

able equipment allows direct programming of the laser trajectories. This situation is not

very common when commercial equipment is involved; typically, it is possible to set a

limited number of process parameters while it is mandatory to use a machine specific

slicer that outputs encrypted files, making altering or defining specific trajectories im-

possible. In the case of non-lattice porous structures made by the repetition of complex

shaped thin walls (e.g. gyroid), there are some studies that investigate the existence of op-

timized SLM process parameters and strategies to enhance manufacturability and their

mechanical properties. It should be noted that some of the problems described previ-

ously affecting the design and production of lattice structures also occur in the case of

thin-walls porous structures.

To solve problems related to the design and production of porous structures, an inno-

vative methodology for modelling and rapid production of small-scale lattice and porous

structures using SLM technique has been developed (Patent Pending). This strategy makes

it possible to improve the efficiency and speed of three-dimensional modelling, slicing

and production of small-sized lattice / porous structures, ensuring substantial savings in

terms of calculation resources, time, design and manufacturing costs.

4.2 Innovative methodology for design and manufacturing

of lattices

As mentioned in the previous paragraph, generally 3D modelling of lattice / porous struc-

tures is carried out with commercial CAD software that make the design phase inefficient.

There are some specific tools allowing faster lattice structures design; however, most com-

mercial / open source software share the disadvantage of generating such structures in the

form of 3D models whose surface is discretized through a mesh made up of triangles (e.g.

.stl format), this causes the creation of large files that slow down design and slicing phases.

The innovative methodology proposed in this chapter is of particular interest because, re-

lying on a simplified 3D model of the lattice / porous structure to be produced, allows

considerable time savings for design, slicing and manufacturing phases, while ensuring

compatibility with commercial software and SLM equipment.
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4.2.1 Generation of the simplified lattice / porous structure geometry

Details about the innovative methodology for the creation of the simplified model of lat-

tice and porous structures, patent pending, cannot be disclosed; however, the innovative

aspects, the advantages and disadvantages of the proposed methodology and some parts

of the specific software developed for the creation of the simplified model are reported.

It should be remembered that when lattice structures composed by circular cross-section

beams are involved, the laser trajectories consist of the circular ellipsoidal contours and

their infill. Similarly, in case of porous structures composed of thin walls, the laser tra-

jectories describe the sections contours and their infill. As demonstrated by studies con-

cerning the LSW technique described before, it is possible to exploit a simplified model of

the porous structure to be produced, controlling its dimensional characteristics through

SLM process parameters. The proposed methodology uses similar concepts to speed up

design and production phases of lattice / porous structures, ensuring compatibility with

software and commercial SLM machines.

The first step of the innovative methodology proposed for design and manufacturing of

small sized lattice porous structures starts from the generation of the simplified 3D model

of the structure; to perform this operation, a set of specifically designed MATLAB func-

tions is used, unit cell’s topology and lattice’s size are defined and the complete structure

can be generated. The topology of the unit cell used to create the lattice / porous struc-

ture is preliminarily defined through .stl files generated with commercial CAD software

(e.g. SolidWorks, Inventor, etc.), with upcoming software developments it is planned to

implement a function that allows direct generation of the unit cell’s topology. The Graph-

ical User Interface (GUI) of the software for lattice / porous structure generation is shown

in Figure 4.5.

Figure 4.5: Graphical User Interface (GUI) lattice / porous structure generator
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It is possible to set the size of the lattice / porous structure by choosing the number of

unit cells to be repeated along the three main directions (Nx, Ny, Nz) and choosing the

unit cell size; the drop-down menu on the top right allows to select the unit cell type

(topology). STL file generation of the entire lattice / porous structure is very rapid, al-

lowing substantial time savings compared to the conventional methodology that involves

the conversion from the 3D model to the surface model; time saving exponentially in-

creases with the number of cells composing the structure to be generated. An example

of the simplified model obtained using the proposed methodology and the aforemen-

tioned software, patent pending, cannot be included in this chapter; however, it should

be noted that the file obtained at the end of the procedure, which represents the simpli-

fied three-dimensional geometry of the lattice / porous structure, is considerably more

compact compared to the one obtainable starting from a solid 3D CAD model. The 3D

simplified model compactness and efficiency allow considerable time savings for slicing

and SLM production phases, as explained in the next paragraph.

4.2.2 SLM process design and manufacturing for simplified lattice / porous

structure geometry

The simplified three-dimensional model of the lattice / porous structure has to be sliced

into sections, before SLM manufacturing could start. One of the strengths of the method-

ology described in this chapter, is the possibility of exploiting commercially available soft-

ware tools for manipulating and slicing files for additive manufacturing.

Therefore, the file obtained using the tool described in the previous paragraph can be pro-

cessed with specific printing software for AM (e.g. Materialize Magics, Autodesk Netfabb,

etc.). Printing process preparation and slicing can be performed using the same tools

and procedures used for conventionally designed 3D components; this is an advantage

as commercial SLM machines generally use proprietary slicers that generate encrypted

files, not allowing direct definition of laser trajectories. It is not possible to show the re-

sult obtained from the slicing of the simplified model, being part of the innovative design

method, patent pending; however, a table highlighting time savings obtainable using a

simplified 3D model compared to a conventional one is reported below. Three different

sized lattice structures are created in order to estimate the time required to generate the

3D model and to perform the slicing operation; these structures are composed by 2 mm

FBCCZ unit cells and circular cross-section beams with 0.4 mm diameter. The three dif-

ferent sized lattices are shown in Table 4.1; time needed to generate the 3D model, to

perform slicing and for SLM manufacturing are calculated allowing to compare values

obtained starting from lattice’s 3D model and simplified one. Estimation of printing time

was carried out using the time estimation tool integrated on the Concept Laser M2 Cusing

installed at the University of Udine.
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Table 4.1: Time required to manufacture lattice structures with different methodologies

Nx 2 5 10

Ny 2 5 10

Nz 15 15 15

3D model gen.

(3D / simp. 3D) 2m/<1m 3m/<1m 20m/<1m

Slicing

(3D / simp. 3D) <1m/<1m 4m/<1m 25m/<1m

SLM manuf. Time

(3D / simp. 3D) 2h32m/2h27m 3h20m/2h39m 6h2m/3h13m

It can be seen that the advantage in terms of time saved increases with the number of unit

cells of the structure. Moreover, the printing time required for the production of lattice

/ porous structures is reduced if the simplified 3D model is used and the time advantage

grows with the number of unit cells that make up the structure.

The main advantages and disadvantages of the proposed methodology with respect to

the conventional approach that exploits the complete 3D model of the lattice / porous

structure are briefly summarized below.

Advantages:

• Possibility of generating a simplified 3D model of the porous lattice structure us-

ing conventional CAD tools or specifically developed open-source (e.g. Python) or

MATLAB code.

• Possibility of processing the simplified 3D model using conventional methods and

software (e.g. machine specific slicer). This allows the immediate application of

the method, without the need to significantly modify workflow and already consol-

idated CAD and CAM-AM tools.

• Significant time reduction to carry out each of the phases that make it possible to

produce lattice / porous structures: creation of the 3D model, slicing, on-board

printing job creation and SLM manufacturing process. The advantage in terms of

time saved is proportional to the number of cells making up the lattice / porous

structure.

• Possibility of creating lattice or porous structures with smaller unit cell dimensions

and features (e.g. walls, beam section) compared to those obtainable starting from a

complete 3D model. Furthermore, it is possible to 3D print porous structures com-

posed by thin walls (e.g. gyroids), which cannot be produced with the LSW tech-

nique.
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• Use of ad-hoc software / code to perform slicing is not required, nor are "open"

SLM machines allowing input of custom-made laser trajectories. It is possible to

use conventional CAD and CAM-AM tools.

