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ABSTRACT

The recent possibilities given by additive manufacturing in free shape design have been seen as a

potential breakthrough in the design and production of structural components of a racecar and more

generally their influences on the future lightweight strategies in the automotive industry is expected

to influence the next generation of products. Among the emerging techniques for the production of

metal products, Direct Metal Laser Sintering (DMLS) and Selective Laser Melting (SLM) technologies

are becoming technically ahead of the competition: the possibility of direct production of aluminum

and titanium alloys components with good surface finishing and net shape from CAD geometry is

nowadays a concrete option for the mechanical designer.

The purpose of the present study is to demonstrate the feasibility of the mentioned AM techniques

and to exploit their potential weight saving opportunities in the design of highly structurally optimized

racing components while determining the current state-of-art of AM for metallic components. The

present project reports the design and production of two car components redesigned in the perspec-

tive of the novel manufacturing techniques.

The first component is the rear top wishbone bracket of the rear suspension. The production

has been developed following the best practices for the design of additively manufactured structures

such as complete topology optimization and a reconstruction with special focus on the design for

manufacturing assessment. The bracket has been developed for DMLS manufacturing in titanium

alloy Ti6Al4V. On the contrary, the second component has been developed in a novel aluminum alloy:

the Scalmalloy, commercial name of a high strength aluminum alloy specifically developed for high

strength to weight critical applications. For this novel material a characterization campaign has been

set up comprehending tensile testing, micro-graphical analysis, tomography inspection and an X-ray

analysis. Both component underwent a full scale fatigue testing.

Both components proved an achievement in terms of weight saving between 7% and 10% with the

same functionality and performance level of the machine counterparts. The material characterization

campaign revealed the concrete maturity of the DMLS process for Ti6Al4V while the process of SLM

production of Scalmalloy requires some final tuning. The tensile strength levels achieved are com-

pliant for both materials’ specifications but the presence of localized lack of fusion in the Scalmalloy

specimens reduced the final ductility of the material considerably.

The obtained results are an encouraging step towards the application of the analyzed technology

in structural components for the motorsport industry and possibly, in the near future, for the wider

automotive industry. The limited standardization in the quality processes is addressed as well with

a concrete proposal for establishing a controlled level of defects in additively manufactured compo-

nents.

Nicolò Zamariola

Maranello, December 2017
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NOMENCLATURE

α alpha can indicate a microstructural phase

δ Penetration depth

µ micro

AM Additive manufacturing

AMC Aluminum metal matrix

AMed Additively manufactured

AMS Aerospace material specification

AST M American society for testing and materials

B A AM Big area additive manufacturing

C AD Computer aided design

C AE Computer aided engineering

C F RP Carbon fiber reinforced polymer

C NC Computer numerical control

C T E Linear coefficient of thermal expansion

C T Scan Computed tomography scan

DED Direct energy deposition

DMLS Direct metal laser sintering

DPI Dye penetrant inspection

DT M Deterministic turing machine

E −4D Elongation at brake measured from an initial length equals to 4 times the

diameter dimension

EB M Electon beam melting

F 1 Formula One

F AI First Article Inspection
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F E M Finite element method

G A Gas atomization

Hd H Hydride-Dehydride

H I P Hot isostatic pressing - hipping

I SF Isotropic superfinishing process

LC Laser cusing

LE N S Laser engineered net shaping

LOM Light optical microscope

LOM Low optical magnification

LPI Liquid penetrant inspection

M MC Metal matrix composite

N DT Non destructive testing

OE M Original equipment manufacturer

PA Plasma atomization

PBF Powder bed fusion

PREP Plasma rotating electrode process

R A Rotary atomization

RB Rocker beam

RT W B Rear top wishbone

S AE Society of automotive engineers

SLM Selective laser melting

SLPS Supersolidus liquid phase sintering

SLS Selective laser sintering

U N S Unified numbering system

W A AM Wire and arc additive manufacturing

Y M Young modulus

Y S Yield strength
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1
INTRODUCTION

The first part of the present thesis presents the literature research that has been the foundation of the

work. It is structured around the main topics that are the focus of project from the consequences addi-

tive manufacturing has on the novel design processes to the analysis of micro-structural changes and

peculiarities related to specific processing techniques. The criterion of choice for each topic, hereby

presented, has been, not only the strict relevance to the performed work, but also the chance to give

to the study a broader view and general sense of the application in a highly demanding environment

of such revolutionary manufacturing techniques.

Additive manufacturing (from here onwards referred to with the abbreviation AM) 1 has been in-

dicated by many experts and mass-media [2, 30] as one of the technologies able to ignite a third indus-

trial revolution characterized by the so far unknown easiness of production for geometrically complex

and functional parts, with no need for expensive casting dies or machining processes and very limited

post processing needed. Since 2009 with the publication of the “Roadmap for Additive Manufactur-

ing” [31] the development of the technology with its natural market has been growing consistently

[15, 32].

The chance to shorten the path between design and the final industrialized part has been seen as

a potentially innovating factor able to cut down costs and lead time while granting extreme flexibility

in design changes and in-the-loop updates.

Among a diversity of processing techniques a few are emerging as market leaders from different

points of view. The choice of the current project to proceed with DMLS (Direct Metal Laser Sintering)

has been dictated by availability of the selected materials and as well by the processed quality that is

1In this thesis report the use of the terms additive manufacturing, rapid prototyping, rapid manufacturing and near net shape
manufacturing is interchangeable and refers to every manufacturing methods that does not involve any material subtraction
but processes the part with a layer-by-layer approach and when a specific meaning is address to any of this terms has been
clearly specified. Furthermore the indication of AMed would indicate any processed part in additive manufacturing and has
to be read “Additively Manufactur-ed”

1



2 1. INTRODUCTION

(a) Number of machines sold for metal additive manufactur-
ing from the year 2000 (00) [32]

.

(b) A door hinge in DMLS produced titanium of a
turbine installed on an Airbus A380 [33]. The com-
ponent dimensions are such to grant a weight sav-
ing of 10 kg on the whole aircraft.

Figure 1.1: Market request for AM production machines and an example of a topology optimized component printed in titanium
alloy showing the gain complexity given by the freedom of shape generation

ensured by the process. Materials of interest for the project are all alloys with high specific stiffness

and strength and titanium alloys and aluminum alloys were selected for a deeper review for their rela-

tively higher advantage over heavier metals by the chance of minimizing weight in geometrically fixed

regions where the density overcomes the importance of specific properties as we will see in depth in

the following chapters.

1.1. THESIS PURPOSE AND STRUCTURE

The present project aims to show what is the present state-of-art of additive manufacturing for the

motorsport industries and what possibilities the implementation on a larger scale of the mentioned

technology would have on the current design process for structural components in the suspension

systems of an F1 car.

At present, all car manufacturers and motorsport companies are trying to implement additive

manufacturing to exploit design opportunities and reduced lead times which are constrained with

the respective traditionally machined or cast counterparts. To show real life benefits of the aforemen-

tioned process and in order to understand its current maturity the present project has been started

with a collaboration between Scuderia Ferrari and the Delft University of Technology as the two spon-

sors of the project. The whole project for reasons of ownership and confidentiality has been carried at

the Scuderia Ferrari’s facilities in Maranello, Italy.

The present thesis work is structured into two main sections: the literature review, presented in

Chapter 2, and the constitutive work. After a brief description of the thesis purpose the literature re-

view is presented in two principal sections: the first section focuses on the new possibilities promoted

by the use of additive manufacturing in automotive and more specifically motorsport industries; the

second half of this chapter analyzes in depth the process of additive manufacturing for metallic mate-

rials. At the end of this chapter the main topics are summarized as the basis of the explanation of the

constitutive work of the present thesis.
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The constitutive work section follows the engineering process that lead to the successful conclu-

sion of the present project. Each subdivision is divided into two parts, each one regarding one of the

two components developed in the framework of the thesis: the rear top wishbone bracket and the

rocker beam. The first is a component that connects the upper side of the upright to the kinematic

joint of the suspension while the second is mounted in the gearbox case and provides support for the

inboard components of the rear suspension as it will be explained further.

In Chapter 3 the design of the components is presented. Each of the two items designed and

produced has its own set of requirements and the implementation of those within the boundary con-

ditions imposed by all aspects of an engineering task will be reviewed. The topology optimization

strategy will be explained and the final geometry reconstruction shown. Afterwards, in Chapter 4,

the final assessment of calculation on the definitive geometries is presented. The iterative process of

solving stress issues and by optimizing the figure of merit of the two structures is presented in par-

allel. In Chapter 5 the manufacturing process of the two components is presented highlighting the

peculiarities of AM processing techniques as well as the dissimilarities from conventional subtractive

manufacturing practices. In Chapter 6 the results of fatigue testing are presented alongside the results

from the quality assessment for the two products. Particular emphasis is put in the qualitative analysis

of a novel material- the Scalmalloy aluminum alloy-. In Chapter 7 the presented results are discussed

benchmarking the additive manufacturing techniques with the conventional counterparts and pre-

senting the materials behavior and peculiarities. In Chapter 8 the conclusions of the present project

are presented giving a final judgment on the actual situation of additive manufacturing for motorsport

applications and analyzing briefly the chain of knowledge, the know how for the current state-of-art

and finally propose how the investigations should be carried out in the industrial practice to success-

fully apply this technology for replacing traditionally machined parts with better components.
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LITERATURE REVIEW
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2
ADDITIVE MANUFACTURING -

CHALLENGES AND OPPORTUNITIES

In the first part of the literature review the implications that novel technologies for additive manu-

facturing will have in the near future for automotive and especially in the motorsport industries are

presented. After a brief introduction about the main driving factors for the implementation of such

processing techniques into specific environments (F1), the changes induced by such technologies are

reviewed. The differences that will be highlighted will range from the discrepancies in the design pro-

cess to the new integration of calculation tools in the design-in-the-loop procedure. Since its appear-

ance on the manufacturing technological world the presence of additive manufacturing has given the

chance to design and produce components with almost no limitation in shape and geometrical com-

plexity with small to none added costs [1]. In the figure presented earlier (see Fig.1.1b) the concept of

complexity can be better understood and the benefit of Rapid Manufacturing is evident.

2.1. OVERVIEW - FORMULA 1 AND MOTORSPORT INDUSTRY

Formula 1 is an annual motorsport competition for land vehicles with four nonaligned wheels, two

of which are used to steering and at least two for propulsion [34]. The competition has been known

during the years as the clearest example of engineering challenge and nowadays is a good showcase

for tomorrow‘s automotive technologies. Since the competition takes place on a number of different

tracks the vehicle should be able to cope in the most efficient way across all of them. Since the very

early years motorsport and specifically Formula 1 has been pushing the limits of lightweight design

and the breakthrough offered by novel technologies has been in the last 50 years welcomed as they

could provide competitive advantages if implemented (cfr. Fig.2.1 and Fig.2.2)1.

1Within each set of rules during the years the chance of racing on a lighter car has numerous benefits: from the obvious lower
inertia to deceleration and accelerations in the propelling direction to lower yaw inertia in the negotiation of a series of corners,
to the lower impact on the tyre consumption and the possibilities given by the higher level of ballasts to achieve the lower
weight limit

7
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Figure 2.1: The famous Ferrari F312B known for the use of the engine as a fully stressed member, a choice dictated by the
desperate quest for lightness

As of today the strict regulatory bodies of the sport are limiting the choice of exotic metallic ma-

terials and impose selected materials among certain components [34]. This is limiting the wealthier

teams in terms of material choice but forces every competitor to outsmart the others through the im-

plementation of an higher level of design refinement and novel manufacturing technologies able to

overrun with complex geometries that would cope the less performing materials.

More specifically, materials with specific stiffness, expressed as the ratio between the Young mod-

ulus of the material and the specific weight (or density), higher than 40 MN/(mm*kg) are forbidden,

and other materials must be listed in the regulation. This limitation prevents the use of mostly any alu-

minum matrix composite that is not specifically designed to meet this rule. Among them it is worth to

mention the most common legal materials that can be explicitly used:

1. Aluminum alloys

2. Steel Alloys

3. Titanium Alloys (not for fasteners with male thread smaller in diameter <15mm)

4. Magnesium Alloys

5. Copper Alloys (with less than 2.5% wt. of Be)

6. Cobalt alloys

7. Silicon Carbide particulate reinforced aluminum matrix composites (AMC)

8. Nickel based alloys (with Ni content 50%wt to 69 wt. %)

Furthermore materials should not be provided under exclusive basis and special commercial terms as

stated in article 5.16.3 [34]. Specifically, for the suspension components which are of interest in this

work a few extra rules have to be met.
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Figure 2.2: Renault F1 car uprights in which the presence of heavy machined zones is a clear indication of the research for
lightweight and functional components. The dimension of the components can be understood by the distance between the
studs brake caliper attachments which is usually between 20 and 25 cm.

Among them the more restrictive are:

• 10.5.1 which states ’The suspension uprights may only be made from UNS A92014, UNS A92618,

UNS A97075 or EN/AA 7022 aluminum alloys.’

• 10.5.2 which states ’The loads from the suspension members and wheel bearings must individu-

ally and entirely be carried by the suspension upright. Exceptionally up to three suspension mem-

bers may be connected together by titanium, aluminum alloy or steel components before their

load is passed into the upright.’

In the design process of the components, which constitutes the main topic of this thesis, we will come

back to these rules to specifically analyze their influence on the made design choices. As stated before,

the continuous search for lightweight component design asks designers to be able to use the lowest

quantity of material able to fully comply with the expected load cases and be able to functionally bring

performance to the all engineering systems in terms of stiffness, finishing and fatigue life.

Since F1 racing teams are usually not encouraged to publish too much about their research and

development projects there are few examples from literature of real case scenarios in which this pro-

cess has been used for suspension components and still several issues need to be properly addressed

to demonstrate its full reliability (designers have been skeptical with respect to repeatability and me-

chanical soundness of structural components produced by AM as described in [1]). Among the few

documents and available reports a first interesting application of AM has been documented in [1]

even though it does not cover the topic of structural components.

In the aforementioned article Cooper demonstrates how the implementation of DMLS - AM of

titanium alloys for hydraulic manifolds can represent a game changer technology in the quest for

lighter and more efficient components. Typically hydraulic manifolds are produced by conventional

milling and CNC-processes of high grade aluminum alloy billets (Al7075 from the aerospace quality

of Al2099 with lithium), including also spark erosion and drilling operations [1]. The evolution of this

alloy as well as his eighth series counterpart (Al8090) was developed exactly for lightweight application

by Alcoa and other aluminum producers to establish new standards in the material properties. Their

density can be up to 10% lower in respect of conventional aluminum alloys with some percent gains
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Figure 2.3: Traditionally machined hydraulic channel for fluid operation as it can be found in [1]. The characteristic dimension
of the channel is of 0.5 mm (diameter).

on the modulus as well (up to 10% between 2024 and 8090) due to the presence of lithium. Lithium

in solid solution (concentration lower than the solubility of 4.2% wt) being the lightest metal available

with a bulk solid density of 0.5 g/cm3 reduces the alloy’s specific weight while contributing in stiffening

the material.

Figure 2.4: The AM components made possible an alternative geometry for the channeling with a smoother pass that should
enhance the flow properties as reported in [1]

Due to the need of complex channels design the machinability of such components is essential

and quite a portion of the design is uniquely related to this aspect and provides no additional perfor-

mance to the component apart from the possibility of being produced. The possibilities given by AM

in this context are quite unique since very little machining would be necessary and the added mate-

rial for this purpose can be eliminated with considerable weight gain. Flow characteristics can also be

improved if channel paths are improved through the absence of sharp corners which are usually the

standard for machined counterparts. From an operational point of view, the absence of machining

lines reduces the need for post-working application which is usually need for sealing. Examples of

the different paths can be seen in Fig.2.3 and Fig.2.4. The end result reports increased velocities up to

250% and validation for operating channels produced in DMLS Titanium as low as 0.5 mm. In Fig.2.5

a section of the aforementioned tube is presented and the superficial finishing can be seen. The areal
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Figure 2.5: Section of an thin hydraulic manifold produced by DMLS in Titanium Ti6Al4V [1] with a diameter of 0.5 mm. The
rough surface might have been improved with the implementation of surface finishing technologies such as AFM.

density is reported to be in line with manufacturers descriptions. It is interesting to note how the poor

finishing2 did not influence the flow velocities as much as the geometry change making the rough

surface acceptable with possibly no post processing needed. Furthermore, it is possible to treat inner

tubes and surfaces through the implementation of AFM (Abrasive Fluid Machining) that has proven

to be able to reduce surface roughness and eliminate the trace of layering [35].

Since the literature about AM technology within the F1 environment is limited as a good reference

point, some examples from Formula SAE3 teams are hereby presented. Among the numerous exam-

ples of successfully designed and tested parts it is interesting to note how all referenced articles report

similar design flow to maximize the output benefits. The design process of parts that are going to be

produced through AM follows an optimization step before any modeling and starts therefore with the

designation of geometric constraints and applied loads to better understand the most efficient way to

distribute material in the design region (through the application of topology optimization strategies

as will be discussed in following sections).

An early attempt to employ titanium in AM in a Formula SAE application for a structural compo-

nent through Laser Powder Deposition has been made at South Dakota School of Mines and Tech-

nology [37] in 2004. The components that have been taken for this particular application were the

front and rear uprights4. The design criterion, chosen for leading the optimization routine, was the

deflection of the two components in particular load cases: the front was designed with a cornering

steering angle deflection limit while the rear one was limited by the camber5 stiffness. Both designed

components feature an hollow structure that could not be processed by conventional machining. The

2The poor finishing was evident by the reported surface roughness: Ra values ranging from Ra4 to Ra28 depending on the
orientation with respect to the printing direction - while for machining counterparts is usually requested to remain below
Ra0.4

3Formula SAE/Formula Student is an annual competition among universities that takes place with several events around the
globe. The main focus of the project is to realize a racing car propelled either by combustion or electrical engines and to
compete in various challenges representing the tasks of any motorsport business in a reduced and ad hoc environment. For
additional information see [36]

4The upright is the component which fixes the wheel assembly to the suspension system. All rotating parts of the wheel assem-
bly (rim, tire, spacers and brake disc) are connected to the upright through the wheel hub. The upright connects those rotating
components to the fixed part of the suspension links, and therefore provide housing for the braking system as well. The hub
and the upright are connected by a set of angular bearings to allow relative rotation and load transmission. Front uprights do
provide attachment points for the steering link while rear upright, in racing cars, has the implementation of the traction shaft
(half-shafts).

5Camber angle and the relative parameter reported as camber stiffness is presented extensively at the beginning of Chapter 3.
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alternatives for producing the parts were either casting (which was judged too costly) or welding of

titanium sheets. The choice for AM was preferred over welding for the lack of expertise in titanium

welding and the possibility to develop a background knowledge in a novel technological sector. The

component in the previous car iterations was made in Al2124 and titanium (Ti6Al4V) proved to be a

better choice for the component (see [37]Table 3 6). Despite a missing note on the final weight of the

part a successful application of additive manufacturing on structural components for a racecar appli-

cation can be dated as early as in 2004.