Disadvantages:

• Using the simplified 3D model, it is difficult to reproduce with extreme accuracy

the actual geometry of the lattice / porous structure; for example, it is not possible

to accurately reproduce the ellipsoidal sections resulting from the slicing of lattice

structures composed by circular cross-section inclined beams. However, generally

error is small and geometric accuracy is sufficient.

• When using the simplified model, the final geometry of the lattice / porous structure

depends on process parameters (power, scanning speed and laser spot size); there-

fore, it is necessary to adjust the aforementioned process parameters to obtain the

desired geometry. Process parameters optimization requires the execution of ex-

periments and measurements to assess geometric, microstructural and mechanical

properties. Using the complete 3D model of the lattice / porous structure, generally

the geometry does not depend significantly on the process parameters; therefore, it

is not necessary to carry out experimental campaigns for process parameters opti-

mization.

• In some cases, mechanical properties and surface roughness of components made

starting from simplified 3D models can be influenced by the peculiar characteristics

of this method. In particular, SLM manufacturing thermal history of components

with small features (e.g. beams, walls) is different from that of bigger components,

this could lead to a significant impact on component’s properties.

Figure 4.6 summarizes the key features of the proposed method, that relies on the simpli-

fied model of the lattice / porous structure, compared to the conventional one; the results

of SLM 3D printing of a lattice and a gyroid structure, made applying the two different

techniques, are shown on the right side.
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Figure 4.6: Summary of key features of proposed methodology for fast SLM manufacturing

of small sized lattice and porous structures

4.3 DoE for methodology validation

As anticipated before, in order to produce lattice / porous structures starting from the

simplified 3D model, by exploiting the innovative method described in the previous para-

graph, process parameters optimization is required. When an object (e.g. a lattice) is

SLM-manufactured starting from its 3D model, using the conventional scanning strategy,

geometric accuracy depends mainly on laser’s path. When the simplified 3D model is in-

volved, the structure’s geometry is a function not only of the laser’s path but also of the

combination of the main SLM process parameters (i.e. power, scanning speed, laser spot

size). Therefore, optimized process parameters provided by the SLM machine manufac-

turer cannot be used to accurately produce the geometry of lattice / porous structures

obtained starting from the simplified 3D model.

Static and dynamic mechanical properties of FBCCZ lattice structures have been studied

in the previous chapters; therefore, the same geometry is chosen to test the new manufac-

turing method. The following paragraphs investigate the effect of the main SLM process

parameters on the geometry of the FBCCZ lattice structure through an appropriate exper-

imental campaign which required the manufacturing of 205 specimens.
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4.3.1 Specimens design

The geometry chosen to test the innovative production methodology that involves the use

of a simplified 3D model of the lattice / porous structure is the same that was investigated

in the previous chapters: a lattice structure composed by FBCCZ unit cells with circular

cross-section beams. The objective is to verify the effect of SLM process parameters vari-

ation on the geometry and surface roughness of this type of structure. Since the proposed

methodology can be used for the production of small sized lattice / porous structures, the

unit cell size is set equal to 2 mm; this cell size is equal to that of lattices analysed in pre-

vious chapters, allowing an easier comparison between obtained results. Specimens have

been designed to perform measurements using the 5-axis 3D optical profilometer Senso-

far S neox installed at the University of Udine. To limit the time required for SLM manufac-

turing and for measurements execution, specimens’ size has been reduced to a minimum.

As shown in Figure 4.7, specimens are generated by the union of two unit cells along the

Z direction; this choice minimized SLM manufacturing time, placing all the specimens

on a single build platform and facilitated measurement operations that could be carried

out semi-automatically, exploiting the entire surface of the 3D optical profilometer piece

holder. The simplified 3D model of the structure was generated using the MATLAB code

described before. Simplified model cannot be shown, Patent Pending.

Figure 4.7: Proposed methodology validation - specimens geometry

4.3.2 DoE factors and levels selection

As specified before, the geometry of lattice / porous structures manufactured starting

from a simplified 3D model depends on SLM process parameters. Therefore, it is nec-

essary to find optimal process parameters that allow to correctly reproduce the geometry

to be printed. For example, for lattices composed by circular cross-section beams it is

possible to vary the diameter, modifying process parameters appropriately; if these pa-

rameters are not chosen wisely, the resulting geometry will not be the expected one. To

investigate the effect of the main SLM process parameters on geometry and roughness of

the lattice structure, an experimental campaign (Design of Experiments - DoE) has been

devised. The specimen geometry is fixed, while DoE’s factors and levels are listed below:
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• Power [W]: 150, 200, 250, 300, 350, 400

• Scanning speed [mm/s]: 50, 100, 250, 500, 750, 1000

• Laser spot diameter [µm]: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500

The laser spot diameter is expected to have a predominant effect on the geometry com-

pared to the other factors; therefore, the number of levels of this factor is greater to better

assess the effect of its variation on the lattice geometry. Nevertheless, it is still possible

to isolate a subset of levels that allows to identify a full factorial DoE. To investigate all

possible combinations of factors levels, the total number of specimens to be produced is

360; however, to avoid problems that could cause failure of the entire production process,

the experimental points where Volumetric Energy Density - VED is less than 50 J/mm3

or more than 500 J/mm3 are eliminated. By applying this precautionary criterion, the to-

tal number of specimens to be produced is 205. The table summarizing combinations of

factors levels investigated is reported in Appendix 2.

4.3.3 Specimens SLM manufacturing

Specimens production is carried out by means of the Concept Laser M2 Cusing SLM printer

installed at the University of Udine. The material chosen is a 316L austenitic stainless

steel, already used to produce the lattice structures analysed in the previous chapters.

Specimens positioning on the build platform and slicing operations were carried out us-

ing Materialize Magics software, which integrates Concept Laser proprietary slicer. Spec-

imens were placed on the build platform on the basis of the VED, in order to try to isolate

any problem that may occur when the supplied energy deviates significantly from the in-

terval that identifies the optimal process window.

Figure 4.8 shows the print result and a detail that highlights the geometry of one of the

specimens made using the proposed methodology; on the left side it is shown that VED

tends to grow from bottom to top and from left to right. Observing the specimens, as ex-

pected, process parameters variation significantly affects lattices’ geometry. The presence

of specimens whose cells are partially closed, due to the excess of energy supplied and the

excessive depth of the HAZ, is detected both in the upper part and in the lower part of the

build platform; therefore, VED is not able to accurately describe physical phenomena that

develop during the SLM process and it is not possible to use it to establish when process

parameters combination will generate a defective lattice or not.
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Figure 4.8: SLM 3D print of specimens obtained starting from the 3D simplified model

4.3.4 Morphological characterization and surface roughness analysis

To study the effect of SLM process parameters variation on geometry and surface rough-

ness of the lattice specimens, measurements were taken using the 3D optical profilometer

Sensofar S neox installed at the University of Udine. To facilitate and speed up measure-

ments acquisition, a specific equipment to position all the specimens on the piece holder

of the profilometer was designed and built. This equipment makes it possible to exploit

profilometer’s semi-automatic measurement’s strategies, improving measurement speed

and repeatability. The experimental set-up, shown in Figure 4.9, involves the use of a

brightfield 5x objective; measurements are taken using focus variation method and High

Dynamic Range (HDR) option, which helps when the intensity of the lighting varies con-

siderably between one point and another of the sample.

Figure 4.9: Experimental set-up for measurements with 3D optical profilometer
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The SensoVIEW analysis software provided by Sensofar is used to estimate specimens’

beams diameter. Before diameter estimation, acquired data were modified by applying a

filter that eliminates any inclination of the specimen with respect to the horizontal plane,

caused by imperfections of workpiece holder or specimen itself. Afterwards, to carry out

the measurement, a section normal to beams axis was selected; hence, half of the pseudo-

circular profile of the beam section was obtained, allowing beams diameter estimation.

Measurements were performed to determine vertical beams’ (axis along the build direc-

tion) and inclined beams’ diameters; in fact, as already verified in the previous chapters,

beams diameter of lattices produced with SLM technology can change according to the

inclination with respect to the build direction. To limit random measurement errors due

to the operator, measurements were repeated twice at different points on the sample (Fig-

ure 4.10); beams diameter is measured four times for each specimen, for a total of 820

measurements.

Figure 4.10: Beams diameter measurement with 3D optical profilometer

The same data set used to determine beams’ diameters was used to estimate the surface

roughness; as before, surface inclination was eliminated using the appropriate filter inte-

grated in the SensoVIEW software. To estimate roughness, a section plane parallel to the

beam’s axis was identified, then the surface’s profile was extracted and arithmetical mean

deviation of the assessed profile was calculated. According to the ISO4288: 1996 standard,

in case of surfaces with Ra between 2 and 10 microns, typical of components produced by

SLM technology, the evaluation length should be 12.5 mm [101]. However, the size of the

specimens under study limits the average profile length available for measurements to

2500 µm. A λc = 2.5 mm cut-off length, suitable to characterize surfaces produced with

SLM or Electron Beam Melting (EBM) technologies when non-contact 3D optical instru-

ments are used, is applied [102]. To calculate the mean roughness of the profile Ra(2500),

the following equation applies:
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Ra(2500) =
1

N

n∑︂

i=1

|yi | (4.1)

where n is the number of data points and y the surface height with respect to the mean

line.

It is important to remember that roughness values obtained are relative to the measure-

ment length and to the cut-off filter used. Measurements were repeated twice for each

sample and the position of the section planes used to estimate roughness is shown in Fig-

ure 4.11. Evaluation length is equal to 2.5 mm (L1 = L2).

Figure 4.11: Beams roughness measurement with 3D optical profilometer

Therefore, acquired data were imported and processed in MATLAB environment. To ob-

serve the effect of SLM process parameters variation on lattice beams’ diameter, acquired

data were grouped according to laser spot diameter obtaining the graphs of Figure 4.12. In

general, process parameters combinations corresponding to laser’s spot diameters smaller

than 200 µm generated beams with larger diameter compared to that of the spot, es-

pecially for inclined beams. This phenomenon suggests that process parameters com-

bination used for spots lower than 200 µm correspond to excessive amounts of energy,

which caused melt pool and HAZ size increase; moreover, the strong dispersion of in-

clined beams’ diameters indicates that small variations of process parameters are linked

to big diameter variations, suggesting the presence of melt pool instability phenomena.

Obtained lattices are characterized by vertical beams’ diameters dissimilar to those of hor-

izontal ones and reduced cell porosity (high fill ratio). Process parameters combinations

corresponding to spot diameters greater than 450 µm show an opposite trend: generally,

beams diameter is lower than that of the spot. This result suggests that supplied energy is

insufficient and therefore the melt pool is small, these conditions favour the possibility of

obtaining lattices with sub-optimal mechanical properties.
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Figure 4.12: Vertical and inclined beams diameter variation – grouping variable: spot di-

ameter

Looking at boxplot in Figure 4.13 it is clear that for laser’s spots smaller than 200 µm, verti-

cal beams’ diameter is dissimilar from that of inclined ones. This suggests that, in general,

process parameters combinations chosen are outside the optimal process window since

the energy supplied is excessive.

Figure 4.13: Absolute difference between vertical and inclined beams diameter - grouping

variable: spot diameter

Observing the scatterplots of Figure 4.14 it is possible to evaluate the existence of possible

trends that indicate the influence of one or more factors (power, speed, laser spot diam-

eter) on the diameter of vertical and inclined beams; the data suggest that power and

spot diameter have an influence on beams’ diameter, while the effect of scanning speed

variation is unclear. An increase of power or spot diameter corresponds to an increase
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of beams’ diameter. However, for spot diameters lower than 150 µm it is noted that as the

spot increases inclined beams’ diameter decreases; therefore, for small spot diameters the

trend is reversed due to the supplied energy excess already mentioned before.

Figure 4.14: Vertical and inclined beams diameters vs power, scan speed and spot size

In order to evaluate the effect of power, scanning speed and spot diameter on vertical and

inclined beams diameters an ANOVA was carried out. As specified before, chosen fac-

tors and levels do not allow to define a full factorial DoE; therefore, before executing the

ANOVA, a subset of factors levels that identifies a full factorial DoE is chosen. The iden-

tified data set corresponds to the central part of the DoE, which coincides with the zone

where the manufacturing process appears to be more stable. Considering the subset of the

data identified as above, the ANOVA was carried out on the vertical and inclined beams

diameters values using power, scanning Speed and spot diameter as factors. Results, sum-

marized in Table 4.2 and Table 4.3, show that power and spot diameter are statistically sig-

nificant whereas scanning speed is not. This latter result confirms previous observations.

In general, interactions between factors are not statistically significant, except in the case

of the interaction between power and spot diameter for inclined beams.
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Table 4.2: ANOVA of vertical beams diameter vs power, scanning speed and spot size

Factor Sum Sq. DOF MS F p-value

Power 14703,9 4 3675,97 10,57 0

Speed 440,3 3 146,77 0,42 0,7387

Spot 29954,6 3 9984,86 28,72 0

Power*Speed 3666,4 12 305,53 0,88 0,5775

Power*Spot 4514,3 12 376,19 1,08 0,4145

Speed*Spot 7031 9 781,22 2,25 0,0532

Error 8690,6 25 347,63

Total 110833,6 68

Table 4.3: ANOVA of inclined beams diameter vs power, scanning speed and spot size

Factor Sum Sq. DOF MS F p-value

Power 29998 4 7499,5 4,83 0,005

Speed 2848,9 3 949,6 0,61 0,6136

Spot 78072,4 3 26024,1 16,77 0

Power*Speed 20932,6 12 1744,4 1,12 0,385

Power*Spot 49709,1 12 4142,4 2,67 0,0185

Speed*Spot 15989,2 9 1776,6 1,14 0,3701

Error 38794,7 25 1551,8

Total 276453,2 68

To model the relationship between beam’s diameter and process parameters (DoE factors

- power, scan speed and spot diameter) a linear regression was performed. The ANOVA

allowed to establish that scan speed has a negligible effect on beams’ diameter, therefore

linear regression is performed neglecting it. Observing scatterplots of beams’ diameters as

a function of power and spot diameter it is possible to observe a clear trend variation when

the diameter of the spot is lower than 200 µm (Figure 4.15); this suggests that physical

phenomena occurring when the spot is small are different compared to those for larger

spots. This effect may be due to an excess of supplied energy for the combinations of

process parameters chosen for small spots. To take into account the different behaviour

that occurs for small spot diameters, the analysis was subdivided according to the spot

size, obtaining two different mathematical models useful for calculating beams’ diameter

as a function of power and spot diameter.