A second example, reported in [2], shows again the optimization of a pair of uprights. The chal-

lenge has been taken as an optimization of the existing design with no reconsideration on the to-

tal design area. The present sentence on the design space can be checked in Fig.2.6 and a possible

comparison could be made on the actual work performed on components that have been redesigned

during the present thesis work. The recurrent choice of optimization of uprights geometries can be

explained with the central importance that this components has for each car corner. All loads from

the contact patches to the suspension have to travel through those parts which are conventionally

machined or cast. The weight of the part itself is a considerable share of the car unsprung mass which

has a high weight on the car performances.

Figure 2.6: Internal cavities modeled on the upright after the topology optimization: the lack of having used a larger design
space has reduced the possibilities of better using the material that is connecting the bearings to the suspensions [2]. The
component dimension is not reported by the indicated reference but the total volume is reported to be of 138.64 x10−6m3.

A third example in the field, which could be considered as well as a reference point for designing on

structural components with AM technologies, is presented in [3]. In the mentioned article the focus

on the technology is the possibility to substitute suspension mounting brackets from parts produced

with conventional manufacturing to parts in SLM (Selective Laser Melting - an AM technique that will

be analyzed in the second section of this review). The weight reduction amplified by proper enhanced

6In the material properties comparison the specific stiffness is missing which would have granted a better understanding of the
material choice between aluminum and titanium



2.1. OVERVIEW - FORMULA 1 AND MOTORSPORT INDUSTRY 13

geometrical complexity was a key player for this redesign exercise. Furthermore, during the project

also suspension bearing bolts have been redesigned and the material change from Al7075 to steel

316L provided components with the same weight but better stiffness 7. At the end of the article an

interesting Ishikawa diagram is presented of the different fields that would be needed to cooperate for

successful industrial application of AM in highly technological areas.

Figure 2.7: Ishikawa Diagram which represents the various contributions that are needed to a future establishment of AM as a
competitive processing techniques[3]

From the time of the study, some of the needs have been successfully filled and achieved, within

the author’s perspective and experience, while others are still a concern. The biggest improvements

are in the field on the machine side and on the process itself (being it SLM - Selective Laser Melting

or DMLS) and on the quality of the raw materials that has been given industrial standards for addi-

tive manufacturing. On the contrary some of the highlighted issues are still problematic nowadays:

materials database is missing due to the number of processing techniques and materials on today’s

market, education is moving the steps towards the integration of graduate courses on AM and powder

metallurgy but still proper finishing processes for surface quality have not been developed specifically

to reduce layering and others peculiar AM produced components defects. The diagram is presented

in Fig.2.7.

A further example of the implementation of a proper design process for additive manufacturing

components is presented in [38] in which a brake caliper has been optimized and produced in DMLS.

In the definition of a proper design space a correct evaluation of the geometrical constraints and in-

terfaces with other components has been performed and the result can be see in Fig.2.8a. The mate-

rial chosen for the application is AlSi10Mg which, as we will further discuss in the following sections,

is considered the baseline material for lightweight components. The design constraints in term of

thermal dissipation made the choice for an aluminum alloy evident. Through different iterations the

authors provide a clear example on the correct approach to achieve the optimal results with AM pro-

cessing techniques. The final component can be seen in Fig.2.8b

So far the needs and some examples of applied racing industry in additive manufacturing have

7The limited space for a bearing bolt is the clear example of a geometrical limitation that prevents the specific properties of a
material to overrun the pure properties.
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(a) Design Space prepared for topology optimiza-
tion of the brake caliper [38]

(b) Final shape of an optimized brake caliper
as presented in [38]

Figure 2.8: Design Space and final geometry of the optimized part. As in can be easily seen the freedom given by the additive
process in combination with a topology optimized structure made possible the creation of specific reinforcements limiting the
brake caliper axial displacement.

been presented, in the following section the greater automotive scenario will be analyzed.

2.2. OVERVIEW - AUTOMOTIVE INDUSTRY

As we have seen a brief overview of the F1 and motorsport industry situation regarding the possibilities

given by additive manufacturing, here a similar analysis will be carried out on the broader automotive

industry. For standard automotive OEMs8 two big advantages can be easily found in the introduction

of AM techniques in their production and design process as recognized in [39]. AM can be seen in the

automotive industry:

• As a source of product innovation: the design can be carried out and produced with less geo-

metrical constraints, this would revolutionize the design of assemblies that might be substituted

by single components with a high influence on the cost break down of engineering systems. Sev-

eral examples are available from the aeronautical industry which faces similar challenges as the

automotive sector and is usually regarded as a reference to introduce new technologies in the

more cost constrained automobile industries (e.g. introduction of aluminum chassis on a large

production scale or high strength materials and composites).

• As a driver of supply chain transformation: cutting down the time for tooling production every

manufacturer can provide parts with considerably shorter lead times which gives the opportu-

nity to achieve better customization and dramatic reduction of scrap materials. Furthermore,

the mass scale production reduces the need of big manufacturing sites but could be the starting

point to a new supply chain of medium sized and delocalized part producers.

Four scenarios are explained by [39] as the path from the current situation to an evolution o the

business model. In each model the technology plays a different role from being a key for design and

rapid prototyping during the early stages of product development (in the current industry) to enable

the chance of having mass production customization and supply chain disintermediation in the long

time perspective.

One of the driving factors for automotive brands innovative design is the compliance with envi-

ronmental regulations. Being introduced in the early 1990s (1993) from the European Commission

8Original Equipment Manufacturer
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the regulatory laws for emission reduction have been evolving up to the present regulation as stricter

and stricter framework to which all OEMs have to adapt. Similar standards have been promulgated

worldwide by competent regulatory bodies. Whereas a range of strategies can be applied to become

compliant to the current set of regulations for what concerns most pollutants there has always been a

limit in the reduction of a natural product of the combustion which is CO2. Despite it cannot be con-

sidered strictly as a pollutant the regulation strives for a reduction due to the interaction of this gas

with the climate change. As the only viable way to reduce this component is consuming less carbon-

fossil-fuels the trend of engine downsizing and lighter vehicle designs goes in this direction and since

lighter design can be implemented usually through more complex parts and assemblies the potential

unexploited by the introduction of AM processes is seen as strategical advantage.

Among the several examples of how complex redesign and material choices can effectively syn-

chronize to achieve the quest for lighter vehicles two are especially renown and self-explanatory:

• The redesign of the Ford F-150 (my2015)9: the complete aluminum body has helped in cut

down the weight of around 320 kg with media acclaim and the ability to set new standards for

US truck market in term of fuel consumption. The body which contributed in the biggest share

of the weight reduction can be seen in Fig.2.9a

(a) F150 full aluminum body as the example reported by
[39, 40]

(b) The body of the Range Rover my2014 commonly re-
ported as an example of how complex design and impli-
cation of newer materials is the factor to drastically re-
move mass from an automobile [41]

Figure 2.9: Two examples of the need to move the automotive market towards the implementation of new design materials and
to improve the ability of integrating complex geometries replacing assemblies of substructures: in Fig.2.9b the Range Rover
Vogue my 2014 is presented with its an aluminum chassis while in Fig.2.9a reports the body-in-white of the Ford F150 my2015.

• The redesign of the Range Rover (my2014): similarly the introduction of aluminum in the all

body-chassis implemented a weight reduction of more than 400 kg on its predecessor. As well

the new model has received media acclaim and raised the bar against the previous model both

in terms of performance and fuel consumption. The chassis body can be seen in Fig:2.9b.

Having the chance to exploit the potential of complex geometries, lattice structures and topology

optimized components regardless of the increased cost that a conventionally machined product might

9my2015 stands for model year 2015 and is considered to be the usual standard nomenclature for the designation of car model
within different years.
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bring and combining it with materials with high specific strength and stiffness is surely the next step

most manufacturers are going to take in the described technological direction [42] [43].

When it comes to reorder the potential driving factors to employ this new technology today rather

than in the recent past there is common agreement on a series of reasons:

• More materials are available for AM including high performance alloys: It has been always

a technical drawback to rely solely on few materials, in the design perspective, when AM has

been introduced and most of them were not specifically designed for the application but where

rather the best choice of commercially available product (in case of aluminum derived from

casting materials (AlSi10 would be a clear example)). Nowadays, the trend of specifically de-

signed materials and alloys has made the growth of peculiar combination of processing and

powders available for OEMs and suppliers possible. Furthermore, now the research is deeply

involved in the tuning of advanced materials like aluminum matrix composites with in situ pro-

duction of reinforcement phase. As well the possibility to print carbon reinforced thermoplastic

is soon to be available and could be rivaling the metal deposition and sintering processes in

certain specific applications.

• Increasing quality of AM product is reducing the need of post processing Though same post-

processing is needed for high precision component as we will have the chance to demonstrate in

the course of this thesis, the quality of near net shape directly manufactured product has been

increasing dramatically with the last generation of machines introduced. As well techniques

like EBM promise to achieve apart from high fidelity of the 3D model also surface finishing of

level superior to what is available through conventional casting and sandblasting and similar

to machined components. Still a certain degree of operation work would have to be performed

on AM-produced parts and the trend would be a sort of mixed production process in which

the basic complex shape will be implemented through AM and conventional machining would

be used as a finishing tool to prepare the component for assembling operations and compliant

to dimensional tolerances, or alternatively AM used in special application to be able to apply

coating layers on machined products where conventional processes would not be able to be

effective [43].

Although the series of reasons which have been earlier mentioned, ahead of the AM challenging

introduction in the mass production automotive sector there are several challenges to be correctly

addressed. Among the most recurrent we can cite in accordance with [39]:

• Economical breakthrough of AM limited to low-volume production

As is widely reported [39], automotive industries make their profit on market volume. The profit

for each car is usually small, especially on lower range models, and therefore the need of break-

down costs is fundamental to sustain the whole process. Since the significantly lower produc-

tion speed of additive processes compared to conventional production techniques their success

would be initially devoted to small batch production in which customization and complexity

would play a major role since it is still unclear if the capability to scale up the production rate

would change significantly any time soon [44].
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• Possibility to print large parts (engine and bodywork components) - BAAM (Big Area Additive

Manufacturing)

The chance that recently has been given to manufacturer to directly produce products of large

dimensions with little need to assemble them thanks to AM has questioned researchers in the

direction of investigating current limitations in this field. In a recent work Curran et. al. at Oak

Ridge Laboratory, TN [4] have taken up the challenge of printing several Shelby Cobra’s sub-

frame structures and bodywork parts in order to bridge the gap between engine testing on the

bench and full vehicle testing. The objective of the study is to provide indications about the

compliance of the final version of the machine with EPA standard cycles. The advantage given

in terms of reduced lead time and cost was substantial and gave consequently the possibility

to make vehicle prototyping before having industrialized the chassis production processes with

no need to rely on expensive technologies and several operations of assemblies and post pro-

cessing. The material chosen was a peculiar carbon fiber reinforced ABS able to guarantee good

stiffness performances and adequate strength for limited vehicle testing time. The parts pro-

duced in the experiment are presented in Fig. 2.10.

Figure 2.10: The Shelby Cobra with the ABS printed chassis before the final assembly of the whole car [4]

Even tough the testing has demonstrated how, with pragmatic scientific approach, BAAM might

be ready for prototyping the challenge to bring such technologies into the medium and high

volume production has to face several inconveniences such as the possibility to customize part

and design to guarantee an increased cost coverage for a process likely to be slower at least

at the beginning compared to the mass production counterparts (it is worth to note that still

BAAM is considered to be from 100 to 1000 times faster than conventionally AM). In this spe-

cific case the focus was the development of an electric powertrain system able to cope with the

old-fashioned Cobra body design. Even though the experiment was successful in the conclu-

sions the authors explain their skeptical opinions regarding the actual effectiveness of carbon

fiber reinforced ABS as the target material for BAAM since it cannot be used properly to recreate

subframe structures as its stiffness could not pare a steel counterpart (in facts a steel torsion bar

has been implemented to achieve successful testing). The process has a second downside which

was the need for a filler for the ABS structure to make it able to better withstand the loads and

to achieve proper bonding between the different components: the fill up process with a closer

look on the finishing of the front subframe can be seen in Fig. 2.11.

Similarly a mammoth stereolithography process has been developed by Materialise [45] that
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Figure 2.11: The filling and bonding of the huge ABS 3d-printed front subframe [4]

has been used to produce plastic panels for a Formula Group T race car. Still the limitation of

these technologies to plastic and carbon reinforced plastic materials constitutes a considerable

obstacle to the introduction of BAAM in any phase of the prototyping process of a motor car.

Having proposed a brief overview of the interested industries on which the project is more related the

branches in the design process that the introduction of AM would cause in those industries is going to

be briefly presented.

2.3. DESIGN PROCESS FOR ADDITIVE MANUFACTURING

As already explained in the earlier part of this literature review the opportunities given by the introduc-

tion of a new manufacturing process like rapid prototyping into established industries departments

has brought with it an evolution of the design process in order to optimize the whole process from

the designer idea to the finished product. The main changes in the design processes are integration

of novel calculation techniques such as topology optimization and some new strategies for geometry

reconstruction. A brief description of those innovative approaches will be briefly introduced in the

next section.

2.3.1. DESIGN PRACTICES INTRODUCED BY ADDITIVE MANUFACTURING

Innovative processing techniques have always been the turning point for the application of properly

tuned engineering tools to exploit the maximum performances of the technology introduced. When it

comes to AM several approaches have been tried and still nowadays there is debate on how designer

should revolutionize their way of proceeding in the definition of new component geometries. Since

the freedom of shape has been implemented, even though introducing more subtle limitations, the

design process must be rethought in order to take advantage of the novel producing environment.

Even more since the design work has different and minimal limitation in the geometrical reconstruc-

tion new methods have to be established in order to provide a robust and reliable process in which

the capabilities of the new manufacturing technique can be exploited completely. Among the most di-

verse approaches here we would like to make a brief description of what, within the author experience,
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are two methods to correctly proceed while engaging a project that involves additive manufacturing

and optimizations routines.

TOPOLOGY OPTIMIZATION - CAE INTERFACE

Topology optimization is a process established in the years based on the material distribution ap-

proach presented through the implementation of the homogenization theory (see [6, 46]) . The his-

tory of topology optimization is relatively recent basing its first studies on previous structural opti-

mization practices. The main steps to the approach of the last established techniques can be seen

in Fig. 2.12. The first step has been the optimization of truss structures [46]. The optimization in

a truss-structure design involves only the cross section of the members and the length of each truss

(Fig. 2.12 a)). The second historical step was the problem of optimum shape. Here the problem is the

optimization of a fixed topology but with features able to change in size and aspect ratios. Eventually

structural engineers and researchers in the field of finite element analysis introduced the possibility

of optimizing the topology itself. This was considered a big step forwards since it allows engineers

to reinvent their structure basic geometry in order to face different needs driving the optimization

routines out of the conventional boundaries of best design practices. The basic solution and the most

common for structural application is the compliance minimization solution approach which is itself a

minimization problem. The objective of the optimization is to find the optimal combination of a given

structural parameter -stiffness for instance - among the feasible geometries that fit a design space and

complain with the imposed boundary conditions.

The process is a distribution problem in which the material of the design space 10 has to be ranked

in such a way that the final shape is the optimum of a certain optimization function. The process, as

described in the aforementioned theory can be resumed in five principal steps, from an algorithmic

point of view[6]:

1. Choose a proper reference domain: definition of design space, boundaries and exclusion zones

2. Choose a composite structure that would define the density of each mesh element (holes in a

solid for instance as originally proposed by Bendsoe in [6])

3. Compute the effective material properties of the composite through homogenization theory to

establish a relation between the properties and the density of the material

4. Compute the optimal distribution of this composite material through the definition of a density

function (the final density of the elements represents their figure of merit and is usually scaled

from 0 to 1), this is a sizing problem in which the density is the sizing variable

5. Interpret the optimal distribution as a final shape of the element with the highest density

The steps introduced in [6] established the new trend for this application over the composite theory

that was proposed in the same years of defining the structure as a composite of two materials and

defining the different elements as part of the soft or the hard material. The ideal design optimization

is the so-called black and white design in which after the optimization the only elements that are

present are the one with an high ranking for which regards the structural behavior of the component.

10Defined as the space available for the creation of a component that would resolve the prescribed functions.
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Figure 2.12: Evolution of the computational methods for structural optimization as described in [5, 6]: a) the initial truss struc-
ture and the standard structural optimization (section and length of each component, number of components), b) the shape
optimization method of a fixed topology, c) the topology optimized structure.

A chapter of the constitutive work presents the optimization work that has been performed on the

components that are the main focus of this project.

FREE SURFACE RECONSTRUCTION - CAD INTERFACE

The method that provides the designer the possibility to reconstruct surfaces based on a mesh STL

file are present in today’s CAD market place under different names and description (CATIA V6 Reverse

Engineering, Vger Reverse Engineering) are all examples of this new techniques. Alternatively, most

of the CAE interfaces (Abaqus with CATIA V6 and ANSYS with SpaceClaim) provide tools to recon-

struct meshed parts into solids that could be integrated in the CAD process to reach the geometrical

soundness to be successfully produced.

The concept behind those is the development of an interface that mixes the parametric solid de-

sign as it has been known by engineers since the 1970s in which the definition of parameters and their

combinations was the logical process to finalize the 3D mathematics of a part, with the intuition of

following the shapes of the optimized geometries.

The process, mathematically, is carried out in different ways but a great example is the free design

of surfaces which is usually the best method to approach such a problem of reconstruction. Instead

of being parametrically defined through surfaces, intersections, coordinates, split operations and so

on, the shape is the result of an interaction between the user and the 3d mesh through the application

of controlling points (points that lay onto the mesh surface - we shall better say onto the mesh nodes)

that using rectangular portion of the space create surfaces that are continuous curvature (C2). The

surfaces are created in such a way that their distance from the mesh nodes is the smallest possible in

order to satisfy different criteria.

The possibilities open by such integration, and subsequent integration of CAE interfaces into CAD

software, would make possible the iteration about different design options with no need to interface

different offices and involve the time schedule of different resources optimizing the whole designing

process either through the possibility of doing more iteration in the same amount of time that would

result in a better finished product or alternatively in reduced design time. An example of the end

result of the integration of such technologies is presented in Fig. 2.14. The possibility of shaping

the material with no geometrical constraint others than the AM limits and boundary interfaces gives

rise to a structure with a uniform stress distribution in which no low stressed zone are present. The

progress of stress distribution, and especially of strain energy, on a topology optimized component

can be seen as a qualitative assessment for a design case as it will be analyzed more deeply in the

constitutive work section.
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(a) Traditional QSR tools for the parametric reconstruction of surfaces as present in CATIA V5 User Guide[47]

(b) Point driven reconstruction on STL mesh [8]

Figure 2.13: Comparison of graphical interface between traditional QSR (Quick Surface Reconstruction) tools and innovative
Reverse Engineering shape interactive interface as present in different edition of CATIA (V5 and V6) CAD interface[7]

2.4. ADDITIVE MANUFACTURING: METAL DEPOSITION METHODS

As the main purpose of this project is to achieve and present the state-of-art of AM applied in highly

challenging and demanding technological environment, the main part of this chapter presents the

current most renown and fundamental techniques for direct metal deposition. The following section

will address the topic of processing powders material into solid work-piece by the addition of localized

energy flow that would cause the powder to melt (or partially melt) and stick together on subsequent

layers.