Using vertical beams’ diameter as response variable, power and spot diameter as predic-

tors, mathematical models useful for vertical beams’ diameter estimation were obtained

by linear regression. The first model is related to spot diameters lower than 200 µm while

the second is relative to spots up to 500 µm:

Dv(s<200) =β1 +β2P +β3s +β4s2 (4.2)

Dv(s≥200) =β1 +β2P +β3s +β4Ps +β5P 2 (4.3)

where P, s are power and spot diameter respectively.
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Figure 4.15: Scatterplots of beams’ diameters as a function of power and spot diameter

Similarly, using inclined beams’ diameter as response variable, power and spot diameter

as predictors, mathematical models useful for vertical beams’ diameter estimation were

obtained by linear regression:

Di (s<200) =β1 +β2P +β3s +β4Ps (4.4)

Di (s≥200) =β1 +β2P +β3s +β4Ps +β5P 2 (4.5)

Estimated values of mathematical models β coefficients are shown in Table 4.4.

Table 4.4: Estimated values of linear regression models β coefficients - diameters

β1 β2 β3 β4 β5

Dv(s<200) 203,0232 0,221181 -0,40565 0,001944 N.A.

Dv(s≥200) 91,15268 0,334079 0,42297 0,001088 -0,00077

Di(s<200) -116,171 3,244332 1,39564 -0,01456 N.A.

Di(s≥200) 111,1814 0,518947 0,209987 0,001184 -0,00108

Figure 4.16 shows the distribution of vertical and inclined beams diameters with respect

to power and spot diameter and the surfaces that represent the mathematical models ob-

tained by linear regression.

Using a non-linear regression model, in some cases it is possible to obtain mathemati-

cal models that satisfactorily describe the phenomenon under examination; furthermore,

they can facilitate the physical interpretation of the mathematical model.
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Figure 4.16: Distribution of vertical and inclined beams diameters and mathematical

models surfaces (linear regression)

Applying this approach, four mathematical models expressed as below were obtained:

D = eβ1 Pβ2 sβ3 (4.6)

where D is vertical or inclined beams diameter.

Estimated values of mathematical models β coefficients are shown in Table 4.5.

Table 4.5: Non-linear regression models β coefficients - diameters

e
β1 β2 β3

Dv(s<200) 58,7841 0,2325 0,0307

Dv (s≥200) 2,6025 0,1943 0,6634

Di(s<200) 101,316 0,7572 -0,6006

Di (s≥200) 4,4783 0,2479 0,5102
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Beams’ diameter depends on the product of power and spot diameter; when one of the

two parameters increases, the diameter also increases. For inclined beams and small spot

diameter (s <200 µm), beams’ diameter depends on the ratio between power and spot

diameter; in this case, physical phenomena developing during the manufacturing pro-

cess are different and therefore, unlike previous cases, when spot diameter grows inclined

beams’ diameter decreases. This effect can be explained by the fact that for small spots en-

ergy supplied is quite high, thus evaporation and instability of the melt pool (e.g. keyhole)

phenomena are triggered favouring HAZ depth growth; therefore, big diameter inclined

beams and lattice’s pores closure have to be expected. This phenomenon is attenuated

when spot diameter increases.

Figure 4.17 shows the distribution of vertical and inclined beams’ diameters with respect

to power and spot diameter and the surfaces that represent the mathematical models ob-

tained by non-linear regression.

Figure 4.17: Distribution of vertical and inclined beams diameters and mathematical

models surfaces (non-linear regression)
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To understand the effect of SLM process parameters variation (power, scanning speed and

spot diameter) on specimens’ surface roughness, the data acquired using the 3D optical

profilometer were imported and analysed in MATLAB environment. To check whether the

individual process parameters have an influence on the surface roughness it is possible to

observe the scatterplots in Figure 4.18; trends suggest that spot size has a significant influ-

ence on surface roughness, while the effect of power and scanning speed is less obvious.

Figure 4.18: Surface roughness vs power, scanning speed and spot diameter

An ANOVA was performed to evaluate the effect, from a statistical point of view, of SLM

process parameters on surface roughness. Similarly to what was been done for the anal-

ysis concerning beam diameters, before executing the ANOVA, a subset of factors levels

identifying a full factorial DoE is chosen. Considering the identified subset of data, the

ANOVA was carried out on surface roughness values using power, scanning speed and

spot diameter as factors. Results, summarized in Table 4.6, show that spot diameter has

a statistically significant effect on surface roughness whereas power and scanning speed

have not. This latter result confirms previous observations. Interactions between factors

are not statistically significant.

Table 4.6: ANOVA surface roughness vs power, scanning speed and spot size

Factor Sum Sq. DOF MS F p-value

Power 66,92 4 16,731 2,09 0,1124

Speed 44,23 3 14,744 1,84 0,1656

Spot 417,64 3 139,213 17,38 0

Power*Speed 99,77 12 8,314 1,04 0,4471

Power*Spot 91,63 12 7,636 0,95 0,5143

Speed*Spot 111,42 9 12,379 1,55 0,1865

Error 200,22 25 8,009

Total 1635,63 68

To model the relationship between surface roughness and process parameters a linear re-

gression was performed. Using surface roughness as response variable, power, scan speed
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and spot diameter as predictors, the mathematical model useful for roughness prediction

is expressed in the following form:

Ra =β1 +β2P +β3s +β4s2 (4.7)

Estimated values of mathematical models β coefficients are shown in Table 4.7.

Table 4.7: Estimated values of linear regression models β coefficients - roughness

β1 β2 β3 β4

Ra 7,08976 0,017632 -0,0006 0,000105

Figure 4.19 shows the distribution of surface roughness with respect to power and spot

diameter and the surface that represent the mathematical model obtained by linear re-

gression.

Figure 4.19: Distribution of surface roughness and mathematical model surface (linear

regression)

Surface roughness increases with spot size, this phenomenon could be explained by two

hypotheses. When the spot size decreases, the intensity profile of the Gaussian beam is

narrower and steeper; therefore, the part of the Gaussian profile where the intensity is

insufficient to guarantee an optimal process is narrower compared to when the spot is

larger. Moreover, with smaller spots the transition between high and low intensity zones

is faster, allowing to obtain a neat “spot contour”. Small spot diameter favours the pro-

duction of lower surface roughness specimens since sintering phenomena at the spot’s

edge and adhesion of partially melted metal particles are limited. Another phenomenon

that can explain surface roughness rise when spot diameter increases is the hypothesis

that the combinations of SLM process parameters chosen for larger spots do not provide

enough energy, causing generalized sintering phenomena. The phenomena described so

far can be better explained by looking at Figure 4.20, which shows the intensity profile of
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a Gaussian laser beam calculated with the equation below.

I (r ) =
2P

πs2
r

e
−2( r

sr
)2

(4.8)

where P, sr and r are power, spot radius and actual radius respectively.

The blue line shows the profile of a beam with power equal to 250 W and a spot diameter

equal to 500 µm while the red one with power equal to 150 W and spot diameter equal

to 300 µm; the two combinations of process parameters were chosen among those of the

DoE with the same VED. When the spot diameter is smaller, the maximum beam intensity

is higher and the low intensity portion of the beam is less extensive.

Figure 4.20: Example of intensity profile of a Gaussian laser beam

The surface roughness tends to grow slightly with power, this may be due to HAZ’s depth

increase and melt pool’s turbulent phenomena which favour undesired adhesion of metal

particles. Using a non-linear regression model, surface roughness variation as a function

of power and spot diameter is expressed by the following relation:

Ra = eβ1 Pβ2 sβ3 (4.9)

where Ra is the surface roughness, P is power and s is spot diameter.

Using nonlinear regression, a better result is obtained subdividing the analysis accord-

ing to the spot size; two different mathematical models with different β coefficients are

obtained. Estimated values of mathematical models β coefficients are shown in Table 4.8.
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Table 4.8: Non-linear regression models β coefficients - roughness

e
β1 β2 β3

Ra(s<200) 1,4517 0,379 0,0195

Ra(s≥200) 0,0224 0,1781 1,0311

For spot diameters smaller than 200 µm surface roughness mainly depends on the power

while for larger diameters spot diameter is more relevant. This result reinforces previous

speculations. For small spots the energy supplied is enough to ensure metal powders fu-

sion, however as the power supplied increases the roughness increases slightly due to the

instability phenomena that occur in the melt pool and to the greater extension of the HAZ.

For larger spots the roughness mainly depends on spot size since the energy supplied and

the intensity profile of the Gaussian beam favour sintering phenomena.

Figure 4.21 shows the distribution of surface roughness with respect to power and spot

diameter and the surfaces that represent the mathematical models obtained by non-linear

regression.

Figure 4.21: Distribution of surface roughness and mathematical models surfaces (non-

linear regression)

4.3.5 Optimized process parameters

Analysing the results obtained in the previous paragraph it is possible to isolate the com-

binations of process parameters that allow to obtain FBCCZ lattices with adequate dimen-

sional accuracy and surface roughness. To establish the limit beyond which the surface

roughness becomes excessive, suggesting the possible triggering of sintering phenomena,

roughness measurements are performed on a SLM manufactured reference lattice spec-

imen. The geometry of the reference specimen is similar to that of the DoE’s specimens

produced starting from the simplified 3D model; the lattice section in made by circular
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cross-section beams with diameter equal to 0.4 mm, five 2 mm-wide FBCCZ unit cells po-

sitioned along the build direction. Reference specimen’s surface roughness measurement

was carried out employing the same experimental set-up used to perform the measure-

ments in the previous paragraph; moreover, the evaluation length and the cut-off filter are

the same. Figure 4.22 shows the reference specimen during roughness measurement, the

surface’s map obtained and a roughness profile.

Figure 4.22: Reference specimen’s surface roughness measurement

The surface roughness of the reference specimen is equal to:

Ra(2500) =
1

n

n∑︂

i=1

|yi | = 8,49µm (4.10)

However, it is not possible to compare this value with those obtained for the DoE’s spec-

imens examined in the previous paragraph since the scanning strategy used to manufac-

ture them is different. Comparing specimens manufactured with the conventional scan-

ning strategy with DoE’s specimens under investigation, it is estimated that the surface

roughness of the latter is, in general, two or three times greater. Therefore, the limit be-

yond which the roughness is considered excessive, suggesting sub-optimal manufactur-

ing process conditions, is set equal to 20 µm. This last consideration is confirmed by mea-

suring the roughness of a lattice specimen identical to that of Figure 4.22, produced by

eliminating the contour from the layer scanning strategy; Figure 4.23 shows roughness

measurement set-up, surface’s map obtained and a roughness profile. Surface roughness

of the modified specimen (no contour) is equal to 16,7 µm; the limit beyond which the

roughness is considered excessive is therefore confirmed.
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Figure 4.23: Modified reference specimen’s surface roughness measurement (no contour)

To ensure optimal dimensional accuracy, only the combinations of process parameters

that guarantee the production of lattices where the percentage difference between the av-

erage diameter of inclined and vertical beams is less than 20% are considered adequate.

Considering the 205 SLM process parameters combinations analysed, only 44 satisfy the

constraints defined above. Scatterplot showing the distribution of the identified process

parameters, as a function of scanning speed, power and spot diameter, is shown in Fig-

ure 4.24.

Figure 4.24: Scatterplot of satisfactory process parameters combinations
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Process parameters satisfying constraints defined above have spot diameter comprised

between 190 µm and 350 µm, suggesting the need to extend the investigation to assess the

existence of process parameters combinations that allow the production of lattices having

very small or millimetric sized beams.

To facilitate the choice between the identified parameters, Figure 4.25 shows the average

diameter and the surface roughness associated with each parameter. The combinations of

SLM process parameters identified, which allow to obtain lattice structures made starting

from a simplified 3D model with satisfactory surface roughness and dimensional accu-

racy, permit the realization of lattices with beam’s diameter comprised between 190 µm

and 350 µm.

To identify combinations of SLM process parameters that allow the creation of lattices

with larger or smaller beam’s diameter, it is necessary to extend the experimental plan;

some hypotheses useful for additional DoE planning can be gathered by observing the

mathematical models previously obtained. To produce small diameter beams it would

be convenient to investigate the combinations of process parameters with power lower

than 150 W, while to obtain beams with millimetric diameter without triggering sintering

phenomena, having already investigated high-power parameters, it would be interesting

to consider lower scanning speeds.

Figure 4.25: Beams diameter and surface roughness of satisfactory process parameters

combinations

Appendix 3 summarizes identified combinations of process parameters and the respec-

tive values of beam’s diameter and surface roughness.
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4.4 Conclusions

In this chapter, an innovative methodology for design and manufacturing of lattice / porous

structures was presented. As anticipated in previous chapters, these structures are use-

ful to design parts with excellent stiffness-to-weight ratio and to obtain point by point

tuneable mechanical properties; moreover, it has been verified that lattice structures have

good damping properties allowing to enhance the performances of all those systems af-

fected by unwanted vibrations. The study concerning the proposed methodology was

created with the aim of making design and manufacturing of these structures faster and

more efficient. To achieve this goal, a simplified three-dimensional model of the structure

to be produced is generated using a specially designed MATLAB tool. The simplified 3D

model allows to proceed with SLM process design phase and slicing using conventional

software tools, granting a rapid implementation of the methodology even in industrial

environments.

In order to confirm the feasibility of the proposed methodology and to verify advantages

and disadvantages, a DoE conceived to study the effect of main SLM process parameters

variation on geometry and surface roughness of FBCCZ lattice structures was carried out.

A total of 205 specimens were produced with different process parameter combinations.

After having acquired measurements to characterize specimens’ geometry and rough-

ness, mathematical models useful for geometry and surface roughness estimation have

been developed; data analysis allowed to elaborate hypotheses to correlate some macro-

scopic phenomena with physical phenomena occurring during the production process,

helping to understand the effect of process parameters variation.

Main results are reported below:

• Process parameters combinations corresponding to spot diameters smaller than

200 µm generated beams with larger diameter compared to that of the spot. Energy

excess caused melt pool and HAZ size increase.

• The effect of power, scanning speed and spot diameter on vertical and inclined

beams diameters was assessed with ANOVA. Power and spot diameter were statisti-

cally significant whereas scanning speed was not. Similarly, evaluating the effect of

SLM process parameters on surface roughness it was assessed that only spot diam-

eter had a statistically significant effect.

• Beams’ diameter depends on the product of power and spot diameter; when one

of the two parameters increases, the diameter also increases. Nevertheless, for in-

clined beams and small spot diameter (s <200 µm), beams’ diameter depends on

the ratio between power and spot diameter. Hence, for small spots energy supplied
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is quite high, thus evaporation and instability of the melt pool (e.g. keyhole) phe-

nomena are triggered favouring HAZ depth growth; therefore, big diameter inclined

beams and lattice’s pores closure have to be expected. Surface roughness increases

with spot size. This latter phenomenon could be explained observing Gaussian

beam intensity profile.

• Process parameters combinations that meet appropriate requirements in terms of

dimensional accuracy and surface roughness were identified, allowing the immedi-

ate applicability of the proposed methodology for rapid production of FBCCZ type

lattice structures with unit cell size equal to 2 mm.

• The newly designed method allows substantial time savings in the 3D model de-

sign phase and in the subsequent slicing and manufacturing phases. The simula-

tions carried out indicate that this advantage grows rapidly with the number of unit

cells that make up the lattice to be produced. Shortening the time required to pro-

duce the finished product up to over 40%, a substantial economic benefit can be

obtained.