Direct metal deposition process with a layer-by-layer technique can be dated back in 1971 with

the deposition of Ciraud patent [48]. Soon afterwards a series a institutes take on the proposed chal-

lenge and develop a series of methods to implement the technology on different materials. Among

all attempts is worth to mention University of Texas in Austin’s DTM (deterministic turing machine)
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Figure 2.14: End stress evaluation of a topology optimized bracket reconstructed with integrated CAD and CAE interface [8]

technique (1992) which evolved in SLS (Selective Laser Sintering)-concept that entered the market few

years later. On the other side of the Atlantic ocean, the first European based institution to hit the

market with machines for additive manufacturing has been EOS GmbH Electro Optical Systems with

early machine for plastic additive manufacturing followed soon after by, through the acquisition of

DTM rights, machines for metal deposition and sintering of which evolution still are market best sell-

ers. Meanwhile in Aachen, Germany, at Fraunhoffer Institute the SLM(Selective Laser Melting) process

was being developed [49].

This original fragmentation of processing techniques, which brings a rich variety of possibilities

while approaching the field of direct metal deposition, gives researcher the issue of properly categorize

the process them-self. Following the current literature trend [49, 50], the current work would consider

AM processes divided in two categories based on the method in which the layer is created if either

from a bed fusion process (PBF - Powder Bed Fusion) or through a directed energy deposition (DED).

The main difference among the two processes is the addition of material to the layer: in the case of

PBF the energy comes from a external source such a laser beam and requires the bed thickness to

be replaced after each deposition while on the contrary the addition of material in DED processes is

included in the beam energy source.

Among DED techniques we can cite following the classification presented in [16]:

• DMD - Direct Metal Deposition: This process employs a closed loop control process through

which using laser and metal powder the component is produced. The commercialization has

been done by DM3D Technology LLC.

• LENS - Laser Engineered Net Shaping : A laser based process developed by Optomec Inc. which

uses metal powder to produce metallic components

• WAAM - Wire and Arc Additive Manufacturing : Developed by both aerospace and naval indus-

tries in order to provide alternative manufacturing processes for a series of components actually

limited in lead time and repairability by manufacturing techniques. An example of such com-

ponents are naval propellers developed in Aluminum-bronze.
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On the other hand we can mention among PBF processes:

• SLS - Selective Laser Sintering : Is a process close to DMLS and involves the same technological

content. The term refers sometime to technologies used for the production of plastic composite

materials. The company that sells machines for SLS processing is 3D Systems Corp.

• DMLS - Direct Metal Laser Sintering : A sector leading technology that uses sintering through

a laser beam of prealloyed metal powders. The system is owned by EOS GmbH which serves

the market with different machines with available materials scanning from titanium alloys to

Inconel and high temperature materials as well as steel and high strength aluminum alloys.

• SLM - Selective Laser Melting : Similarly to SLS this methods differs by the fact that the mate-

rial undergoes complete melting during the solidification process. The process is property of

SLS Solutions and is specular to what Renishaw provides under the commercial name of Laser

Melting (LM) and Concept Laser11 offers with the denomination of Laser Cusing.

• EBM - Electronic Beam Melting : This methods differs from the others since the energy source

is not a laser beam produced in different ways but an electron beam that provides the energy

needed for a complete fusion of the material. The system is commercialized by Arcam AB com-

pany.

Figure 2.15: Comparison of multiple AM processes in which is highlighted the production rate in respect of its relationship with
the layer thickness [9]. As it will be further investigated the better accuracy of PBF methods is related to their lower deposition
rate which is mainly due to thinner thicknesses of deposition layer. Furthermore, the focus dimension of PBF methods is smaller
that the relative parameter of DED processes.

A quick overview of the main characteristics of the two different classes of techniques for AM pre-

sented in the previous list can be seen in Fig.2.16.

11A General Electrics spin off.
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(a) Lens DED processing method

(b) EBM functioning scheme

(c) Electron Beam DED functioning scheme
(d) SLM functioning scheme

Figure 2.16: Different Processing schemes for PBF and DED methods as presented in [10]. Their different descriptions are
reported to highlight the advantages and disadvantages of each technique. Generally PBF methods are more time consuming
(lower deposition rate) but they feature better accuracy and superior mechanical properties.

Since the core topic of the present project is DMLS components the main review would be on the

Powder Bed Fusion processing techniques.

A further classification, more specifically related on the metallurgical and physical processes tak-

ing place during the production, can be introduced as suggested by Gu in [49] dividing the laser tech-

nologies in two categories: laser melting technologies and laser sintering technologies.The difference

in the metallurgical state of the powder is the synthesis of this classification: in sintering processes the

metal is partially molten and technologically this is achieved through the use of multi-components

pure metals or by the mean of a prealloyed powder material.

Solid state sintering is a process through which solid components are created from powder ma-

terials through the application of temperature and pressure with ideally no fusion of the material.

Since solid state sintering could not be achieved in the limited time span of a 3D laser scan the energy
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supplied must be enough to provoke partial melting of the powder supplied and granting the solidifi-

cation of the processed part. In powder technologies the chance of partial melting can be achieved in

two ways as already mentioned:

• Multi-component powder of pure metals and prealloyed powder

Solidification occurs in the case of a multi-component thanks to the fact that one metal has a

lower melting point than the other metal present in the powder. This low-melting point metal

(or alloy) is considered the binding component while particles of high-melting point pure metal

can be considered as the strengthening component. An example on a microstructure based on

the aforementioned process with a Cu-SCuP powder can be seen in Fig.2.17 in which the lighter

and lower melting point alloy can be clearly distinguished in a gray color while the Cu particles

are in black.

Figure 2.17: Laser Sintered Cu-SCuP multi-component powder

Usually, part of the composition carries small fraction of fluxing agent and deoxidizers as well

to improve the sintering process.

Acting as a viscous interaction between solid particles and completely melted binding com-

ponent, the solidification takes place with the presence of capillary forces driven by the small

gaps between the unmelted particles. Therefore the liquid solid wetting properties influence

greatly the chances of success of laser sintering processes with multi-component powder ma-

terials. As well the mechanical characteristic are influenced by the size of original particles and

on the success of the solidification process. An example of multi-component system that has

been successfully processed is a combination of Cu and Cu-10Sn (pre-alloyed powder) Cu-8.4P

(prealloyed powder).Other examples are Fe-based multi-component powder system including

but not limited to Fe-Cu and Fe-C-Cu-P [51].

A clear advantage of implementing a prealloyed powder to the laser sintering of multi-component

powders for additive manufacturing for metal components is the heterogeneous melting tem-

perature that opens the temperature windows at which the sintering can take place thanks to

the presence of a bi-phase region under the liquidus and solidus curves on the phase diagram

(cfr. Fig.2.18). A good example of taking advantage of a quasi-eutectic composition would be

analyzed during the description of Aluminum alloys sintering.

• Prealloyed powder:



26 2. ADDITIVE MANUFACTURING - CHALLENGES AND OPPORTUNITIES

Figure 2.18: The binary system of Aluminum and Silicum: the composition usually implemented for AM sintering is near the
eutectic point (AlSi10Mg) to provide better performances in terms of density of the end product. The low melting point is
responsible for the poor properties of the alloy in temperature as it will further explained in the course of Chapter 3.

As already mentioned the presence of a mushy zone affects greatly the behavior of prealloyed

powders while compared to pure metals. The presence of an heterogeneous melting point

would cause the powder to start behaving viscously once a sufficient part of the particles un-

der the laser beam effect have reached the mushy zone. The presence of such a phenomenon

affects also the local composition of the novel microstructure and the process is sometimes re-

ferred to as SLPS (Supersolidus Liquid Phase Sintering). The liquid phase starts developing at

grain boundaries and apex since the energy available in those location is usually higher than

what is available in the grains. There are two recognized methods that cooperates in the solid-

ification of this semi-solid state of the material and is the wetting of solid particles as well as a

solution re-precipitation. There has been scientific proof of the mentioned methods such as re-

ported by Niu [11]. A good explanation of SLPS process can be resumed through the illustration

presented in Fig. 2.19 [49], the liquefaction of the mushy zone exposes grains to the pores and

through the viscous motion of those solid particles the densification process can start. Differ-

ently from what has been mentioned about Fig. 2.17 it is not possible to show clearly where the

liquid molten pool was but still the trace of it at grain boundaries can be identified as reported

in Fig.2.20

Among the mentioned technologies some of them seem to be clearly in advance regarding com-

patibility with market’s demand, dimensional accuracy, available materials and material properties

after printing. Of these technologies a deeper review is presented in the following sections. The DMLS

process is going to be presented first as they were the actual manufacturing processes implemented in

this thesis project. An overview of EBM will be presented as well as a possible competitive technolo-

gies and advantages and disadvantages of the two technologies will be highlighted.
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Figure 2.19: SLPS Process and relative temperature on a binary phase diagram: the process features three different phases.
From left to right it can be noted the change from the unsintered powder to the dense product at the end of the sintering.

Figure 2.20: a Pre-alloyed metal powder, b DMLS processed part (high speed steel see[11]). The liquid formation at grain bound-
aries is evident at the right side of the picture while the center of the grain remains untouched.

2.4.1. DMLS - DIRECT METAL LASER SINTERING

As presented in the previous section DMLS is a Powder Bed Fusion process address to as Direct Metal

Laser Sintering and is a laser sintering method in which the component (or components) that un-

dergoes full liquefaction is part of the overall powder material. The system is patented by EOS (Elec-

tro Optical Systems), Germany, that during the years has developed partnerships and acquired other

patents on processing techniques from DTM and 3D Systems. The laser beam is produced through

CO2 methods or in recent machine by a fiber laser, that with a vector scanning method provides the

energy for the powder to sinter. The layer deposition occurs through a mechanism that involves a

vibrating channel as reported in [12].

The DMLS processing technique evolves from the early concepts of Ciraud and the Hull method
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for 3D printed fabrication starting from powder materials [52]. The project is co-eve with similar pro-

cesses developed by EOS market competitors already mentioned in the previous section such as 3D

Systems and DTM. The first machine ready for commercialization has been presented in 1994 and

at the time was the only option to the previous DTM machine (Sinterstation 2000). Those machines

were able to successfully print polymeric material such as wax, polystyrene and a nylon mixture but

no metal sintering was ready to hit the market until the summer of 1995 even tough a year earlier at the

Fraunhofer Institute in Germany and in the Belgian Katholieke Universiteit Leaven successful attempt

of printing stainless steel (316L) and Fe-Cu mixtures respectively were reported [12]. The Sinterstation

2000 can be seen in Fig.2.21.

Figure 2.21: The first laser sintering machine available for the first time in December 1992: the Sinterstation 2000 by DTM

The first machine able to produce sintered metals was therefore the EOSINT M250 featuring a

0.1mm layer thickness and a CO2 laser beam with a maximum output power rated at 100W. The ma-

terial chosen for the first machine was a mixture of bronze and nickel powder developed by Nyrhila

for pressure-less sintering [53]. The material development followed consequently with the commer-

cial success of the machine. The initial concept of a material that would grant low shrinkage during

melting and remelting was a key contribution to the technology success and directly derives from the

very first material used in DMLS [53].

The first full dense steel available for DMLS machines was the DirectSteel20 (in which the 20 rep-

resent the thickness of each deposited layer in µm). Then the natural evolution of this process was the

developing of a tool high strength steel (DirectSteel H20) which featured a Rm in excess of 1100 MPa.

As more performer materials began to show undisclosed potential for DMLS technique the machines

have evolved consequently. The end result was a change in the laser source from CO2 to Nd:YAG to

end up with fiber laser able to provide narrower beam focus able to project (with a power that reached

the 200W in the EOS M270) a specific output of 25kW/mm2. The higher surface energy made possi-

ble the sintering of material that were not absorbing enough energy due to their reflection index and

thermal conductivity. As well a shorter wavelength promoted by the use of fiber laser provides more

effective power since the frequency is considerably close to the maximum absorption that metals ex-

hibit. The increased efficiency of the laser beam and the higher absorbed energy have unlocked the

chance to proceed with higher processing speeds, beneficial for the customer use.
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In the first decade of development the process was ready to step up the production standards and

evolve from a "Rapid tooling" manufacturing process, in which the main interest was the production

of molds or similar objects for plastic injection avoiding the high cost of casting molds, to a full "Rapid

prototyping" techniques. This involved the need of full dense part that could exhibit 100% of the me-

chanical properties, good surface finishing and accurate dimensioning directly from the first printing

to avoid costly re-machining operations. In Fig. 2.22 an tooling cross-through section is presented,

the part is printed by an EOSINT M250 machine in DirectSteel H20 and three different layers can be

noted:

1. The surface (outer skin) present a full dense structure with a density close to 100%. The compo-

nent underwent a shot peening process in order to ensure a better surface finishing

2. The inner skin is somewhat less dense and some lack of fusion or voids can be clearly seen, the

reported density is around 97% and the volume rate at which this zone has been manufactured

is 6 times the outer surface

3. Finally the core of this tooling component can be seen at the bottom of the picture: the density

is definitely lower than the higher layers (94%) but the material adding rate is slightly superior(4

mm3/s instead of 3 for the inner skin)

Figure 2.22: An EOSINT M250 processed section at different deposition rate as presented in [12]

As already mentioned the need to step up the process involved the creation of better laser sources

able to cope with the increased need of full dense component to implement a real "Rapid prototyping"

process. The variable density that was used for optimizing the tooling is no longer acceptable for

real components during the product development phase. The natural evolution of the processing

techniques has involved a series of materials available nowadays for DMLS processing that vary. A

partial overview on those can mention (partly but not only from [54]):

• Steel Alloys: Maraging Steel (commercially named MS1), Tool Steel (17-4PH) and various stain-

less steel (17-4 - known as X5CrNiCuNb16-4)

• Aluminum Alloys: AlSi10Mg, Scalmalloy (Scandium modified aluminum alloy)
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• Titanium Alloys: Ti6Al4V and the low interstitial version of the same alloy (Ti6Al4V-ELI), TiCP

(grade 2) commercially pure titanium

• Superalloys: Nickel based and Cobalt based (among which: IN625, IN718)

Furthermore, specific alloys such as bronze and silver have been developed in order to satisfy pe-

culiar request but since their use as structural materials provide no interest, due to their poor specific

properties, we will no longer mention them in this project.

2.4.2. EBM

Electron Beam Melting as already mentioned is a processing technique developed by Arcam in Sweden

[15]. The patent for EBM dates back to 2000 by Larsonn [55]. Being a Powder Bed Fusion method it

does not differ significantly from DLMS schematics but the acting mechanism for the solidification

and the energy source is different and this brings consequences also on the final properties of the

material produced with such techniques. In 2011 60 systems for EBM were reported to be installed

[56]. The basic scheme of an EBM machine with its main components is presented in Fig. 2.16b [56].

Achieving complete fusion of the metal powder the process is quite similar to processes like SLM.

As the two processes are compared in [57] is reported their capability to reach density levels close to

100%.

As the technology is relatively new, only a few materials are available, mainly titanium alloys and

cobalt chrome.

Usually parts processed by EBM show a better density lever rather than DMLS processed counter-

parts but as a side effect the resolution does not reach the level of DMLS due to the different dimension

of the minimum laser focus [16]. An interesting study conducted on the differences of residual stresses

and proceedings of the two manufacturing techniques[13]. A first glimpse of the main differences can

be understood in Fig.2.23a and Fig.2.23b in which the comparison were evaluated on IN718 parts12.

The end result of the study is the evidence that due to some processing parameters (such as layer

thickness and scanning speed) the DMLS process can produce a pore-free material with the drawback

of some residual stresses. On the contrary due to higher pre-heating level in the EBM machine the

residual stress levels were substantially lower. It is worth to note the different level of homogenization

of the two microstructures. Since the cooling rate is enormously slower on the EBM processed part

there is clearly evident how the DMLS part presents a more layered structure with less amalgamation

between the scan passes.

A second microstructure presented is a section of Ti6Al4V in Fig.2.24: the alloy is presented in four

different states: from the print to the final heat treat. In Fig.2.24b) the microstructure after printing

presents an extremely fine grain structure that reflects how the cooling rate, even if considerably lower

than in the DMLS process, are still considerably high. Such dispersion of precipitates and phases in

small grains is what grants AMed parts good tensile properties and the possibility to have consistent

elongations and therefore ductility despite the presence of geometrical incoherences and numerous

defects. The part has been heat treated with a HIP process and eventually with a full heat treatment.

The evolution of the microstructure is evident: as the relatively equiaxed structure after EBM under-

goes crystal growth and full re-crystallization during the HIP process and afterwards a lamellar du-

12IN718 is the abbreviation for a nickel based superalloys. A typical specification for DMLS product can be found at[58]
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(a) Bottom section in LOM of a DMLS produced work-
piece in IN718

(b) Bottom section of a IN718 alloy workpiece produced
by EBM

Figure 2.23: Comparison between the different processing techniques for the production of IN718 parts as reported in [13]. The
section oriented alongside the Z direction (Fig.2.23a) shows clearly the effect of layering and subsequent fusion passes on the
DMLS produced micrography.

Figure 2.24: Microstructures of processed γ-TiAl: typical spherical gas induced porosity (a); after printing by EBM (b); after HIP
(Hot Isostatic Pressing) (c); after thermal treatment (d). Printing sample is showing a small equiaxed microstructure while HIP
processed sample shows bigger grains and a more uniform equiaxed structure. Finally, the heat treatment performed gave rise
to a lamellar structure which is originated by the low cooling rate from the annealing temperature.

plex microstructure is obtained featuring small (averagely sized around 15-20 µm ) equiaxed grains

(around 60%) with a remaining bigger lamellar phase grains (circa 100 µm).
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2.5. MATERIAL CONSIDERATIONS - MICROSTRUCTURES, PROCESSING AND

TREATMENTS

Having reviewed the main processing techniques from a broader point of view, in the last section of

this literature review the peculiar material properties and microstructural and physical events that

take place during the process of AM will be presented. Firstly the powder materials are shown and

typical defects from AM reported as in the current literature trend. The subsequent section will deal

with the thermal history of AMed parts and how this is related to the mechanical properties through

the presence of peculiar microstructures. Before a brief presentation on specific materials, which

have been investigated for the application of the current project, the current state-of-art of the post

processing techniques is presented covering both mechanical post processing and post printing heat

treatment.

2.5.1. POWDER MATERIALS AND AM TYPICAL DEFECTS

The raw materials for all PBF-AM techniques is a powder. The powder quality represents the first qual-

ity assessment of a DMLS process or any other relevant near net shape direct manufacturing process

[10]. Since the variety of processing methods for powder production can have a significant impact

on the overall quality of the print a brief explanation of those is presented and strictly linked to the

possible phenomena that are cause of defects.