Chapter 5

CONCLUSIONS AND FUTURE

WORK

In this thesis an in-depth study about lattice structures produced with SLM technology

was carried out. The research covered aspects related to design, production and mechan-

ical characterization of these structures. The mechanical properties of different types of

lattice structures were investigated with the aim of verifying the performance advantage in

terms of vibration damping with respect to full density equivalent and developing a gen-

eralized methodology for the characterization of lattice porous structures. Furthermore,

an innovative methodology for design and manufacturing of small-sized lattice porous

structures was developed with the aim of mitigating the problems that occur during the

design and production phases of these structures, allowing savings in terms of time and

costs.

A comprehensive literature review to acquire a solid knowledge base regarding AMT for

metals, DfAM, structural optimization and lattice porous structures was carried out. Par-

ticular attention was given to the SLM technology, with an in-depth study on physical

phenomena governing the manufacturing process and on materials properties. More-

over, an in-depth review on state of the art regarding lattice / porous structures allowed

to investigate thoroughly their geometrical, topological and mechanical properties and

design rules. From the literature review the following conclusions can be drawn:

• Among AMTs for metals, the SLM technology allows the production of components

having mechanical properties comparable to those of parts obtained through sub-

tractive manufacturing technologies. Moreover, SLM allows to obtain parts of com-

plex geometry without a negative impact on design and production phases. There-

fore, the SLM technology is the best choice for the creation of high-performance
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components obtained through structural optimization and for the production of

lattice porous structures.

• The physical phenomena that develop during the production process significantly

affect mechanical and geometrical characteristics of components made using SLM

technology. Therefore, adequate knowledge of these phenomena and process pa-

rameters optimization are of fundamental importance.

• DfAM techniques and structural optimization are useful tools for the design of high-

performance parts that fully exploit AMT’s advantages.

• Lattice structures can be exploited as high-performance structural or filler materi-

als, having an important role for the design of high added-value mechanical com-

ponents. With respect to full density equivalent, improvements in terms of stiffness

to weight ratio and vibration reduction are expected.

• Lattice’s unit cells characteristics, in terms of topology and geometry, that allow to

enhance manufacturability (no need for supports) and potentially damping prop-

erties, have been identified.

• Lack of exhaustive studies investigating static and dynamic behaviour of lattice porous

structures produced with SLM technology, has been identified; therefore, filling this

cognitive gap could be of scientific interest.

Static and dynamic behaviour of different kinds of lattices, made of AlSi10Mg aluminium

alloy and 316L austenitic stainless steel, were investigated by means of two experimental

campaigns. A total of 10 aluminium specimens and 24 steel specimens were designed,

manufactured and measured. Assessment of lattice’s performance advantage in terms of

vibration damping with respect to full density equivalent and evaluation of lattice’s geom-

etry variation effect on its properties were the main goals. Following conclusions can be

drawn from the analysis of the experimental campaigns results (unless specified, results

are valid for both aluminium and steel specimens):

• Measurements performed with the optical microscope evidenced that the speci-

mens had inhomogeneous characteristics. Struts size and surface finish were in-

fluenced by the variability of the SLM process; in particular, position of the object

in the build volume, unwanted adhesion of partially melt powders and stochastic

phenomena typical of the SLM process affected the printing result. Nevertheless,

although the printing accuracy, especially for smaller unit cells, was lower than ex-

pected due to the SLM process limitations, repeatability was statistically good.

• Analysing the SLM-manufactured lattices geometry it was possible to assess a lack

of homogeneity between the nominal (CAD) and the as-built geometry; in particu-

lar, inclined beams (with respect to the build direction) diameter was greater than
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that of the vertical ones. This phenomenon is mainly due to undesired adhesion of

partially melt metal powders affecting overhanging surfaces.

• The lack of homogeneity between CAD and as-built specimens’ geometries, nega-

tively affected accuracy of results obtained from FE simulations performed starting

from the nominal CAD model.

• Measured compliance values of specimens integrating lattice structures were lower

than those calculated by means of FEA. FEA tended to overestimate lattices compli-

ance especially for specimens with smaller cell size (i.e. C and D); this phenomenon

occurred because SLM process limitations were not taken into account (e.g. inho-

mogeneity between nominal and as-built lattice’s geometry).

• FEA results accuracy was improved by means of a FE model that simulates the real

lattice’s geometry; as-built lattices geometry was studied and appropriate factors for

nominal beams diameter correction were estimated and applied.

• Calculation time and computational effort required to perform FE simulations was

significantly reduced, exploiting 1D-element meshing for the specimens’ lattice sec-

tion.

• Specimens dynamic behaviour assessment, performed using the Pulse Test tech-

nique, showed that lattices damping properties are significantly better than those

of the equivalent solid material.

• Analysing average values, the lattice’s geometric configuration with the best damp-

ing characteristics is the C specimen’s one, characterized by a small unit cell (2mm)

and low fill ratio (0.2).

• Effect of cell dimension and fill ratio on damping ratio was assessed with ANOVA.

For AlSi10Mg specimens, cell size has a statistically significant effect on the damp-

ing ratio whereas for 316L specimens it has not. Therefore, AlSi10Mg lattices with

smaller cell size (i.e. C and D), have better damping properties.

• Specimens exploiting un-melt metal powders as filler of the lattice porosity demon-

strated significantly higher damping properties compared to all the other speci-

mens, suggesting that using appropriate filler materials is beneficial when optimal

damping performance is desired.

• Dynamic behaviour of the beam-like specimens was described through the devel-

opment and implementation of a mathematical model based on the Euler-Bernoulli

theory. The mathematical model satisfactorily represents beam-like specimens’ be-

haviour and allows to estimate Rayleigh damping β coefficient.

The development of an innovative measurement system allowed to investigate the feasi-

bility of exploiting lattice structures as high-performance filler materials. The system un-

der investigation was a dynamometer for in-process (e.g. milling, drilling, grinding) cut-

ting forces measurement. Design and manufacturing of all system’s components, whose
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main feature is the SLM-manufactured central platform, were carried out. Main results

obtained are listed below:

• Three distinct versions of the central platform were designed, two of which integrat-

ing lattice structures to enhance stiffness to weight ratio and damping.

• External geometry of the three central platforms is the same, while the core sec-

tion changes: the first one is quite similar to commercially available ones while

two of them integrate the previously studied type C lattice, with and without un-

melt metal powders filler. This choice guarantees platforms interchangeability and

favours comparison between the results obtained using the three configurations.

• CAD modelling and FEA simulations were performed to design dynamometer’s com-

ponents, while manufacturing was carried out by means of CAM, SLM 3D printer

and VMC.

• Minimization of thermal variation effect on measurements and rigid coupling be-

tween parts were pursued during design phase.

• SLM-manufactured central platforms had significant thermal deformations, cor-

rected removing the machining allowance; integrated lattice was reproduced suc-

cessfully.

• Dynamometer FRF analysis suggests the existence of a measurable damping effect

due to the lattice structure, which occurs mainly at high frequency (> 5kHz). Nev-

ertheless, the frequency bandwidth of the dynamometer with lattice infill does not

appear to be wider than that of the standard dynamometer; this result suggests that

the measurement system’s performance is not significantly affected by the lattice

infill.

• No studies or commercially available systems investigated similar solutions.

Exploiting the knowledge acquired by means of former experimental campaigns, a further

investigation to assess the effect of lattice’s size variation on static and dynamic behaviour

was carried out; hence, exploiting data and expertise acquired by means of all the exper-

imental campaigns investigating lattice structures properties, a generalised methodology

useful to characterize static and dynamic behaviour of different types of lattice porous

structures was conceived. A total of 36 316L stainless steel specimens were designed,

manufactured and measured. Below, some observations and conclusions:

• Measurements execution and data analysis were facilitated optimizing specimens’

geometry and DoE’s factors levels by means of FEA results analysis.