POWDER MATERIALS

Among different processing techniques there are five of them that are seen as emerging for the pro-

duction of metallic powder of prealloyed materials:

• Rotary Atomization (RA) [16] This process involves the mechanical energy due to centrifugal

forces acting on the melt of an alloy. Due to the proper interaction with the rotating equipment

the metal is fragmented is small particles that would solidifies singularly making possible the

solidification of a powder material. Since the process is driven by the mechanical interaction of

the melt with the equipment the end result is usually a powder of low quality.

• Gas Atomization (GA) [10, 16] The process involves a gas nozzle that sprays the molten metal

in a series of small droplets. Thanks to the specific inert atmosphere that is provided during

this process the droplets are able to solidify without incorporating any gas particle. The present

method is usually carried out in synchronization with a vacuum induction melting process and

a subsequent degasification that is the step ahead the atomization.

• Hydride-Dehydride (HdH) [16] The HdH process is a method of creating titanium powders

from ingots material or also a mean by which scrap can be recycled, involving the properties

of Ti hydrate[59]. Since those compound are exceptionally brittle once the baseline materials is

treated to make hydrates it is possible to brake it very small particles by mechanical processing.

Due to the fact that the method is basically relying on the brittle fracture of Ti-hydrates particles

the shape cannot be easily controlled.

• Plasma Atomization (PA) This process sometimes is called Plasma Spheroidization can be used
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(a) Irregular shaped Ti6Al4V powder hydride-dehydride
(b) Spherical prealloyed Ti6Al4V powder produced by
Tekna techniques (produced by processing angular
HDH) [16]

(c) Spherical prealloyed Ti6Al4V powder
(d) PREP processing techniques for powder production
scheme

Figure 2.25: Different Ti powder aspects from SEM images and the scheme in Fig.2.25d of Plasma Rotating Electrode Process. As
it can be seen by the different typical sizes and aspect ratios the powder production method has a huge influence on the quality
of the raw material that is the base on which the AM process will build the finished component.

to reduce the shape errors in HdH processed powders. The quality of the latter is usually not

high enough to provide a useful material for processes such as DMLS and EBM.

• Plasma Rotating Electrode Process (PREP) The latter technique is the one which provides the

highest quality material among the selected technologies. The particles are highly smooth and

the ratio between the highest and smalls diameter on the particle (a parameter which relates

directly to the high spherical shape) is the closest to one. Still this process involves the uses of

high cost machines and therefore attempt to avoid atomization through PREP have been tried

being the starting point for alternatives processing powder production methods.

As the present list presents the most common ways for powder production, it can be easily noted

that there are two main categories: melt processes and non-melt processes. Non-melt processes can-

not produce regularly shaped particles since they base the production on the mechanical fracture of

wrought products or chemical decomposition of their derived products. There have been attempt to

use HdH powders in to EBM machines but the porosity level (which is one of the benefits of this spe-

cific processing technique) has never reached decent standard [10]. HIP (Hot Isostatic Pressing) and
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a custom double melt process have been tried but as of now none of the conducted studies claims

successful implementation of HdH or mixed powders onto EBM processing.

Following the already cited work of Somes at Oak Ridge Laboratories, as a general guidance, we

can distinguish powder with small amount of satellites (GA) and others with smoother and spherical

aspect (PA and PREP). Gas Atomized powders carries as well the issue of intrinsic porosity due to the

entrapped gases during the production step.

The main characteristics of a powder material that reflect its quality are the flow-ability and the

apparent density (as a measure of how well the powder can be packed) [10]. Furthermore, other im-

portant aspects[16] of a powder material are: size and size distribution (as already discussed) which

determines the lowest possible thickness of the additive process, the presence of satellites which nul-

lifies the printability and flow characteristic, the powder morphology (angular or spheroidal, needle

shaped, nodular, platelet or plates) and the chemical composition13. Eventually, in the quality as-

sessment of a powder material other aspects should be considered as they represent potential starting

points for defects formation. Among the most common sources of problems there are issues related to

the humidity content which is a tunneling through which oxygen can reach the solidification chamber

and the powder handling and contamination.

AM TYPICAL DEFECTS

Defects represent a critical aspect for any additive manufacturing technique. Due to the fact that ma-

terial is added throughout the structure internal defects such as lack of fusion, inclusion, balling or ex-

cessive porosity cannot be neglected since the health of the structure would be highly damaged. Fur-

thermore the implementation of complex and optimized geometries usually leads to stressed struc-

tures in which the presence of a defect could make critical any reduction of the Reserve Factor (RF) of

the component itself14.

Typical defects for additive manufacturing of metal component are: inclusions, lack of fusion, gas

incorporation, cracking and delamination as well as swelling. Other aspects of 3D printed metal parts

that cannot be regarded as defects (since they are intrinsically related to the layer-by layer processing)

but still from a mechanical point of view can be considered as degradation of the structure. Among

those we can cite the porosity level, which is directly responsible for the mechanical properties, and

the layering effect that influences the level of surface finishing.

In the images reported various examples of typical defects are presented (Fig. 2.26).

One more effect which is related not only to structural defects but also with the thermal history of

the processed material is presence of residual stresses. Since the thermal history of each layer expe-

riences temperature gradients throughout the printing process the interaction between the hot zones

and the low temperature points gives rise to high thermal residual stresses.

An analytical analysis of each defect would go beyond the scope of this review but still some clari-

fication on specific defects might be worth mentioning since their presence on AMed components is

13As reported by Dutta and Froes [16] there is current no chemical evaluation of the powder their self but all references from
the ASTM committee is done to the end product. typical is the addition of Al in Ti6Al4V in EBM processes to compensate for
the aluminum losses (see [56]) during the process itself.

14The Reserve Factor, sometimes referred to as Safety Factor, represents the ratio between the allowable stress in a structure
and the yield stress of the material. In structural components the definition of a proper target RF is critical for the design.
Furthermore, despite the use of RF is considered to be a conservative approach since represents the confident level of the
designer on the most stressed point of an object the presence of highly optimized structures might lead to component design
in which the areas involved in the definition of the RF would not be constituted by singularities.
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(a) Delamination between layer as the combined effect
of residual stresses and poor inter-layer melting

(b) Lack of fusion and porosity deriving either from pro-
cessing (left) or from powder defects

(c) Inter-Layer Cracking in tool steel
(d) Metal Balling Formation on Stainless Steel

Figure 2.26: Different typical defects typically encountered in the manufacturing of AM parts as reported by [10]. The difference
of defects origin influences the methods for correcting the AM defect level. Defect level can be described for surface and volume
defects and their characteristic dimensions for DMLS and SLM processes is usually in the order of tenths of millimeter.

relatively frequent. Starting from what has been presented in Fig. 2.26, we can see how porosity is the

most common defect or characteristic of AMed components.

Porosity has different sources as already mentioned: it can be due to high porosity already present

in the powder material (powder -induced) or it can be created during the sintering process (process-

induced) as it can be clearly seen in Fig. 2.26b. The process-induced porosity presents typically a

stretched geometries in the direction of the print since the lack of fusion which might be the cause of

the porosity tends to follow the melting pool of the laser scan. While the causes for powder-induced

porosity can be found in the low quality of the powder itself or in the presence of moisture in the raw

material, the process-induced porosity is usually due to insufficient energy from the scanning laser or

because of spatter ejection15 [10].

The second most common defect of any near net shaping direct manufacturing method is the

possibility to encounter the presence of the so-called Balling Effect. An example of such defect is

reported in Fig. 2.26d. The presence of high surface tension is responsible for the activation of this

event. It has been report a direct link to a physical explanation for metal balling and its related to the

molten pool aspect ratio[61]. In facts, when the length of the pool is bigger than twice the diameter

balling effect is likely to be present since the force that is keeping the molten pool in the form of a bead

would be lower than the reduction of energy possible for the minimization of the exposed surface

15Spatter Ejection is a phenomenon which involves the interactions between the fusion bed and the beam. Due to the fact that
sometimes the energy locally is increased in some zones the might be the sufficient temperature to provoke boiling of the
alloy. The convective motion that causes the droplet to escape the melt pool is usually referred to as ‘Spatter Ejection’. To
happen the energy of the vapor has to overrun the tension surface forces of the molten pool. The process is similar to what
happens in welding [60]
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which tends to create molten pool that are spherically shaped. Metal balling is less likely to appear

on sintered parts (DMLS) since the portion of material that undergoes melting is not as much as it is

during melting processes (SLM or EBM).

2.5.2. THERMAL HISTORY, MICROSTRUCTURE AND MECHANICAL PROPERTIES

As the central point of the processing the thermal history of any 3D printed component represents the

moment in which the sintering process takes place. Even though some peculiar aspects are present

for any processing techniques all of the PBF processes share some elemental physics that is worth to

analyze.

Due to the intrinsic repetitive nature of an additive manufacturing process which through the de-

position of consecutive layers produces a solid part, each layer of the component experiences a series

of decreasing temperature peak in a very limited time span. In order to focus the attention of the

project to the relevant subject of the constitutive work the discussion will be limited to the case of

mainly prealloyed powder sintering but with some cross references to other processes when those

would be useful to achieve a broader comprehension of the thermal phenomena going on at a mi-

crostructural level.

Figure 2.27: Basic scheme of traction and compression residual stresses created by localized heating of a material substrate.
The thermal gradient in the component during the printing process is the phenomenon that leads to the formation of residual
stresses. The main material properties involved in the determination of residual stresses are the CTE, the heat conductivity and
the shrinkage upon solidification (especially for SLM technique) [14].

The first phenomenon that needs to be analyzed is the repetitive heating to zone up to the mushy

zone between the solidus and the liquidus curves on the typical binary phase diagram. In Fig.2.3 a

qualitative profile of temperature is presented: in this specific case the temperature peak would take

the powder into the molten liquid state. During the following passes the material above is screening

part of the energy by partial melting and by the resistance to conduction of heat and the peak tem-

perature reduces. The higher the absorbed energy the higher the penetration depth of the radiation.

Usually the penetration depth (δ) of an incident beam is defined as the length from the surface at

which the energy is equal to 1\e (around 37%). Since the process of powder absorption is different

from the bulk material behavior different approaches have been taken to address this issue.

The first process taking place during the sintering process is the interaction between the powder

bed and the laser or electronic beam, generally the energy source. The phenomenon of interest is the

absorption of energy by the material and the subsequent physical phenomena that are started by the
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heating process. The property that indicates how well a material is able to absorb energy coming from

an electromagnetic wave is the absorptance: the higher is the ratio between the absorbed radiation

and the total incident radiation the higher is the absorptance[49].

To better understand the thermal history of additively produced components after the presence of

localized melting there is the need to clarify the heat transfer modes that take place during the cooling

process. Depending on the processing technique the cooling process can act differently: if in SLM

and DMLS the presence of an ambient gas can stimulate heat losses though convection transfer this

is not possible for EBM which is carried out in a vacuum atmosphere. If in sintering and laser melting

processes the substrate is usually heathen up to prevent excessive deformation and residual stresses16

the process for EBM takes place at higher temperature and this is responsible for usually lower tensile

properties for materials printed with this technology which exhibit a more ductile behavior. The EBM

titanium due to the slow cooling process granted by the technology that provides an high temperature

throughout the manufacturing can be considered to be in the naturally aged condition when in ‘as

built’ conditions[62].

The solidification process though is guided by the melt pool characteristic. As already mentioned

the melting pool geometry influences the overall defect formation as is usually a compromise between

scan speed and beam power. As seen in previous section during the development of DMLS the laser

beam became a limiting factor due to its low initial power17. As the cooling and heating rates changes

their influence on residual stresses is increased or diminished the basic stress state induced by local

heating are graphically represented in Fig.2.27.

Figure 2.28: Typical temperature profile that a (Ti6Al4V) layer experience during the production of an AMed component [15]. As
it can be noted the first pass induces complete melting and also in the second pass some melting might be present; subsequently
the material undergoes a series of rapid cycles of heating and cooling determined by processing parameters (scan input energy),
material properties (heat conductivity) and environment variables (chamber temperature).

2.5.3. POST PROCESSING TECHNIQUES

16Usually around 100-200°C [10]
17CO2 laser with a nominal power of 100W then increased to 200W with the introduction of the fiber laser
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Figure 2.29: Properties of Ti6Al4V with various processing techniques and different post processing heat treatments [16]: the
influence of the processing technique is evident since it is responsible of the microstructure granting either sufficient strength
without loosing the ductility of the alloy. DMLS processing for titanium shows among the best strength levels: the elonga-
tion values is slightly less than annealed wrought products. The implementation of hipping restores the lost ductility without
compromising the strength levels.

HEAT TREATMENTS

Different heat treatments are available for different purposes in DMLS and more generally in AM. Most

of them have the object of reducing the internal residual stresses due to the thermal processing during

production. Other treatments are customized to increase the density in applications that would not

allow any porosity in the material especially at a surface layer (as in hydraulics manifold [1]). Among

the most common heat treatments it is useful to get description for three of them:

• SR - Stress Relief

The most common post processing heat treatment for AMed parts, as already mentioned pre-

viously, is a distention process. The objective of such treatment is to resolve the internal resid-

ual stresses that rise up during the layer-by-layer production process. The typical temperature

strongly depends on the alloy. Since residual stresses indicate the presence of a certain level of

dislocation movement a certain recrystallization is needed to restore the original ductility. The

temperature level is usually over half of the Tm18 which is considered to be the conventional

recrystallization temperature19. This specific process has been applied in the current process

to recover the serious residual stresses present in the titanium component as it will be seen in

18Melting point expressed in K.
19Temperature at which 50% of the recrystallization takes place in 1 hr.
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following section of the constitutive work.

• HIP - Hot Isostatic Pressing

HIP is a process developed originally for casted powders and for castings that found application

in AMed components especially at the beginning as it is a viable method to increase the density

level of a component. The process involves the application of both temperature and pressure

levels in order to force the compaction of the material while being held over the recrystalliza-

tion temperature and therefore without inducing any local plastic flow [63]. The use of a non

reacting medium is usually a wise choice especially for Ti alloys and the use of argon is a clear

implementation of the concept. The fatigue properties are usually enhanced which are critical

for application where titanium is used. The current standard for HIP processing of titanium al-

loys through furnace heating at 900°C for 2 hr. Similar processes exist for steel and aluminum

alloys. The better ductility is followed usually by a reduction of tensile admissible stress (see

[64]).

• PH - Precipitation Hardening

PH is not a commonly used process in AM manufacturing20 but since it has a relevance to one

of the design components of the present project in the author’s view the description is seen

as strictly relevant to this literature review. With the definition of precipitation hardening it is

intended a process in which a material with a frozen21 microstructure coming from a solubiliza-

tion treatment is heated to provoke the growth and coalescence of precipitates that would strive

to reach the equilibrium composition and substitute the monophasic supersaturated solution

with a biphasic microstructure[65]. Since the high cooling rates of additive manufacturing alu-

minum alloys might finish the production process with a supersaturated solution which is not

optimal in the case of precipitation hardened aluminum alloys as the Cu-aluminum alloys. As it

can be easily understood the complicated thermal history of an AMed part leads to an intrinsic

heat treatment (see Fig.2.30). The homogenization that is needed to provide constant proper-

ties to such a complex microstructure is achieved through a custom age hardening process that

depends closely on each different material composition. The mechanisms of precipitation and

of undesirable precipitates will be discussed for the case of Scalmalloy in the following sections.

SURFACE FINISHING

Surface finishing is a fundamental constituent of the 3D printing process. Since the surface rough-

ness is considerably higher than conventionally machined components there is the need to reduce

any sign from the manufacturing processing such as layering. Since the rise of AM it has been clear

that for structural components the surface finishing was not able make competitive component for

fatigue application. Since fatigue is usually initiated at a surface level the presence of natural inden-

tation such as the already mentioned layering effect would play the role of stress raisers. In order to

accomplish higher fatigue life expectancy a proper surface treatment might be used if the properties

of the material do not cope with the intended application.

20With the exception of aluminum alloys that need precipitation hardening to reach their best mechanical properties. A further
exception are maraging steels which are specifically intended for age hardening.

21Quenched.
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Figure 2.30: Thermal history of the material from melting powder production to artificial aging [17]. The complex interactions
between the processes and the material properties will determine the rise of different microstructures. The ageing process can
be done at a temperature level around the recrystallization temperature in order to reduce the internal residual stress by the
nucleation of new grains in regions with high density of dislocations.

As a reference point to address the problem correctly we can rely on the fatigue data for a titanium

alloy. Since one of the component which have been redesigned during the project has been made in

Ti6Al4V, as it will be described properly in the following chapters, is possible to draw a comparison

between the tensile properties of a bar (wrought) alloy against its respective AM material. A standard

alloy from bar at the annealed state has a reference[66] ultimate tensile strength (UTS) of 1035 MPa

and yield strength (YS) at 965 Mpa with a minimum elongation of 8% the fatigue strength is ranked

at 700 MPa at 10 million cycles with a smooth22 specimen. For comparison the typical material for

DMLS printing is rated[64] to have in printed conditions23 to have a UTS of 1290 MPa for specimen in

the print plane (XoY) and of 1240MPa24along the layering axis. The reported YS levels are correspond-

ingly 1140 and 1120 MPa. The elongation ranges from 7 to 10%. As it can be easily understood the

tensile properties are equal or superior rather than the bar material25. The fatigue limit for DMLS or

generally AMed titanium is not reported. An internal campaign of testing has been conducted in Scud-

eria Ferrari26 to address the specific limit of the material in both conditions of machined and printed

specimens. For a machined specimen the fatigue limit at 10 million cycles is 470 MPa while for an

as built part the value is decreased at 250 MPa which a value close to a level reachable by the highest

aluminum qualities. The comparison makes clear the evidence that if the bar material retains 67.6%

circa of its UTS in fatigue application this value lowers to 36.4 - 19.4 % (respectively for machined and

‘as built’ specimens).

The different surface finishing processes that have been developed for treating AMed products are

mainly the processed developed for processing castings or other machining operations with low sur-

face quality. Among them we could list for pertinence and importance in automotive and motorsport

applications:

22machined.
23Many times the as in printed condition will be addressed to as it is common in literature as as built.
24Total uncertainty levels are considered as +/-50 Mpa.
25It is also worth to note that the comparison of the bar material is not completely fair since higher tensile properties can be

achieved with a solubilization and aging heat treatment.
26The fatigue cycling stress ration in those tested were set to -1 which represents a full inverse cycle of fatigue in which the part

would be likely to experience localized fatigue twice per cycle. There is no reference for the stress ratio for the bar material
presented.
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• Sand blasting

Sand blasting is considered the elemental finishing technique since the apparatus to be per-

formed require no complex items. Through the action of a compress air flow sand particles

impact on the surface of the workpiece in order to smoothen its external surface. As any process

based on the impact of abrasive particles care has to be taken for shadow effects in respect of

the blasting direction. The layout scheme of a sand blasting process can be found in Fig.2.32b.