• Using a 3D optical profilometer it was assessed that inclined beams cross-section

was not circular. Inclined beam’s section is elongated along the direction parallel
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to the build axis. Therefore, modifying the nominal diameter of the beam (CAD) to

improve dimensional accuracy is not sufficient.

• Specimens slicing and SLM manufacturing required 13 and 18 days respectively.

• By means of adequate experimental set-ups, compliance and frequency response

of 36 specimens made of 316L stainless steel were obtained, allowing to observe the

effect lattice’s size variation on mechanical properties.

• Specimens compliance estimated from the FRF is lower than that obtained exploit-

ing the load cell. This problem can be connected to the noise that affects FRF’s at

low frequency and mechanical tolerances of the measurement chain; further inves-

tigations are necessary to improve compliance estimation accuracy.

• In general, specimens damping ratio tends to increase with stiffness and cross-

sectional area. Furthermore, damping effect is enhanced when lattice’s cross-section

is more extended along the plane perpendicular to the applied force.

• Effect of cells number variation on damping ratio was assessed with ANOVA. All

factors (i.e. Nx, Ny, Nz) as well as the interactions are significant.

• It is confirmed that lattices composed of smaller unit cells can guarantee slightly

better damping performance than those made up of larger cells.

• Lattice specimens had higher damping ratios compared to full cross-section equiv-

alents.

• By means of linear regression, mathematical models useful for lattices damping

properties estimation as a function of their size have been obtained. These can

be used for FE models calibration, development of homogenization methods and

advanced mathematical models for the prediction of lattices damping behaviour.

• Static and dynamic characteristics of porous / lattice structures could be assessed

by means of the proposed method.

Drawing inspiration from the acquired expertise, an innovative methodology for rapid de-

sign and SLM-manufacturing of small-sized lattice / porous structures (Patent pending)

was developed. The key features of the method and the results obtained are reported be-

low:

• A specific MATLAB tool that generates a simplified three-dimensional model of the

structure to be produced was created.

• Process design, slicing and production operations can be performed using widely

available free and commercial tools, enabling rapid implementation even at indus-

trial level.
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• The proposed methodology allows substantial time savings in 3D modelling, slicing

and production phases. The simulations carried out indicate that this advantage

grows rapidly with the number of unit cells that make up the lattice to be produced.

Shortening the time required to produce the finished product up to over 40%, a

substantial economic benefit can be obtained.

• A DoE, which involved the production and analysis of 205 specimens, was carried

out to verify the feasibility of the proposed methodology and the effect of main pro-

cess parameters on geometrical characteristics and surface roughness of lattices.

• Process parameters combinations corresponding to spot diameters smaller than

200 µm generated beams with larger diameter compared to that of the spot. Energy

excess caused melt pool and HAZ size increase.

• The effect of power, scanning speed and spot diameter on vertical and inclined

beams diameters was assessed with ANOVA. Power and spot diameter were statisti-

cally significant whereas scanning speed was not. Similarly, evaluating the effect of

SLM process parameters on surface roughness it was assessed that only spot diam-

eter had a statistically significant effect.

• Mathematical models useful for estimation of lattices geometrical and surface rough-

ness characteristics were obtained. Beams’ diameter depends on the product of

power and spot diameter; when one of the two parameters increases, the diam-

eter also increases. Nevertheless, for inclined beams and small spot diameter (s

<200 µm), beams’ diameter depends on the ratio between power and spot diameter.

Hence, for small spots energy supplied is quite high, thus evaporation and instabil-

ity of the melt pool (e.g. keyhole) phenomena are triggered favouring HAZ depth

growth; therefore, big diameter inclined beams and lattice’s pores closure have to

be expected. Surface roughness increases with spot size. This latter phenomenon

could be explained observing Gaussian beam intensity profile.

• Process parameters combinations that meet appropriate requirements in terms of

dimensional accuracy and surface roughness were identified, allowing the immedi-

ate applicability of the proposed methodology for rapid production of FBCCZ type

lattice structures with unit cell size equal to 2 mm.

Below, a summary of results obtained is accompanied by suggestions on possible future

developments.

Investigations carried out allowed to study the mechanical characteristics of lattice struc-

tures made of aluminium and stainless steel, observing their variation as a function of

unit cell geometry and lattice’s size. Acquired knowledge allowed to identify a generalized

methodology exploitable to characterize lattice / porous structures. To improve data ac-

quisition and assess the effect of exciting force’s frequency variation on lattices dynamic
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behaviour, it is possible to use a shaker in place of the instrumented hammer; in com-

parison to the pulse test it would be possible to have greater control over the charac-

teristics of the applied force in terms of type, frequency, amplitude and phase. To take

full advantage of acquired data it would be possible to develop homogenization methods

to describe lattices properties through analytical models or help to make FE simulations

simpler and faster. Dynamometer’s performances could be further improved reducing

central platform’s mass, exploiting topology optimization and materials such as titanium

alloys. Transversal expertise gained with respect to the SLM process and lattice struc-

tures, allowed to develop and validate an innovative methodology for rapid production of

lattice structures (Patent Pending); investigated process parameters combinations tend to

favour instability conditions when small spots are involved; therefore, to identify process

parameters combinations that allow the production of small-diameter beams it is recom-

mended to extend the experimental plan considering powers lower than 150 W. In order

to obtain beams diameters greater than 349 µm without triggering sintering phenomena,

it is necessary to extend the experimental plan including scanning speeds lower than 50

mm/s.
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1 3RD DOE’S SPECIMENS MAIN STATIC AND DYNAMIC PROP-

ERTIES

Nx Ny Nz

Cd

[mm]

fres

[Hz]

Wres

[µm/N]

G

[µm/N]

G load cell

[µm/N]

ξ
c

[Nm/s]

3 3 18 4 673,2 382,5 2,402 3,424 0,00314 0,618

6 6 36 2 689,5 404,5 2,243 2,997 0,00277 0,571

5 5 18 4 957,7 19,1 0,492 0,757 0,01287 8,705

10 10 36 2 1051,2 14,4 0,377 0,648 0,01309 10,530

7 7 18 4 1123,0 2,3 0,230 0,330 0,04986 61,459

14 14 36 2 1225,0 4,3 0,147 0,315 0,01705 30,064

5 3 18 4 994,2 51,4 0,714 1,086 0,00695 3,114

10 6 36 2 1091,5 43,6 0,555 0,891 0,00637 3,344

3 5 18 4 658,5 249,3 1,596 2,268 0,00320 0,970

6 10 36 2 695,2 127,2 1,357 1,916 0,00533 1,800

7 5 18 4 1292,0 9,7 0,192 0,407 0,00994 12,720

14 10 36 2 1265,2 9,8 0,194 0,386 0,00992 12,838

5 7 18 4 950,0 8,5 0,359 0,566 0,02104 19,651

10 14 36 2 999,0 8,4 0,308 0,529 0,01832 18,976

7 3 18 4 1313,7 29,1 0,293 0,550 0,00503 4,158

14 6 36 2 1411,7 13,4 0,240 0,442 0,00896 8,422

3 7 18 4 665,0 129,9 1,137 1,619 0,00438 1,843

6 14 36 2 686,5 69,0 0,978 1,445 0,00709 3,361

3 3 15 4 904,0 119,5 1,470 2,131 0,00615 1,473

6 6 30 2 892,0 122,0 1,483 2,197 0,00608 1,462

5 5 15 4 1272,5 28,8 0,288 0,516 0,00500 4,345

10 10 30 2 1272,0 24,2 0,285 0,489 0,00587 5,166

7 7 15 4 1506,5 3,0 0,118 0,259 0,01980 35,510

14 14 30 2 1617,0 1,6 0,101 0,246 0,03094 60,422

5 3 15 4 1349,0 60,8 0,406 0,692 0,00334 1,940

10 6 30 2 1370,0 45,5 0,381 0,687 0,00418 2,554
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3 5 15 4 910,5 38,8 0,907 1,403 0,01168 4,500