• Shot peening

Shot peening as sandblasting is a finishing process with involves projectiles design to hit the

target component. Through the optimization of the speed and certain mechanical and geo-

metrical properties of the particles (usually spheroidal) characteristic in order to achieve two

different objectives: elimination of any surface defect such as small inclusions or unpolished

remaining from machining operations and induce a localized compression region on the sur-

face of the component in order to maximize the fatigue properties of a certain manufactured

product [67, 68].

The material characteristics are crucial to determine the correct peening process for each cho-

sen material: a softer material would need softer spheres to prevent damage and the intensity of

the peening as to be reduce consequently. It has to be mentioned that shot peening high quality

surfaces involves a degradation of the surface roughness while the same process can positively

influence the surface finishing.

The final plastic deformation obtainable is the result of localized dimples and indentation as

found in Fig.2.31. The induced work hardening provides a stronger material at the surface

that would better resist crack initiation. Since the material below is still ductile the benefit in

fatigue life granted by phenomena like crack tip blunting are not penalized by shot peening

processes[69].

• Laser Peening

Laser Peening is an emerging technology that has shown promising increase of fretting corro-

sion and fatigue properties for additively manufactured components. The basic concept of laser

peening is the application of sacrificial coating in the metal component that is then removed by

a short laser pulse under a water blanket. The shock-wave produces is responsible for interact-

ing with the material below the surface and induces a stress state of compression. One of the

advantages of laser peening is that it does not reduces the surface quality in case of machined

parts. The absence of a reduced surface quality can further increase the benefits on fatigue life.

The possibility to operate on components with reduced sections and high surface quality makes

LP advantageous over traditional shot peening processes for titanium alloys carrying compara-

ble results in fatigue life extension similar to deep rolling processes[70]27.

• Superfinishing - Isotropic Tribological Finishing

With the definition of superfinishing a vast variety of surface treatment are considered by liter-

ature and industrial practice. The common feature for all those processes is the high quality of

27Deep Rolling is a technology that involves the passage of the component under a roller drum to induce surface compression.
See again [70]
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Figure 2.31: SEM image of peening surface dimples on 316L steel after 15 minutes of treatment[18]. At this magnification
level the presence of dimples is evident: there is steel some debate around the effectiveness of shot peening for mechanical
components subject to fatigue loads: the presence of small indentation and highly localized stresses does not grant the biggest
advantage of increased fatigue life strength permitted by the induced negative stress on the component surface.

the ending surface that can go below Ra0.8.

• Abrasive Flow Machining

As already described earlier28 this process consist in forcing a flow into the inner channel of

a geometry. Especially if the channels cannot be reached by machining operation easily as in

hydraulic manifolds there is no option to guarantee surface quality without a finishing process.

The basic concept of the process can be seen in Fig 2.32a.

2.5.4. ALUMINUM ALLOYS

Among available alloys aluminum is reported to be a common choice for additive manufacturing [15].

Since aluminum features an high reflective 29nature the implementation of a laser melting process

has not been as fast as for other materials. High oxidation rate is an other factor that played a role in

the development of high strength aluminum alloys readily usable on AM machines. On the process

side as well there have been difficulties: aluminum powder are relatively light and feature very low

flowability. The poor flowability makes hard to produce a thin layer of material with a low density of

defects. The typical development for AM powders start with consideration about the castability and

weldability of the alloy and many AM aluminum alloys have composition which is close to the cast

counterparts.

The main alloys for rapid prototyping with additive technologies are AlSi10Mg, 6061 and 200X. A

28During the analysis of the work performed by Cooper et al. in [1]
29Reflectivity for aluminum alloys is reported to be around 91%. See [49].
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(a) Tooling and flow direction in the process of AFM [35]

(b) Basic layout of the sand blasting process as described
in [71]

Figure 2.32: In the present picture two schemes are reported: in Fig.2.32a the AFM is presented with the workpiece surrounded
by the particle flow; in Fig.2.32b the layout of the sandblasting is reported: the compressor blasts small sand particles to hit the
workpiece and by removing small imperfections is supposed to uniform the surface roughness.

Table 2.1: AlSi10Mg composition as reported by [28]

Element %wt.
Ti 0.15 MAX
Si 9.0-11
Fe 0.55 MAX
Cu 0.05 MAX
Mg 0.2-0.45
Ni 0.05 MAX
Al balance

few option for higher performance alloys are today available among which we mention the Scalmalloy
30.

In the following sections each material will be briefly presented from both the metallurgical, pro-

cessing and properties point of view.

ALSI10MG

As already mentioned in the introduction to the present section AlSi10Mg is the baseline material for

automotive and racing applications regarding aluminum alloys. The material has been successfully

produced with very low distortion31by the Fraunhofer Institute [73]. The composition of the alloy is

reported in Table 2.1.

The base alloy has been used for casting dies and it is known to reach a quasi-eutectic composi-

tion [74]. The phase diagram of a binary mixture of Al and Si has been reported in 2.18. The eutectic

composition is rated at 12.6%wt. but in order to keep the best mechanical properties the industrial

standards stop the composition at 10%wt. The needs for a low melting point has to be searched in

the primary use of the alloy: complex cavities would be easily reached during the solidification pro-

cess with an alloy that retains the liquid structure at low temperature. The role of Mg in the alloy is

30Scalmalloy is a registered material by APWorks which developed it in collaboration with Airbus [72]
31This characteristic is referred alternatively as net shaping or near net shaping
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the possibility to strengthen the material with an age hardening process32. The possibility of small

precipitates able to lock dislocation movement is the principle that the hardening processes put in

place. As we already seen the rapid and various heating steps during the layer process is responsible

for an intrinsic heat treatment in direct laser sintered parts [28]. With successful heat treatments dif-

ferent level of tensile properties can be achieved and as well the increment that can be obtained on

the fatigue properties thanks to treatment like HIP are consistent.

SCALMALLOY

Scalmalloy is a novel alloy developed by Airbus company APWorks which is specialized in providing

metal powders [72]. The composition of the Scalmalloy is registered and is reported to be as presented

in Table2.2. The starting material to develop this alloy is the Al5083. The Al5083 is a castable alloy with

a composition that features Si and Mg as the strengthening elements. It is part of the 5XXX series of

aluminum alloys which are not heat treatable and are not recommended for use above temperature of

65°C. The performances under corrosive environment and welding did make the fortune of this alloy

as today it is used in the marine sector. In facts, apart the excellent corrosion resistance in extreme

environment33, the ability of retaining high admissible strength after welding are fundamental for the

implementation where assembly operation through welding are required. The original alloy is rated

for a UTS value of 345 MPa according to BS EN 485[75]. From the original composition the addition

of a fraction of Sc and Zr made possible the strengthening effect of the coherency of the precipitate

Al3ScZr stable at high temperature. This effect has been demonstrated for a mixture of Al and Sc and

the result has been extended by the creation of Scalmalloy from the Al5083 [76]. The end result of those

microstructural changes shows a ultra fine microstructure after the deposition and the possibility to

precipitate the excess of Sc and Zr in the mixture is responsible for an UTS reported to be [72] 520

MPa with an increase of more than 50%. As well due to the presence of a refined microstructure the

elongation values are relatively high for an high strength aluminum alloy exceeding 13% 34.

A section of specimen in the deposition direction is presented in 2.33. From the section is evident

the presence of a relevant circular porosity. As well the subsequent layer of deposition are visible pro-

gressing from left to right. Smaller porosity are present as well throughout the section as an indication

of a not properly tuned process. From this section the microstructure is not easily readable. The com-

position of the structure is reported to be made up of two main constituents: a portion of equiaxed

“cast” grains surrounded by columnar grains.

The final properties evaluated for the application on the present project are presented in the fol-

lowing chapters within the description of the heat treatment that have been necessary to post-process

the components.

2.5.5. TITANIUM ALLOYS

Titanium alloys show great level of ductility in as built state if compared to other AMed materials. The

possibility to match the high elongation with strength level comparable to the best steel alloys avail-

able for additive manufacturing processes and the low specific weight makes it a logical choice for

safety application in which the specific strength is a figure of merit [19]. Due to the high cost of the

32This is usually implemented with an artificial aging treatment as the T6 [28]
33E.g.: seawater.
34Always from [72].
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Figure 2.33: OM image of a specimen of Scalmalloy printed with DMLS machine within the context of an internal characteriza-
tion campaign.

Table 2.2: Scalmalloy composition as reported by [29]

Element %wt.
Sc 0.66
Zr 0.37
Mg 0.2-0.45
Si 0.17
Al balance

raw material [77], vast scale production of titanium component is not yet present in the manufactur-

ing industry. The less strict cost constraints would allow its wide presence in the motorsport industry.

Still the possibility of reducing machining costs Actually the choice for titanium alloys for AM is rather

limited depending on the specific application. Among titanium alloys the market benchmark is con-

sidered to be the Ti6Al4V, commercially referred to as Titanium Grade 5 [16]. A modified version with

Extremely Low Interstitial is used for special application in which the fracture toughness and the duc-

tility are fundamental35. Apart from its alloys titanium is available as a pure element (commercially

pure): the level of corrosion resistance and ductility is usually higher than its alloys but the level of

strength is considerably lower36. In this section the material treated will be only the alloy that has

been used during the project which is the Ti6Al4V.

TIAL6V4

Titanium Grade 5 is the commercial standard alloy for titanium components in the racing industry

and generally is largely considered as the base material for components to be processed with titanium

alloys [16]. The typical microstructure for wrought product is a biphasic structure in which there is

the coexistence of α and β phases. Due to the different thermal history of a AM-produced product the

microstructure of rapid prototyping Ti6Al4V are process depending [16].

Starting from the composition of the alloy is possible to draw a first analysis on its strengthening

methods and on how the metallurgy is likely to develop. From the mentioned AMS4999A the compo-

sition is reported in Table 2.3.

35E.g.:Aerospace application, cryogenic components, offshore equipment due to the high level of resistance in presence of
Stress Corrosion Cracking (SCC) [62].

36As reported by the ASTM in the ASTM F67 (Unalloyed Titanium for Surgical Implant Applications) the strength level required
is 345 MPa (UTS) compared to the 855 MPa prescribed in the already mentioned AMS4999A specification [78].
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Table 2.3: Ti6Al4V composition as reported by AMS4999A

Element %wt.
Al 5.50-6.75
V 3.50-4.50
Fe 0.30 MAX
O 0.20 MAX
C 0.10 MAX
N 500 ppm
Ti Balance

The typical CCT37 diagram for the cooling solid phase transformation is reported in 2.34 [79]. The

different phase formation for different cooling rates are presented from left to right. A fast cool down

of the alloys does not allow a reorganization at crystalline level and the formation of the α equilibrium

phase is not possible. Instead there is the formation of martensite and β. Further cooling time allow

the formation of martensite and some α+ β. If the cooling process is slow enough the composition of

the microstructure is equivalent to the one presented by the equilibrium phase diagram.

Figure 2.34: CCT curves for Ti6Al4V titanium alloy. The transformation are driven by the cooling rate that the material experi-
ences: since the complex cooling profile that has been seen happening in DMLS and more generally in AM the microstructure
presents a portion of martensite. Upon stress relief procedures this fraction is partly removed since the energy for the transfor-
mation is provided in the form of heat energy.

From the picture is clear that the rate of cooling is the fundamental parameter to distinguish the

different processes. As it has been already mentioned in the section regarding DMLS and EBM, the

main difference in the microstructures is the absence of a formed β-phase in the DMLS processed

specimen. This is due to the fact that the cooling rate is higher than the critical and there is the for-

mation of a fraction of martensite. On the contrary the high temperature in the EBM process and the

relative slower cooling process gives rise to full biphasic structure (α + β).

As some developing of microstructure have been presented in earlier section for titanium alloys

(about an alloy of Ti and Al reported as a γ Titanium) a description of the differences between mi-

crostructures for wrought products and AM products is shown. As visually described in Fig.2.35c the

37Continous Cooling Transformation
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differences are related to the different cooling rates that the three Ti6438 experienced. The cast prod-

uct shows a lamellar structure with the β phase forming elongated grains in the α matrix. Since the

repetition between the two different phases is at constant interaxial distance this can be considered

to be a lamellar microstructure. Contrary to this there is no clear formation of α in the SLM produced

specimen and there is an high fraction of martensite with some elongated β grains that interrupt the

other phase. As a third version of the alloy the wrought product in Fig.2.35c the grain are equiaxed.

The β phase is constrained to the grain boundaries of the α matrix.

(a) SLM produced Ti64. (b) Cast product. (c) Wrought product.

Figure 2.35: Different microstructures coming from the three different manufacturing methods for producing components with
Ti6Al4V: SLM (representing AM), Cast and a Wrought product from ingot metallurgy as reported by [19, 20]. The AM produced
sample shows a martensitic structure while the cast sample is representative of a dentritic structure. The wrought product
shows a biphasic structure with both phases present.

Since the SLM processed microstructure (which can be compared to what could be achieved by

DMLS) represents on the CCT diagram the most extreme case of cooling rate it is possible to heat treat

the alloy to change the microstructure from a relieving heat treatment in which the martensite get

converted inα phase to achieve complete annealing and recrystallization. Similarly to what presented

in 2.24 variable condition of Ti64 are presented in Fig.2.36.

The transformation of the martensite from Fig.2.36a to Fig.2.36b is clear and the structure becomes

more or less lamellar. The study reports a diminished tensile strength with a significant increase in

elongation that represents the removal of high dislocation density present in the original martensitic

structure. The elongation in facts jumps from 5% up to 13-15% with strength decreasing from 1100

MPa to circa 950-900 MPa for the two different temperature levels.

The trade off between those possibilities will be analyzed during the assessment of the material

properties in the design section of the project.

38The indication for convenience of Ti64 refers to Ti6Al4V as commonly done in literature and in the industry practise.
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(a) (b) (c)

(d) (e) (f)

Figure 2.36: Comparison of microstructural changes given by three different heat treatment temperatures (ambient, 850°C and
950°C) of two Ti64 alloys: AM produced product (a, b, c) and Wrought product (d, e, f) as presented by [19]. The complex
martensitic structure presented in Fig.2.36a is relieved after annealing and the grain dimension depends on the stress relief
process temperature. On the contrary, the biphasic structure in Fig.2.36d evolves towards a lamellar structures with vast region
of α phase alternated by lamellar zones of alternated α and β lamellae.
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3
DESIGN OF SUSPENSION COMPONENTS

FOR ADDITIVE MANUFACTURING

As anticipated in the introduction, the present chapter reports the first section of the engineering

process that brings a conceptual decision and model into a finished product ready to be installed and

raced on the car. The internal structure of the chapter is split in two and presents the different but

parallel processes of design of the two components developed in the course of this thesis1.

The first half, after briefly presenting the project context as anticipated in the literature review 2,

reports the performed activities on the rear top wishbone bracket 3: from the design optimization

through the implementation of topology optimization routines to the definition of the design criteria,

from the geometry reconstruction to the manufacturing assessment.

Similarly the same topics will be presented in the second half of the present chapter with the focus

on the rocker beam that has been designed in Scalmalloy. Since the material choice has been more

complex on this component a dedicated section that will properly present all the influencing factors

regarding the material choice is present.

3.1. PROJECT CONTEXT: THE SF70H AND ITS SUSPENSION SYSTEM

Officially presented on the Fiorano track, located next to the Scuderia Ferrari’s facilities in Maranello,

on the 24th of February 2017 the SF70H is the latest racing machine for the F1 season of 2017. The

project is a revolution of the previous car that has participated in 2016 F1 competition. Since the set

of regulations has undergone a deep revision from previous year the car features new track and wheel

base4 as well a new and revised aerodynamic concept featuring a longer motor hood that ends with

a peculiar set of small wings defined as T-wing. The front aerodynamics changed as well now featur-

1cfr. with the introductory section in 1.1.
2Specifically in section 2.1.
3As specified in the nomenclature from now onwards the RTWB bracket.
4The track is defined as the minimum distance between the centerline of two tires aligned in the same axle while the wheel base

is the minimum distance on from the center of the front and the rear hubs.
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ing a wider and arrow-shaped front wing. At rear end, of the sixty-third Maranello F1 single-seater,

the revision included a new and wider rear wing closely developed with the new diffuser. Regarding

the suspension components which are of interest in the present work, they have followed closely the

new regulation set that, prescribing larger tires and a larger track, would have brought the car to fea-

ture higher load for all structural components since the cornering speed of the car was expected to

be increased by several points percent 5. More specifically the suspension system features two inde-

pendent front and rear suspensions. The suspension scheme did not change from the previous year

and presents a pushrod double wishbone design at the front end of the car and a full split multi-link

pullrod design at the rear end6.

Following the regulations all suspension links are designed and manufacturing in CFRP7 with the

only exception of the rear pullrod that is in ultra high strength steel.

(a) Front view of the SF70H.

(b) Front detail of the suspension right end: leverages
and internal components.

(c) Detail of the connection between the rear subframe
and the rear suspension components (outboard).

(d) Frontal view of the right end of the rear suspension
outboard components. The rear top wishbone bracket
can be seen in the upper left connection between the
wheel group and the upper wishbone.

Figure 3.1: Track images of the SF70H: the suspension system features two independent system for the front and rear end of the
car: both suspensions are based on the double wishbone layout.

From the wheel groups the load is carried through the hub and upright which are connected to

the suspension by a maximum of three metal components [34]. As described in the previous sections,

the presence of a specific rule on the metallic components connecting the upright to the suspension

members 8intrinsically limits their design to metal alloys and prevents the use of, for instance, MMC9.

In the figure presented (Fig.3.1) there are a few views of the suspension layout.

The components designed during the course of this thesis project are, as already mentioned, the

5cfr. [80] in which is stated that only in the fastest corner (Monza Parabolica for instance - Author’s note) the speed would have
increased by 20mph.

6By pushrod is intended a system that carries bump vertical load with the leading member of the suspension that undergoes
a compression load while on the contrary the pullrod scheme has the connection link in tension with a bump load applied at
the wheel.

7Carbon Fiber Reinforced Plastic.
8cfr. Article 10.5.2 of the FIA F1 regulations [34].
9Metal Matrix Composites.
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RTWB bracket and the rocker beam. Since the second component is placed in the gearbox housing

(that represents a sort of rear subframe connected with the stressed engine) its visualization is rather

complex in the real operating life of the car. On the contrary the RTWB bracket that connects the top

wishbone of the rear suspension to the upright can be see in Fig.3.2.

Figure 3.2: Top view of the rear end of the SF70H: the RTWB bracket is the metallic part which can be seen at the two ends of
the triangular shaped wishbone (in black) partially hidden by the rims and tires.

3.2. DESIGN OPTIMIZATION OF THE RTWB BRACKET

The design optimization problem of a structural component requires the iteration of calculation steps

in order to assess what is the best geometry to be able to use the material as effectively as possible. The

optimization problem regarding the RTWB bracket is based on the structure that has been used during

the year in the SF70H. The section will start analyzing the existent component to assess how the cur-

rent design limitation imposed by conventional machining can be overcome with the added freedom

given by additive manufacturing as presented in Section 2.3. Afterwards, the topology optimization

set-up will be presented and the interpretation of the simulation result will be showed. Finally the re-

construction of the geometry will be assessed posing the problem of how to best follow the structural

suggestion coming from the simulation.

3.2.1. ANALYSIS OF MACHINED COUNTERPART

The current component design has been prepared as the baseline for the suspension set-up of the

SF70H. The component has to face a series of loads coming from the wheel that are reacted by the

rear top wishbone. As it can be see from the Fig.3.3 the component features a non symmetrical geom-

etry. From top to bottom the shape can be described as a bracket with four lower attachment points

sharing a common planar interface with the upright and a top attachment in which a ball joint is

placed to enable the relative motion of the upright-bracket monolith and the RTWB. The connection

between the two attachment points represents the compromise between a shape that is able to follow
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Table 3.1: Main characteristics of the current component that represented the baseline to which the benchmark comparison
has been made.

Bracket Standard MK2 (Machined Counterpart)
Weight 1183 g
Material Ti6Al4V Annealed
Camber Compliance 33.89°/MN

Table 3.2: Main characteristics of the hypothetic component that represents the first design iteration of the design of this com-
ponent.

Bracket MK1 (hypothetic component - CAD Design)
Weight 1689 g
Material Ti6Al4V Annealed
Camber Compliance 32.1°/MN

the aerodynamics restriction of the rear end of the car10 and the structural requirements of the com-

ponent. The internal cavity represents a machining issue since all tooling has to be customized for

this specific application and some shapes cannot be achieved due to the need of accessibility for the

milling tools. The cavity shape is determined by the optimization of the inertia on the bending axis11

of the component. Some basic characteristics of the component featured in the current car design are

presented in Table 3.1.

The component in analysis ideally represents the second evolution of the design of the RTWB

bracket since it develops after a preliminary study representing an heavier (and “therefore”12 stiffer)

version. The reference stiffness of this early reference13 is reported in Table 3.2. The importance of

including the first design iteration becomes clear in the definition of advantages which can be calcu-

lated in terms of relative differences ratio. The efficiency of the component can be therefore calculated

taking as a “zero” design reference the heavy concept component and comparing every design to it.

The topic of accessing the design efficiency will be treated in the dedicated Section 4.1.

3.2.2. MATERIAL OF THE MACHINED COUNTERPART

The choice of titanium for the development of this component is partly dictated by the rules as stated

in Section 3.1 and partly by the design requirements of the part. Titanium offers, as presented in

the literature review14, a high level of tensile properties that can be tuned by controlling either the

alloy or the microstructure of the component. Among titanium alloys titanium grade 5 represents one

of the best compromises between cost, performances and machinability. It is offered widely on the

market and his supply is granted by a vast part of mechanic workshops. Even though better material

are present in the market regarding the specific stiffness15 such as the Ti624216 the choice between

the competitive advantages on this component are not so limiting to imposing a choice in an other

10To prevent the leak of any air below the external surface it can be noted how onto the metallic component it has been imple-
mented a metallic winglet that represents the ideal junction with the sealing coming from the rear brake duct.

11A theoretical axis that goes from the center of the plane in common with the upright to the center ball joint located at the
other end of the component.

12As it will be more precisely presented later the relation between weight and stiffness represents the quality parameter (or
figure of merit) through which the component has been optimized.

13Which has not been produce due to the need of optimizing weight over stiffness.
14cfr. Section 2.5.5.
15The ration between the elastic modulus and the density.
16Titanium 6242 is a special grade that has been developed for high temperature application but retains a higher modulus due

to its composition.
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Figure 3.3: Geometry of the actual component: the shape is limited by the boundary conditions such as aerodynamics limits
and clearances due to the presence of the rear rim structure but as well by the manufacturing limits represented by the need of
accessibility for machining operations. The components features an overall length of 185 mm and an height of 150 mm from
the lower to the upper attachments. An approximated scale on the component is shown in Fig.3.16 representing the design
space with the applied maximum braking load.

direction. As briefly explained in Section 2.5.5, it is possible to heat treat the biphasalα andβ titanium

alloys (such as Ti6Al4V) to obtain an age hardening process given by the deposition of the β phase

into the matrix of the alloy. Therefore two possible states of supply exist for Ti6Al4V: annealed and

heat treated (age hardening). The heat treatment carries some inconveniences17 such as longer lead

time for supply and does not grant an increased stiffness since the precipitates ensure only a higher

elastic limit but they have no influence on the elastic properties of the material. Since the nature of

the component (which is stiffness limited - or designed with a target stiffness) the natural choice has

been Ti6Al4V in the annealed state.

3.3. DESIGN CRITERIA

In the opening of the chapter it has been mentioned the load case that determine the efficiency of the

RTWB bracket. In the following section, an extended presentation of those loads is reported and each

contribution in the final analysis explained. The text is organized such to keep separated the func-

tional loads (that determine the stiffness requirements) and the limiting loads (which are responsible

for the strength requirements). The presented design criteria (or defining loads) are the basis through

which the simulation process of optimization has been based. As already mentioned in Section 2.1,

the chance to explore complex geometries with the aid of topology optimization has found a proper

manufacturing method that requires no added cost or that faces no limits in the make of extremes

17The heat treatment for age hardening of Ti6Al4V requires a solubilization (that takes place at 900°C circa) process that is
followed by water quench. Subsequently the alloy need to be heated to reach a precipitate density high enough to make it
more resistant to dislocation movement and this second heating period takes place at 500°C circa for 8 hours. Due to a series
of issues reported with this heat treatment at present there are few homologated suppliers that makes critical the choice of
this version of the alloy.
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topologies in additive manufacturing. In order to exploit the full potential of this novel manufacturing

technology the process has been carried out as follows for both components:

• Definition of design requirements: in this phase the component functionalities are analyzed

and the load applied by the vehicle dynamics and recorded in testing are determined.

• Definition and analysis of a design space: the maximum material allowed by the geometrical

and functional constrains is added to the design space. The contact surfaces are kept as are in

the actual component as well as the envelopes for mounting interferences and clearances for

relative motion of other suspension components are considered.

• Topology optimization: the implementation of the determining loads is done on the design

space. The allocation of the material is tuned to reduce the mass while targeting the required

stiffness or other limiting constraints.

• Geometrical reconstruction of the structure: the result is extracted in the form of a meshed

structure. The implications about the feasibility of a real geometries are considered at the step

and the structure is reconstructed from the design space to reach a manufacturing CAD geom-

etry.

• Final FEM assessment and stress check: finally the CAD geometry is validated by a traditional

linear or non-linear FEM analysis.

A final target reduction in weight has been roughly estimated on the experience and engineering

judgment of the author and the company supervisor18 to be around 7-10%. Then the target weight for

the optimization final result and geometrical reconstruction has been defined around 1050 and 1080

grams for the same target stiffness.

3.3.1. STIFFNESS REQUIREMENTS

As mentioned in the presentation of the chapter it is known that the RTWB bracket is a component

that has to be designed with a target stiffness to camber variation. The camber angle is defined, for

a wheeled vehicle, as the angle that is present between the vertical line passing through the center

line of the vehicle and the line perpendicular to the wheel axis and passing through the center of the

wheel itself. A graphical interpretation of this simple definition can be seen in Fig.3.4. The camber

angle influences the car behavior heavily and has influence on the tire dynamics as well and all those

interconnections are what make a car stiff in camber robust in performances over a range of different

dynamic events.

The camber stiffness can be defined by the total amount force to be applied at the wheel contact

patch to obtain an unit of camber angle increase. The definition for easiness is not reported hereby

in SI units but with a custom parameter which is MN/°. Its inverse is the camber compliance which

is evaluated in °/MN. Due to the usual stiffness of the system (as already seen to obtain 30° degree

of camber increase it is necessary to apply a MN) and the relatively small displacement involved the

stiffness load that determines the camber stiffness (or compliance) is a fictitious load of 1000N in the

directions through which camber is most sensible.

18Ir. Marco Civinelli - Head of Mechanical Design Department



3.3. DESIGN CRITERIA 57

Figure 3.4: Definition of camber angle by the mean of a graphical scheme [21]: for a better picture the vertical centerline (or the
Z-axis) has been translated in the proximity of the wheel center.

It is necessary before proceeding to make unambiguous definition of the car coordinates to prop-

erly refer to directions and orientations of loads and components. The car coordinate follow a logi-

cal determination and are coherent with the intent of the final product (the car itself). The origin is

placed onto the longitudinal centerline at the height of the presumed center of gravity at the front of

the chassis where the aerodynamic nose of the car is installed. The X-axis is defined against the natu-

ral forward movement of the machine and is directed horizontally (parallel to the ground) pointing at

the rear wheels. The Y-axis starting from the common origin and being as well parallel to the ground

points at the right end side of the vehicle. Automatically being a right-handed axis system the Z-axis

would point perpendicularly to the ground with the positive direction against the ground location. An

example of such a arbitrary definition is presented in the Fig.3.5.

Figure 3.5: Definition of a arbitrary and unambiguous axis-system: the X-axis is presented in yellow, Y-axis in green and Z-axis
in pink.

The direction of the load is for the stiffness analysis is the combination of X and Z. The applied

load is therefore a load of a 1000 N in the X direction and 1000 N in the Z direction as resumed in Table

3.3.

Such definition of the camber load makes simple the definition of the camber stiffness as far as at

the end of a simulation process the camber angle or the component deflection can be calculated.
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Table 3.3: Definition of Stiffness load components referred to the reduced simulation and therefore related at the top attach-
ment of the component.

RTWB Bracket Stiffness Load
X-load -243.3 N
Y-load 80 N
Z-load 983 N

3.3.2. STRENGTH REQUIREMENTS

Sideways to the driving stiffness case the definition of proper design criteria has to face the case of

loads which are no critical for the component stiffness but for its strengths as well. Even though ti-

tanium is a high strength material19, the need of designing a lightweight component makes the as-

sessment of stress on the part itself critical. Furthermore, even if usually stiff driven designs are over-

dimensioned in respect of strength designed components peculiar load cases that act in different di-

rection from the stiffness definition case might put the component at high stress levels. For the RTWB

bracket the definition of the limiting stress cases has been developed based on the history of the com-

ponent analyzed during the years. As specified in the previous sections despite the presence of the

uniball at the top attachment point of the component that spans the loads over a continuous angle

the limiting cases analyzed for the simulation have been reduced to two extreme conditions. First is

the analysis of the load under the maximum cornering conditions. This is the load that defines the

strength for the top wishbone suspension link as well. Due to load transfer and rolling condition the

definition of this load is a mixture of forces applied at the ground point reported at the bracket posi-

tion as resumed by Table 3.4 and in Fig. 3.16. The second case load for stress evaluation is the case of

maximum braking. The reaction on the suspension top link from the braking torque that originates

the inertia load of the chassis in respect of the unsprung mass is carried by the upright through the

bracket in question. The axis of the load in this case is quite far from the one that defines the stiffness

in camber of the component. The force components expressed global car coordinates are resumed as

well in Table 3.4 for the reduced simulation and therefore are reported at the bracket top attachment

point.

Figure 3.6: Max braking load for strength evaluation on the RTWB bracket as set up in the reduced version of the simulation.

19cfr. Section 2.5.5
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Table 3.4: Definition of Strength loads: maximum cornering load and maximum braking load in the reduced simulation.

Max Cornering Max Braking
X-load -3970 N -17600 N
Y-load -2040 N 15500 N
Z-load 11100 N 15200 N

3.4. TOPOLOGY OPTIMIZATION

Having defined the design criteria the next step is the set up of the topology optimization routine.

Since the results are highly dependent on the user definitions and applied constraints extreme care

and validation has been taken both during the analysis and during its report as well. The topology

optimization set up has been done for the stiffness case only but some stress limits could have been

applied towards a more complete definition of the problem. The choice of excluding the stress con-

straints from the simulation has been made since it has been decided to put the maximum focus of

the design effort in the search of an effective structure with the highest possible level of efficiency in

terms of camber stiffness addressing any stress issue with local measures.

Two different analyses have been set up for the topology optimization problem to investigate

which was the best way to achieve a high efficiency component but as well to have a simulation quick

enough to be adapted to multiple iterations. The main differences between the two simulations is the

presence or not of the outboard stiffness matrix which in representative of the stiffness contribution

in camber given by the upright and by the rim.

The first simplified simulation, that has defined the baseline for both simulation, will be presented

in detail since the fundamental constituents are shared by the two as well as any simulation parameter

and choices. In this simulation the RTWB bracket has been fixed at the planar interface as it can be

seen in Fig.3.16 as it is done during the homologation fatigue testing and the load is applied coherently

with the load definition at the top attachment. These represents accurately enough the real usage of

the component but giving away the need of modeling other components has run times20 that has

enabled the author to proceed with more than 3-4 simulations per day.

3.4.1. DEFINITION OF THE DESIGN SPACE

As already mentioned in the presentation of this section the definition of a proper design space is

fundamental to properly assess the implication of a topology optimization 21. To simply classify the

various limitations usually encountered during the definition of a design space we might remember

the followings:

• Aerodynamic boundaries: those are the indication of the wet surfaces that determine the car

performance in terms of drag and lift. Since aero design is a driving factor over mechanical

design and weight saving no compromise can be taken in respect of those limitations.

• Mechanical interfaces: the reference of other mechanical attachments limits the design space

to have proper limits when encountering other mechanical components such as the upright or

the RTWB suspension link in this case.

20Runtime is considered as the time lapse between the start of the first calculation step and the final converged results in the
analysis.

21cfr. as presented in Section 2.1
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• Envelops of relative moving components: being part of the suspension unsprung mass this

components experiences relative motion of the suspension leverage system. This has to be con-

sidered and since the component is part of the regulation movement for the camber adjustment

the relative positions have to be evaluated over the camber span angle.

The first limitation for the component is the the aerodynamic shape of the part. As it has been em-

phasized in the introduction, aerodynamics drive the most of the design of a modern F1 car [81] since

the average speed of a GP22 is usually above 150 km/h. In this case the aerodynamics boundaries are

shown in the Fig.3.7.They represent the geometrical constraints coming from the CFD simulations

that define the aerodynamic shape of the car. This is by far the most limiting condition since has an

effect on the overall shape and on the two most influencing surfaces of the component which are the

top and the bottom surface23. The limitation deriving from the envelopes of the RTWB and the up-

right are less evident and especially localized in the attachments regions. Especially the presence of

a relative movement around the upper bolt joint limits locally the design space of this components.

Having taken those considerations through the implementation of a new CAD geometry the starting

point of the simulation was set. The design space can be seen in Fig. 3.8. In the simulation that drives

the topology optimization the design space represents the volume of material in which the variation

of material density is allowable. The variation of material density is representative of the effectiveness

of the material in a particular location and can help in redefining the geometrical shape of the compo-

nent. Since the component needs to be successfully implemented in the car assemblies some regions

have to be excluded by this optimization routines and will be defined specifically in the next section.

Figure 3.7: Aero design boundaries: those are usually derived from various iteration on CFD-calculation that searches for the
best combination between drag and lift coefficient for a specified configuration.

EXCLUSION ZONES

As mentioned early, the need of having a feasible design makes necessary to fix some geometrical

features in the process of running the optimization routines. First of all the mechanical interfaces

22Grand Prix.
23The top and bottom surfaces are responsible for the bending inertia of the component in a bigger share rather then the

thicknesses of the two walls.
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Figure 3.8: Design Space reproduced to exploit the full potential in camber stiffness of the component: the presence of me-
chanical interfaces and aerodynamic boundaries reflect in the basic geometrical splits of the design space.

have to be fixed. In the case of the RTWB bracket we have: the planar interface with the upright (1),

the bushing for determining camber set up (2), the mechanical interface of the upper ball joint (3) and

the fixture of the wheel tether which is a safety polymer reinforced fiber safety retainer that prevents

the rear wheel to come loose in the event of an accident or an unsafe release of the car after pit-stop

operations. The shape and installation of the tether is presented in Fig.3.9a while the exclusion zones

are highlighted in Fig.3.9b.

3.4.2. DRIVING LOAD CASES

As already discussed the component has been design to match the existing camber stiffness and is

therefore considered to be stiffness designed. In the first set up of the simulation process it has been

tried to make a mixed formulation in the form of a multi-objective optimization function including to

some extend the stress and strength limitations.

even though some successful run have been achieved the implementation of stress results in the

calculation process through topology optimization has been always regarded as an unstable process.

As any search for minimum algorithm the problem has to be stated in such a form that it can achieve

convergence around a point that minimize the optimization function while keeping the variable into

a limited existence field. Regarding a structural optimization problem this translates in the need of

defining an optimization variable and one or more design constrain. Therefore, two approaches in

order to implement the simulation can be pursued, as follows:

• Minimum Compliance: the optimized variable is the compliance of the structure and the al-

gorithm would base its routine depending on the contribution in stiffness that each element

would grant to the entire structure in the established load cases. To be allowable this formu-

lation of the problem has to be completed by a constraint on the final mass. In this way it is
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(a) (b)

(c)
(d)

Figure 3.9: Images of the tether shape and of the exclusion zones as they have been adapted in the simulation carried out in
ANSYS Mechanical - R18.2. The blue region represents the design space that the simulation will try to optimize. On the contrary,
the red zone will have a density parameter of 1 and will therefore be retained as geometrical features to be preserved from the
optimization simulation.

possible through the aid of a sensitivity analysis24 for the system to prioritize certain elements

with respect of others through the assignment of a higher density that describes the quality of

the same element to contribute to the stiffness of the structure.

• Minimum Mass: similarly the problem could be approached from the other extreme. Since

the actual camber compliance (the characteristic compliance of the part in analysis) is known

for the machined counterpart this could set a lower limit for the acceptable compliance and

the mass can be reduced as much as this condition is satisfied. Mixed approaches are valid

as well in which the mass weight reduction variable is optimized against the minimization of

compliance. Such approach might be useful for the initial stages of the simulation with the

purpose of qualitatively assess the driving factors for the two components of the problem and

has been used especially in the simulation of the rocker beam to stress the design towards a

defined geometry.

24Sensitivity analysis, in common engineering practice, is referred to a linearization approach used to predict in the proximity
of a function its near future value basing it on the simple derivative of the function in the previous known point. This is used
to evaluate for instance the car performance: e.g. the sensitivity of the car lap-time is 0.05 s per each kilogram added on is
curb lower weight limit - which can be read as “adding or removing from the curb lower weight limit one kilogram this would
influence the time on one lap of +0.05 s or -0.05 s respectively”. The assumption since it is sensible only in the proximity of that
weight limit is not valid for a 100 kg of difference. More about sensitivity analysis in general can be found in [82].
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DEFINITION OF MANUFACTURING LIMITS

In the definition of the problem it is possible to add a number of constraints to the simulation that can

be regarded as simulative counterpart for manufacturing limits -they can be representative of machin-

ing operations or represent the minimum thicknesses of a component. In the course of the simulation

the most used implementation has been the definition of a minimum member size. Since the end re-

sult can assign high level of density to very small regions of materials which are not representative of a

feasible design (e.g. the presence of highly triangulated structures with characteristic section smaller

than 1mm, presence of isolated material separated from the main body due to mesh inaccuracy or al-

gorithmic issues) the easiest and most logic way to approach the issue is the assignment of a minimum

member dimension in excess of usually 3-4 mm which is approximately the 2% of the characteristic

length of the component. It has to be noted that this implementation reduces the presence of small

structures but it does not prevents the existence local thicknesses smaller than the limit size.