6 10 30 2 892,5 39,1 0,912 1,421 0,01167 4,562

7 5 15 4 1600,0 3,9 0,137 0,317 0,01742 25,366

14 10 30 2 1655,0 2,3 0,141 0,313 0,03138 42,738

5 7 15 4 1297,0 15,6 0,214 0,427 0,00685 7,870

10 14 30 2 1373,0 8,3 0,174 0,366 0,01050 14,016

7 3 15 4 1675,5 9,7 0,199 0,392 0,01024 9,758

14 6 30 2 1845,5 12,1 0,151 0,364 0,00623 7,100

3 7 12 4 881,5 25,6 0,681 1,083 0,01329 7,043

6 14 24 2 945,0 22,0 0,614 0,965 0,01399 7,670

3 3 12 4 1202,5 214,0 0,919 1,350 0,00215 0,618

6 6 24 2 1187,5 208,3 0,943 1,270 0,00226 0,643

5 5 12 4 1671,5 9,7 0,186 0,359 0,00956 9,786

10 10 24 2 1706,0 11,7 0,176 0,352 0,00749 7,954

7 7 12 4 1964,5 3,5 0,076 0,224 0,01084 23,062

14 14 24 2 1936,5 3,2 0,075 0,224 0,01169 25,548

5 3 12 4 1793,5 39,3 0,261 0,467 0,00332 2,258

10 6 24 2 1808,5 36,8 0,259 0,473 0,00352 2,392

3 5 12 4 1240,0 93,3 0,549 0,832 0,00294 1,376

6 10 24 2 1211,0 81,9 0,564 0,890 0,00344 1,605

7 5 12 4 2108,0 7,7 0,085 0,247 0,00551 9,798

14 10 24 2 2127,0 5,9 0,080 0,241 0,00680 12,683

5 7 12 4 1775,0 7,8 0,125 0,311 0,00800 11,489

10 14 24 2 1790,5 5,8 0,116 0,294 0,01000 15,262

7 3 12 4 2287,5 18,1 0,121 0,284 0,00336 3,854

14 6 24 2 2337,0 15,2 0,110 0,279 0,00361 4,488

3 7 12 4 1258,0 44,5 0,386 0,669 0,00434 2,843

6 14 24 2 1232,5 45,1 0,404 0,660 0,00447 2,861
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2 SIMPLIFIED 3D MODEL METHODOLOGY: DOE FACTORS

AND LEVELS

Power [W] Scan Speed [mm/s] Laser Spot Diameter [µm]

250 1000 200

250 500 400

150 750 150

200 1000 150

200 750 200

250 750 250

200 500 300

300 750 300

400 1000 300

350 750 350

400 750 400

150 250 450

300 500 450

350 1000 250

350 500 500

250 500 350

150 1000 100

150 500 200

300 1000 200

150 250 400

300 500 400

400 750 350

350 750 300

350 500 450

200 500 250

300 750 250

400 1000 250
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200 250 500

400 500 500

250 1000 150

250 750 200

250 500 300

150 250 350

300 500 350

350 1000 200

350 500 400

200 750 150

400 750 300

200 250 450

400 500 450

350 750 250

150 750 100

200 1000 100

150 500 150

300 1000 150

200 500 200

300 750 200

400 1000 200

250 500 250

150 250 300

300 500 300

350 500 350

200 250 400

400 500 400

250 250 500

400 750 250

250 750 150
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250 250 450

200 250 350

400 500 350

350 1000 150

350 750 200

350 500 300

150 250 250

300 500 250

300 250 500

250 1000 100

250 500 200

250 250 400

200 750 100

200 500 150

300 750 150

400 1000 150

400 750 200

200 250 300

400 500 300

300 250 450

350 500 250

350 250 500

250 250 350

150 1000 50

150 500 100

300 1000 100

150 250 200

300 500 200

300 250 400

150 100 500
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350 750 150

350 250 450

200 250 250

400 500 250

400 250 500

250 750 100

250 500 150

250 250 300

150 100 450

300 250 350

350 1000 100

350 500 200

350 250 400

400 750 150

400 250 450

150 100 400

150 750 50

200 1000 50

200 500 100

300 750 100

400 1000 100

150 250 150

300 500 150

200 250 200

400 500 200

250 250 250

300 250 300

350 250 350

400 250 400

200 100 500
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150 100 350

200 100 450

400 250 350

350 750 100

350 500 150

350 250 300

300 250 250

250 1000 50

250 500 100

250 250 200

150 100 300

200 100 400

250 100 500

200 750 50

400 750 100

200 250 150

400 500 150

400 250 300

250 100 450

350 250 250

200 100 350

150 500 50

300 1000 50

150 250 100

300 500 100

300 250 200

150 100 250

150 50 500

300 100 500

250 100 400
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400 250 250

250 750 50

250 250 150

200 100 300

150 50 450

300 100 450

350 1000 50

350 500 100

350 250 200

350 100 500

250 100 350

150 100 200

150 50 400

300 100 400

350 100 450

200 500 50

300 750 50

400 1000 50

200 250 100

400 500 100

300 250 150

400 250 200

200 100 250

200 50 500

400 100 500

250 100 300

150 50 350

300 100 350

350 100 400

200 50 450
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400 100 450

350 750 50

350 250 150

250 500 50

250 250 100

150 100 150

200 100 200

250 100 250

150 50 300

300 100 300

350 100 350

200 50 400

400 100 400

250 50 500

400 750 50

400 250 150

250 50 450

200 50 350

400 100 350

350 100 300

150 250 50

300 500 50

300 250 100

150 50 250

300 100 250

300 50 500

250 100 200

250 50 400
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3 OPTIMIZED SLM PROCESS PARAMETERS

ID Number
Power

[W]

Scan Speed

[mm/s]

Spot size

[µm]

Beam diameter

[µm]

Ra

[µm]

1 250 1000 200 281 13

2 300 750 300 347 17

3 350 1000 250 306 18

4 150 500 200 235 12

5 300 1000 200 268 13

6 250 1000 150 277 11

7 350 1000 200 284 13

8 350 750 250 296 19

9 150 500 150 188 11

10 200 500 200 265 15

11 400 1000 200 304 14

12 150 250 300 294 17

13 150 250 250 270 19

14 300 500 250 283 18

15 250 500 200 239 11

16 200 500 150 241 11

17 400 750 200 288 13

18 150 250 200 226 13

19 300 500 200 245 13

20 200 250 250 270 16

21 400 500 250 308 18

22 250 250 300 326 16

23 350 500 200 275 12

24 200 250 200 229 10

25 400 500 200 289 16

26 250 250 250 274 18

27 300 250 250 286 16
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28 250 250 200 254 11

29 150 100 300 275 18

30 200 250 150 245 11

31 300 250 200 251 14

32 150 100 250 259 16

33 200 100 300 310 18

34 350 250 200 266 14

35 150 100 200 247 12

36 400 250 200 269 14

37 200 100 250 283 13

38 150 100 150 198 10

39 200 100 200 260 15

40 250 100 250 349 19

41 300 100 300 343 20

42 150 50 250 300 16

43 300 100 250 316 18

44 250 100 200 274 14
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