3.4.3. TOPOLOGY OPTIMIZATION RESULTS

The set up of the reduced simulation has granted the chance to run the simulation itself on a num-

ber of different parameters to fully understand the model behavior. The final result is presented in

Fig.3.10. From a first analysis it can be derived how the final optimized structure has many features

in common with the starting geometry of the component. The presence of two main sections that

connect lower and upper attachments are the result of a structure that experiences a bending load de-

formation since the material strives to fill the design space as far as possible from the neutral bending

axis. Even though the original component presented a similar section the distribution between top

and bottom section is rather different. Other dissimilarities are visible after a comprehensive analysis

and among the most evident we can include:

• Lower opening and shape as it can be seen in Fig.3.11a.

• Lower attachment leg shape and structural concept (Fig.3.11c).

• Internal connection between upper and lower surfaces (Fig.3.11d).

• Upper attachment to the kinematic joint (again presented in Fig.3.11d at the left upper part of

the image).

The most evident change among the mentioned is the presence of internal structures between the top

and bottom surfaces of the component. This can be interpreted as the need of preventing excessive

bending in the middle section where the structure stiffness is influenced by the rear lower attachment

points. The presence of those rear attachments releases some of the bending load in this section.

Since the structure is determined mainly by the two sections, the most of the bending is concentrated

in this section. This is influenced by the presence of a geometrical variation that can be examined

from Fig.3.7. The discontinuity between the two aerodynamic limits give rise to a sharp angle in lateral

view that makes the structure weak in bending around this location. The possibility of adding internal

structures that would not be implementable through conventional machining will prove part of the

gain in the weight definition of the component redesign. The reconstruction of the component is

presented in the next section.
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Figure 3.10: Topology optimization results: the presence of two thick external section demonstrate the bending nature of the
stiffness load case. Furthermore, the presence of a frontal connection between the two outer legs of the component are a
suggestion of needed stiffness between the attachment points.

(a) (b)

(c)

(d)

Figure 3.11: CAD comparison of the optimized structure and the actual components. The green transparent geometry repre-
sents the actual component while the gray is representative of the optimized structure: top and bottom section (Fig. 3.11a),
lower opening (Fig. 3.11b), leg geometry for lower attachments (Fig. 3.11c) and internal structure presence (Fig. 3.11d).

3.5. GEOMETRY RECONSTRUCTION

The reconstruction of the component had to assess a series of challenges and choices. The main

indication from topology optimization were evident as the need of designing new shape for the leg
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attachments in the lower section or the need of reducing the material around the rear edge of the

component, as well as the fundamental presence of internal connection to prevent bending in the

middle section. Other aspect of the reconstruction were more debatable since their presence was ei-

ther highly dependent on which simulation was used or on how the parameters for the simulation

were set. As a first starting point an agreement was reached with the manufacturing team to keep the

minimum wall thickness at 1.5mm. From here a distinction was made among the possibilities of im-

plementing internal structures that would effectively prevent the bending of the component without

being excessively exposed to high stresses in the case of limiting stress cases. The first iteration has

(a)
(b)

(c)

(d)

Figure 3.12: Peculiar feature presented in the first design reconstruction: lower leg geometry, leg upper connection, internal
nerve (highlighted in dark green) on the rear side and connection in the front section of the component. The presence, and
subsequent implementation, of non-machinable geometries is an added value of the strict synergy between topology opti-
mization and additive manufacturing.

regarded a modification of the original geometry on a number of different features:

• The leg geometries have been revised as it is reported by Fig.3.12a

• The lower opening features a new geometrical concept and each thickness has been reconsid-

ered on the topology optimization result.

• Internal connection between upper and lower surfaces on the front side. The presence of this

truss structure was evident among most of the simulation settings and therefore it has been

implemented in the geometry. The final shape can be seen in Fig.3.12c.
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Table 3.5: Main characteristics of the first design iteration as presented in Fig. 3.13.

Bracket for AM (first iteration)
Weight 1054 g
Material Ti6Al4V Annealed
Camber Compliance 34.8°/MN

• Second internal connection has been implemented to feature the stiffness between the upper

and lower surfaces. The wanted effect is similar to the one that led to the introduction of sand-

wich designs of composite and aluminum plate able to withstand bending loads25.

An overview of the first geometrical iteration is presented in Fig.3.13. The first iteration of the com-

ponent did not reach the target stiffness. Its characteristic camber stiffness has been calculated in the

first FEM stress assessment in which the geometry has been validated to be lower than the requested

target and the overall component had a reduction in weight that was equal to the reduction in stiff-

ness in term of efficiency. The FEM assessment will be presented with further details in Chapter 4.

Basically the first iteration has the same efficiency of the original component at a lower weight level.

The camber stiffness and weight are reported for comparison in Table 3.5.

Figure 3.13: First CAD geometry of the topology optimized structure. The reconstruction procedure, developed in CATIA v5,
has to face some compromises since the interface has not been optimized for the quick reconstruction on a meshed surface (as
the one provided by the topology optimization). The need of parametrize the design into a number of finite operation rather
than reconstructing the component on the optimized surface, is a current limitation of the designer’s tools.

25The mechanical behavior of sandwich structures is well explained in every mechanical design book and refers to the mechan-
ics of bending. For reference and examples cfr. [83]
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Since a result that would not increase the efficiency of the component was not admissible to justify

the project and since the room for improvement in the geometry was present the process of optimiza-

tion based on the strain energy density approach has been carried out with linear FEM analysis26. The

results of this process will be presented in Section 4.1 of Chapter 4, as mentioned earlier.

3.6. DESIGN FOR MANUFACTURING ASSESSMENT

During the first iteration the manufacturability of the component has not been taken into account

with the aim of freezing the most efficient geometry and to cope with small manufacturing adjust-

ments in the subsequent iteration. During the process of designing new geometries it became clear

that the manufacturing limits had to be taken into account in the loop of the FEM assessment since

the small geometries of the nerves, used to restore the proper printing angle in order to avoid the

presence of internal supports, could potentially give rise to stress issues. The introduction of those

elements will be seen in this section, even though the presence of such details was not present in the

first geometry reconstruction, since they represent a common issue in the geometrical design of com-

ponents for additive manufacturing. As described in the literature review27, the printing angle has a

decisive influence in the definition of a design process since it is its relative positioning the drives the

presence of supporting structures.

In the case of interest the component printed in titanium has a printable limit of approximately

30° and the best print quality can be achieved with unsupported angles that are steeper than 45°. This

means that every portion of the component, seen along the print direction, that has an angle between

the feature and the printing plane lower than 30° needs to be supported by external structures. Sup-

porting structures are usually minimal portion of material printed in the direction of the print such to

allow the deposition of material at certain height with no need of the minimum angle requirement.

Since they need to be removed their geometry usually presents a reduced section at the interface with

the component in order for the support to fail in a controlled zone in the post working operations.

Titanium supports are strong enough to require dedicated tooling for their removal and the manual

operation, aside from being costly and time-consuming, requires extreme care in order to properly

remove the unnecessary features while avoiding any scratch on the component surface.

For the RTWB bracket there has been the need of reducing supporting structures specially in the

inner side of the component: the reduced access to this region would have made very complex any

removal operation with a high chance of featuring scratches related to the isolation from the operator

of its working area. A compromise has therefore been taken to avoid completely supporting struc-

tures in the inside of the component but to implement them in the outer surface. Few examples of

those structures are reported in Fig.dfm where we can see the printing direction 3.14a and some of the

details added to prevent excessive angled features (cfr. Fig.3.14a and Fig.3.14b).

The design process of the new geometry for the RTWB bracket has been presented and the rest of

the chapter will analyze in a similar manner the performed activities that led to the full redesign of the

26During the linear analysis of a component through FEM simulation (not including topology optimization) it is a common
practice to analyze the structure, apart in term of Von Mises stress and principal stresses also under the view of strain energy.
The strain energy density is a scalar value that represents the coupling of the strain energy with the deformation gradient. It
is an indication of regions that are contributing more making the structure compliant and therefore are under-dimensioned
to provide the correct stiffness level. Ideally a structure should be all with the same strain energy density - meaning all the
material in the component is equally contributing to the end stiffness of the part.

27cfr. Section 2.5.5



68 3. DESIGN OF SUSPENSION COMPONENTS FOR ADDITIVE MANUFACTURING

(a) Printing direction relatively to the printing plane: in red is highlighted the support structure

(b) Local detail added to the geometry to limit the impact
of internal supports

(c) Local detail added to the geometry to limit the impact
of internal supports

Figure 3.14: Design assessment for manufacturing and reduction of supporting structures. The implementation of small nerves
is strategical to obtain good surface finishing (minimizing the layering effect driven by the high angle between the feature
and the printing direction) and remove the need of subsidiary supporting elements: their removal operation will negatively
influence the surface finishing as well.

rocker beam.
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3.7. DESIGN OPTIMIZATION OF THE ROCKER BEAM

As already seen for the RTWB bracket, the design process of the rocker beam has followed similar

engineering phases and processes. Even though the process is similar, the need of introducing new

materials (namely AlSi10Mg and Scalmalloy as well as Ti6Al4V) in the comparison required some spe-

cific attention in order to redefine the leading figures of merit for the material choice among the avail-

able options. After the analysis of the machined counterpart and a brief description of the material

currently in use for this component the material comparison will be carried out and the decision of

undertaking Scalmalloy as the design material will be explained. The chapter will finally present in

the last sections similar to the previous one including: design criteria, topology optimization and ge-

ometrical reconstruction.

3.7.1. ANALYSIS OF THE MACHINED COUNTERPART

The rocker beam, as already described in the beginning of Chapter 3, is part of the suspension com-

ponents that are located inside the bodywork of the car28, and it is the component that houses the

bearings for the suspension rockers, reaction arms and anti-roll bar link connections. Its second main

function is to stiffness the gearbox carbon case that presents a less stiff section were the suspension

components are installed because of geometrical reasons. From a geometrical point of view it can be

describe as a medium length beam featuring along the middle section two bearing houses connected

by an open section that features a cross sectional area resembling the one of a C-shaped beam. On

both sides the component presents two short arms in which is located the anti-roll bar assembly with

its subsidiary systems. On the two lateral extremities the faces are prepared to be connected to the

gearbox by the mean of a steel spacer. The component as well has a series of ancillaries details (verbi

gratia: the connection for electronics and hydraulics manifold by the mean of small M4 - M5 fasten-

ers) and is limited in the geometrical shape by the presence of envelopes of the suspension inboard

components. Due to the poor ductile properties of the material the fixtures to the gearbox housing are

two M7 bolts that are connected not in a threaded section of the component 29 but with a dedicated

housing with an inserted barrel nut. The machined counterpart for the project AMed component is

presented in Fig. 3.15. It can be noted in how the presence of added material is needed to support the

barrel nut housing featuring as well an anti-rotation device. Furthermore the need for machinability

prevents the component to be made out of a hollow structure between the two bearing houses that

could potentially better cope with the limiting stresses.

3.7.2. MATERIAL OF THE MACHINED COUNTERPART

As already presented the material of interest for the machining counterpart is an aluminum matrix

composite. Specifically this material has been developed for F1 championship components. The

commercial designation is AMC225 and exists in two available versions - XF and XE depending on the

mean dimension of the strengthening particles. The base line material is a copper based aluminum

28The suspension component that are placed inside the gearbox external case are usually referred to as inboard components
and this nomenclature will be used in the same extend in the present work. The inboard components such as torsion springs,
lateral dampers and anti-roll bar assembly are considered as sprung mass. For antithesis the components that are out the
bodywork are considered to be outboards components and are unsprung mass.

29It is not advisable to have structural thread in metal matrix composite due to their already mentioned poor ductile nature
given by the present of reinforcement particle in the microstructure.
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Figure 3.15: Actual machined component as it is present on the SF70H rear suspension assembly: the need for machining
operations led to an open section profile of the component. The component features an overall length of 285 mm in its longest
characteristic dimension. The height is of 85 mm with a third dimension of about 110 mm from the back to the anti-roll bar
installation housing.

alloy (Al 2124) developed for high temperature operation that requires a high strength aluminum al-

loy. The baseline alloy for the development is the heat treatable Al 2024 which is one of the reference

alloys for aerospace fatigue designed aluminum component. The main differences are in the content

of poisoning elements in the mixture such as Fe and Si. Fe has a negative impact on aluminum mi-

crostructure since it features a very low solid solubility limit and a high solubility limit in the liquid

phase. This prevents the existence of any effective way of separating the two elements in the molten

phase but upon cooling Fe tends to precipitate in small incoherent intermetallic precipitates (with

aluminum and other elements) making the final alloy brittle. Furthermore, the tendency of reducing

the grain size is limiting high temperature performance since the grain boundary sliding provides a

method for creep movement. Limiting Si and Fe the 2124 alloy features better high temperature prop-

erties and general tensile properties upon heat treatments (solubilization and artificial aging). The

temperature properties are normed to be at 200°C for yield strength after 10 hour time of 310 MPa and

after 100 hours of 140 MPa. The reduction of impurities is responsible for the increment of stress cor-

rosion cracking performances as well that used to be a limiting aspect of 2xxx aluminum alloy series.

The addition of ceramic particles dispersed in the alloy has two main effects: increasing the stiffness

modulus as the material is now a composite material (the equivalent modulus can be approximated by

the rule of mixing) up to values close to those of titanium alloys and secondly to increase the material

tensile properties with particles that are stronger than the matrix. All the benefits in tensile properties
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and modulus are counterbalanced by a poor ductility of the new material. The presence of spheri-

cal shaped reinforcing particles in the aluminum matrix are responsible for localizing the dislocation

movement at the matrix interface. The increment of dislocation density at peculiar zones makes the

material susceptible to fragile fracture. The particle of choice for the processing of this metal matrix

composite is SiC30. The material properties of AMC225 will be addressed as the benchmark material

for the material comparison presented in the following sections.

3.8. DESIGN CRITERIA

Similarly to the performed activities on the RTWB bracket the design criteria for the rocker beam are

of two nature: the first is the stiffness contribution that the component has in respect of the contact

patch of the tire responding certain loads and secondly it has to retain a sufficient reserve factor for

extreme load cases (such as episodes of accidents or bump occasions). To determine the topology of

the component a simplified approach has been taken to assess possible geometries. The load con-

figurations on each bearing were assigned and the component constrained to the gearbox case. The

loads and design criteria are explained in the next sections.

Figure 3.16: Multi-body model for load generation: this model is the generator of loads for all inboards component of the
suspension. From the analysis of the contact patch forces it extracts the relative forces on the other components.

3.8.1. STIFFNESS REQUIREMENTS

The driving factors for stiffness requirements are determined by the displacement of the bearing hous-

ing. The bearings are the connection that allows relative motions between the rocker and the gearbox

and any displacement in the rocker beam interface will result in a reduced stiffness chain downstream

to the contact patch of the wheel. The rocker beam features eight bearings and to assess the influence

of those on the car performance a sensitivity check has been done. The influence on the wheel po-

sition is given only by the displacement of the rocker bearing that is the lowest and biggest of the

present bearings. The bearing stiffness has been set as the reference parameter to evaluate differ-

30SiC is a renown ceramic particle used also as a bulk ceramic material. More on the particle effect on the mechanical properties
of aluminum can be found in [84]
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ent rocker beam options. The implementation of a series of different geometries rising from various

topology optimization routines will be explained in the rest of the chapter and an in-depth analysis

will be carried out.

Figure 3.17: Design space with applied loads for the topology optimization of the rocker beam. A small scale bar shows the
actual dimension of the component. The central section in khaki green represent the optimization region. The load applied on
the red faces are responsible for the mechanical behavior of the rocker beam that has been constrained in axial displacement
around the gearbox interfaces (highlighted in yellow).

3.8.2. STRENGTH REQUIREMENTS

The dimensioning load cases for strength were the events of two different bump episodes: the first lim-

iting case for the inboard components is the case of a symmetric bump while the second is referred to

as a roll bump scenario. the main differences involved are the forces direction that in the case of the

roll bump are anti-symmetric since the load transfer is changing the reaction of the car weight on the

suspension components. The load components are evaluated through a multi-body simulation that

is prepared for anticipating the car behavior from simulations by the structural department and an

image of it is presented in Fig.3.17. Each interface load is present as seen by the bearing so the effect

on the rocker beam is its opposite reaction force. The two load cases for symmetric and roll bump

are presented in Table 3.6, the components of the load are presented in global coordinates and are

expressed in Newton (N). The loads on the reaction arm bearings are not reported since their direc-

tion does not change in the two mentioned scenarios and in both cases are around 6-8 kN only in the

Y-axis direction31. Furthermore, since the component is wall-mounted inside the gearbox in a closed

environment the temperature element has to be taken into account as well. The design temperature

for components that are in the first proximity area of this component ranges from 100° to 145°C. The

target temperature for the design of the rocker beam has been set 120°C that proved to be an accurate

31This specific behavior is explained by the nature of the reaction arm which is a device of the full-split rear suspension: splitting
the different modes of the suspension such they can be reacted individually (having no roll and bump interconnection) makes
the reaction arm reacting to a tensioning bar which is aligned in the Y-axis direction from which the load on the rocker beam
that counteracts the other components is aligned on the same axis
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value of what happen during a race event. The temperature has been used for the strength evalua-

tion but during the topology optimization its contribution has been reduced in order to stabilize the

simulation process32.

32The compliance definition of a topology optimization process is not always well posed for a thermal varying process and can
lead to solution instabilities. This behavior can be tracked back to the example of the simple bar installed between two fixed
walls with a temperature increase. The maximum deflection of the beam does not depends on the cross section but only on
the temperature difference. The absence of a linear relationship between the geometry and the deflection, contrary to what
happens in the case of a force load that is connected directly to the displacement through the stiffness of the component
which depends on the component geometry, constraints the process in finding a correct solution path.
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Table 3.6: Symmetric bump case for strength and stiffness on the rocker beam optimization; all values are expressed in newton
(N). Being originated by the multi-body model and not coming from a car measurement those values are considered as perfect
inputs (no level of accuracy is associated with the simulation procedure).

Rocker Bearing SX Rocker Bearing DX RARB SX REARB DX
X -3481 2125 1637 -1885
Y -30900 28600 0 0
Z -2530 1423 1306 -1323

Table 3.7: Roll bump case for strength and stiffness on the rocker beam optimization; all values are expressed in newton (N).
Being originated by the multi-body model and not coming from a car measurement those values are considered as perfect
inputs (no level of accuracy is associated with the simulation procedure).

Rocker Bearing SX Rocker Bearing DX RARB SX REARB DX
X -13010 10030 10390 -17030
Y -27750 23570 0 0
Z -8710 6710 9870 -10255

3.9. MATERIAL CHOICE AND COMPARISON

As already mentioned in the previous section, the material choice for the suspension inboard com-

ponents is not limited as much as for the outboard components. The materials taken into account

for the rocker beam were a series of aluminum and titanium alloys that have been compared to the

baseline material that is the AMC225. The materials of interest are, as mentioned earlier in the report,

titanium Ti6Al4V, as for the RTWB bracket, aluminum AlSi10Mg and Scalmalloy. All the materials have

been briefly presented in the literature review section33 but in this section the analysis would focus on

the specific properties able to maximize the component performance on the overall car performance.

3.9.1. FIGURES OF MERIT

To be able to define a specific performance parameter for the material choice there is the need of es-

tablishing a series of figures of merit to properly judge the combination of the material properties over

the specific needs of the component in analysis. This has to be done a step ahead of the topology op-

timization and can be included as well in the topology optimization process itself. The quality of the

component can be expressed in terms of weight and stiffness as already described in the design crite-

ria. Furthermore, the presence of a thermal expansion effect between the gearbox case (designed in

composite design with near zero CTE34) requires to evaluate also the strength and stiffness reduction

with increasing temperature levels up to 120°C. The main tensile properties are related to the specific

weight of each material as reported by Table 3.8.

A graphical interpretation of the result presented in Table 3.8 is reported in Fig.3.18. As it can

be easily inferred the advantages of the AMC on the specific stiffness is evident. The two different

options presented for the Scalmalloy and for the titanium Ti6Al4V represent the range that is present

in the literature. The lower values are reported from homologated values that are granted by company

specifications while the best results are evaluated on real characterization campaign that has been

carried internally for both titanium and Scalmalloy. The measured differences are quite consistent

and are representative of the uncertainty of the material characterization especially when related to

novel materials and additive manufacturing technologies.

33Cfr. Section 2
34Coefficient of thermal expansion.



3.9. MATERIAL CHOICE AND COMPARISON 75

Table 3.8: Specific material properties of interest: Specific Yield Strength and Specific Modulus

Specific Modulus [GPa*dm3/kg] Specific YS [MPa*dm3/kg] Specific Weight [kg/dm3] CTE [1/K]
AMC225 39.93 138.8 2.88 13 x 10-6
Ti6Al4V 24.83 186.23-230.24 4.43 9 x 10-6
AlSi10Mg 26.11 104.47 2.68 25 x 10-6
Scalmalloy 24.34-26.6 176.03-183.5 2.67 21 x 10-6

Figure 3.18: Graphic representation of the room temperature figures of merit for specific stiffness and strength for the selected
materials: in red the AMC225, in light blue the AlSi10Mg, in blue the Scalmalloy and in green the Ti6Al4V. As it can be seen, the
scatter in the properties of Scalmalloy and titanium is quite relevant: this is an indication of the uncertainty about the manufac-
turing process and its reflected on the mechanical properties. The specific stiffness of the AMC225 definitely overruns the other
materials but all strength limited regions would benefit of titanium as a baseline material. The Scalmalloy is a compromise
between the two with a specific strength not far from titanium values its implementation will be beneficial for all the density
limited regions.

At high temperature the relative distance in terms of figure of merit is not completely changed.

The reduction of performances in temperature for AlSi10Mg is the highest for the materials analyzed

with a reduction of YS down to 79% of the original value at 150°C35. On the contrary the strength of

AMC225 is reduced to 99% of the original value. The high temperature values are reported in Table 3.9

and graphically in Fig. 3.19.

A first evaluation would make the material selection for additive manufacturing to strive for tita-

nium over AlSi10Mg and also over Scalmalloy. Since the temperature is less influencing the properties

the opportunity of having a titanium component would also benefit for lesser stresses related to the

lower expansion difference between the wall mounted rocker beam and the gearbox. Other consider-

ations, necessary for a proper evaluation, are the fatigue performances of the alloy and the strategic

35All the high temperature properties are evaluated for a short hold at temperature (0.1hrs). The effect is greater in the reduction
of properties if the temperature is considered to be kept for longer periods.
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Table 3.9: Retained specific properties at 150°C for the selected materials

Specific Modulus [GPa*dm3/kg] Specific YS [MPa*dm3/kg] Specific Weight [kg/dm3]
AMC225 39.1 137.5 2.88
Ti6Al4V 23.7 4.43
AlSi10Mg 26.11 104.47 2.68
Scalmalloy 24.71 135.95 2.67

Figure 3.19: Graphic representation of the high temperature figures of merit for specific stiffness and strength for the selected
materials: in red the AMC225, in light blue the AlSi10Mg, in blue the Scalmalloy and in green the Ti6Al4V. The almost temper-
ature independent properties of the AMC225 are a reasonable rational for its implementation in the conventionally machined
component: the development of additive manufacturing processes of composite material might brake the barrier of imple-
menting its usage in combination with the novel manufacturing technique.

interest in developing a novel material processing technique that is already known for titanium but

not for Scalmalloy. Furthermore, the influence on the final weight of areas in which a minimum ma-

terial thickness is needed (bearing housings, threaded section, connecting areas to the anti-roll bar

bearings) have a negative influence on the titanium version of the component. In fact, in those sec-

tions the only properties that matter are the pure densities rather than the specific properties. Those

two reasons (density limited zones - strategic development of a quality process for Scalmalloy man-

ufacturing and its metallurgical characterization) were the main drivers for the choice of Scalmalloy

for the development of the rocker beam over titanium - AlSi10Mg was not reputed sufficient for the

temperature level at which the component is operating.
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3.10. TOPOLOGY OPTIMIZATION

Similarly to the actions performed on the RTWB bracket the topology optimization has been carried

out for the rocker beam following the same logical steps: definition of a design space with the defi-

nition of exclusion zones, definition of driving load cases based on the design criteria and evaluation

of manufacturing limits. The results of the process are presented with a series of different topologies

that have been proposed varying basically on the attachment zones with the hypothesis of different

methods to secure the component to the gearbox due to design choices reasons and to improve the

overall weight saving on the component.

3.10.1. DEFINITION OF THE DESIGN SPACE

The design space definition followed the geometrical constraint of the component. The main limita-

tion can be listed as follows:

• Mechanical interfaces: as mentioned in the previous chapter the rocker beam features ten

bearing housings (4 dedicate to the anti-roll bar, 2 for the suspension rockers and 4 for the reac-

tion arms) that are dimensioning the central section of the component.

• Mounting operations: the mounting operation of the rocker beam needs consideration and can

limit the total height of the object. Since the mounting procedures is done with other compo-

nents pre-installed the all assembling envelope must be considered.

• Inboard envelopes: the inboard components of the suspension have relative motions in respect

of the rocker beam. This is related to the dynamical response of the suspension systems to

the applied forces at the contact patch. The envelopes of those motions are limiting the shape

especially in the region where the anti-roll bar is installed and are causing, as it will be described,

a poorly designed geometrical region responsible for one of the highest stressed regions.

Having considered the limiting portion of space above described, the optimization routine started

with a fullness of material both at the side at the rocker bearing as well as in the central section of the

component. The presence of complete freedom in defining the geometry in this section should grant

a better efficiency of the used material able to grant sufficient weight saving to justify the experiment

of the novel technology. The design space showing the exclusion zones is presented in Fig. 3.20.

EXCLUSION ZONES

As presented in the previous section as mechanical interfaces the exclusion zones have been deter-

mined similarly to what has been done on the RTWB bracket. The implementation of fixings and bear-

ing housing provided the basic zones to be kept. In further development of the component different

areas has been frozen from optimization routine to force the simulation towards a defined geometry.

3.10.2. DRIVING LOAD CASES

In order to properly define the optimization result the driving factors for the optimization routine had

to be adjusted from the first simulation. The objective of the simulation, since the stiffness load were

as well the strength limiting load cases, has been set on the stiffness of the bearing housing of the
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Figure 3.20: Reconstruction of the design space for the Rocker Beam: highlighted in red are the surfaces which are excluded
from the optimization routine. The need of saving the end stops on both sides is made evident by the red color applied on the
two small features that are housing this characteristic. The other exclusion areas are th bearing housing and the attachment
points.

rocker which has a direct influence on the wheel stiffness in reaction to a contact patch load. The

stiffness of the reaction arm bearing set has also being taken into account since the installation of the

whole system requires a high grade of precision and operational misalignment are not admissible.

3.10.3. TOPOLOGY OPTIMIZATION RESULTS

The topology optimization results are the end result of a series of simulation on which the design space

and simulation parameters have been adjusted, as already mentioned, to provide a solid and robust

geometrical reconstruction that would represent a clear indication of a feasible designable structure,

in Fig. 3.21 the main passages trough the simulation process are presented. The following steps are

representative of the evolution of the simulation results:

• 1st set up [only roll bump case]: the first set up was required to check the solution procedure

but since there was no complete load case was implemented. The non feasible single loaded

result can be seen in Fig. 3.21a.

• 2nd set up [complete load case]: in the second step the full load case has been implemented

and the first feasible geometry was reached. The weight of the objectives (mass, roll bump com-

pliance, heave bump compliance) were set arbitrarily after a scan of their effect on the geometry

(Fig. 3.21b).

• 3rd set up [modified design space]: the definition of a reduced design space was implemented

with the aim of forcing the simulation more clearly in the lower section of the component and

to achieve this a second iteration has been done varying the ratio between the objectives weight

(Fig. 3.21c).

• 4th set up [modified design space]: as already presented this version implements a further iter-

ation on a modified design space with more weight on compliance objectives rather than weight

optimization, cfr. Fig. 3.21d.
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• 5th set up [added torque stiffness]: since the modified design space approach was not making

the simulation converging on a precise result a torsion load was implemented at the contact

patch level to simulate the braking condition adding an element to the simulation to force the

result towards a better define geometry. This las simulation has been taken as the final result for

the reconstruction after an optimization on the simulation parameters done in order to obtain

the more sound geometry as presented in Fig. 3.21e.

From the final step after the described optimization of the objective function weights the end result

used as reference for the geometrical reconstruction is presented in Fig. 3.22 and in Fig. 3.23 with a

multi-view image showing the result from more than one perspective point.

3.11. GEOMETRY RECONSTRUCTION

The design reconstruction has been done in CATIA V5 R24 similarly as for the RTWB bracket. From

a geometrical point of view the component now features two different connection between the bear-

ings. A lower section connects the rocker bearings axially and a tie section on the top is the connection

between the two upper bearings of the reaction arm. The trabecular structure is a triangulation of the

two main sections and provides stiffness for load cases in which the applied force on the bearing is

not purely axial. The lateral geometry features a direct connection of the upper bearing to the side of

the component providing axial stiffness with loads that would tend to separate the two reaction arms

(wheel rebound loads).

Apart from the geometrical description of the main differences with the current version different

optional geometries have been developed at the concept stage: the evolution of the design required

an evaluation on the fixing methods for the rocker beam. In the design space, for removing the need of

barrel nuts, and allowing a proper optimization routine of the component geometry there has been an

implementation of a threaded section for connecting the rocker beam to the gearbox housing. After

few considerations on the operating life of the component, the presence of a thread on the component

has been judged insufficient: the high number of mounting and de-mounting cycles would be critical

to be addressed by a thread and helicoil combination. Wear resistance and free play on aluminum

thread with stainless steel helicoil are unlikely to be sufficient during the number of assembling itera-

tions. Therefore, in order to prevent the implementation of a barrel nut that requires an anti-rotation

device and is likely to add a portion of material, it has been proposed to implement a solution featuring

a screw-lock nut as a good compromise between availability and service life operations. A comparison

has been carried out between the standard geometry (considered in both AMC and in Scalmalloy to

compensate the material stiffness effect) the nut geometry optimized and other versions of the opti-

mized component as obtained from the topology optimization. The comparison has been carried out

at room temperature level in order to classify the component from the mechanical perspective and

because the The different configurations are:

• SF70H Version: this is the baseline configuration and the target in stiffness for the redesign of

the component.

• SF70H in Scalmalloy: this version has been done to check the influence of the material specific

stiffness.
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(a)

(b)

(c)

(d)

(e)

Figure 3.21: Evolution of rocker beam topology optimization results. The different configurations of the simulation has a strong
influence on the final geometry. The need of calibrating the solution parameters in order to obtain a feasible geometry is the
expression of the designer understanding of the structure behavior.

• Optimized Nut Attachment: the attachment to the gearbox has been implemented with a hexag-

onal screw-lock nut. This has also been the final design decision for the component.

• Optimized Nut Attachment MK2: this version is an optimization on the attachment area of the

previous geometry. The section of the two attachments is in its final configuration featuring a

section of material for axial continuity of the material. The geometry is presented in Figure 3.26.
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Figure 3.22: End result of the topology optimization for the rocker beam.

Figure 3.23: Multi-view image of the rocker beam optimization as presented in the last version of the topology optimization
results

• Optimized Barrel Nut: the optimized version has been implemented with the presence of four

attachments point for barrel nuts and anti-rotation features.

• Optimized Threaded: this is the starting point of the reconstruction from the topology opti-

mization.

• Optimized Threaded Light Version: the optimized version has been reconstructed with a stronger

drive towards weight reduction, even if some weight has been removed the specific stiffness of

the component was decreased.

The room temperature comparison has been carried out, as specified, for two stiffness cases on both

the rocker bearing and the reaction arm bearings. The deformation is considered in total deformation

of the center of the bearing housing which would represent the loss of stiffness of the assembled sys-

tem. The displacement are related to the weight of each reconstruction in order to take into account

the effect of the different weight of the various solutions. The seven geometries characteristics are

reported in Fig. 3.24 and 3.25.
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Figure 3.24: Design comparisons between different geometries: symmetric bump load case specific stiffness. Being a specific
stiffness the parameter is expressed in displacement over weight (since the load is constant for all the configurations). The unit
of the evaluation is mm/g. The blue bar represent the specific stiffness of each geometrical reconstruction at the rocker (lowest)
bearing housing. The red series are the specific stiffnesses of the central bearing housing (lower rocker arm bearing). In both
cases the influence of the material of choice is evident and the ability of closing the gap is representative of the potential that
can be unlocked with proper topology optimization.

Figure 3.25: Design comparisons between different geometries: roll bump load case specific stiffness. The blue bar represent
the specific stiffness of each geometrical reconstruction at the rocker (lowest) bearing housing. The red series are the specific
stiffnesses of the central bearing housing (lower rocker arm bearing). As defined before, being a specific stiffness the parameter
is expressed in displacement over weight (since the load is constant for all the configurations). The unit of the evaluation is
mm/g.

The first comment on the results of the different designs is about the material effect: the advantage

in stiffness given by the AMC over the Scalmalloy in terms of displacement is evident in its specific

definition. Furthermore, it is clear how the behavior of the geometries is similar for the two load cases.

Among the tested geometries the specific stiffness of the component in analysis has been recovered

from the SF70H version in Scalmalloy: the implication is that the new component features a better

mechanical and structural efficiency. The higher efficiency shows how even changing the material

towards a less performing one, but unlocking the potentially free design makes the AM technologies

able to cope with standard processes and overrun them in terms of structural behavior.

The final reconstruction of the component is presented in Fig. 3.26. The central section and the

grooves removal will be subsequently modified in the final version during the final FEM assessment

of the structure as it will be described in Chapter 4.

With the first reconstruction of the two geometries Chapter 3 reaches the end of the logical discus-

sion on topology optimization. In Chapter 4, as already mentioned, the final assessment of the two

structures will be presented and for both, the RTWB bracket and the rocker beam some revisions of the

geometries will be presented and explained. The potential application of topology optimized struc-
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Figure 3.26: Final CAD geometry of the optimized rocker beam structure: the green color represents the semi-finished product
while the dark red regions are those that will be finished by a machining post process as will be explained in details in Chapter
5.

tures in combination with additive manufacturing processes is considered an added value and the

know how developed in this project has been seen as one of the foundations for future weight-saving

strategies in the process of structural optimization of racing components.





4
FEM DESIGN ASSESSMENT

After the presentation of the design work in this brief Chapter the final FEM assessment will be pre-

sented. The initial geometries are set in linear and non-linear simulations in the most complete sim-

ulation regarding the component behavior and therefore the stress limitations of the new geometries

are presented. The geometrical changes hereby presented represent the usual iteration work that the

design of structural components requires. The set up of the simulations includes also the definitions

of the material properties of interest. This is done ex-ante since the material testing from the compo-

nent AM processes is at this stage of the process, not yet ready. Every decision on the fatigue limit or

on safety factor and material properties is done on the basis of the company know how (in terms of

metallurgy report and material characterizations) as well as on the literature study performed at the

beginning of this report.

This chapter presents, more specifically, in the first section, following the layout already used in

Chapter 3, the calculations for the RTWB bracket and in the final part the simulations done on the re-

constructed geometry of the rocker beam. For the RTWB bracket a series of analyses is presented that

led to a final geometry. The different iterations are presented not with the focus on the geometrical

changes, but on the overall contribution in the definition of camber specific stiffness. Afterwards, the

rocker beam analysis is presented. A complete outboard load cases simulation is implemented and

together with the structural department the decision of redoing a topology optimization is presented.

The final geometry is therefore reconstructed with a new central section that is implementing some of

the additive manufacturing advantages in freedom of surface manufacturing. This last geometry has

been stressed tested in the same simulation and approved for release.

4.1. DESIGN ITERATIONS AND STRESS COMPLIANCE OF THE RTWB BRACKET

As described in the brief introduction the first geometrical iteration has been simulated for stress. The

first assessment features a linear analysis in which the limiting loads presented in Section 3.3.2 are ap-

plied to the bracket connected with the stiffness matrix representative of the upright and of the wheel

85
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assembly. As seen in the previous Chapter, the geometrical reconstruction has a certain advantage on

the original weight (around 11-12%) but the camber compliance level was increased to 34.8°/MN. The

starting point of the iteration was to restore the original camber compliance (33.89°/MN). As well the

design limit for stress was set taking into consideration the level of fatigue performance that a non-

finished (as-built) titanium Ti6Al4V is able to grant. The fatigue considerations have been made onto

the standard homologation procedure that will be described.

4.1.1. DESIGN FIGURE OF MERIT ASSESSMENT

The reconstruction of the geometry being presented in Chapter 3 has been improved through the def-

inition of better section of the components. The reconstruction involved as well some other features

as the leg geometries and upper attachment geometry. As well the machining of the component has

been redesigned in order to represent the real geometrical nature of the process. The machined ge-

ometry represents a subsequent technological process after the component is printed in the form of

a rough geometry in which the main surfaces are set to the final dimension but a surplus of metal

is present in all areas that needed a reconstruction to meet the higher level of tolerances requested.

Since the semi-finished product cannot be thought to be ideally corresponding with the CAD geome-

try, and therefore, since the CNC machining will be set by some best fit routine done by the machine

to position the mechanical features on the base of some technological planes that will be removed

from the initial material, it is not possible to grant perfect match in tangent continuity and there has

been the need to properly represent this on the CAD geometry to make the calculation process more

robust1.

In the graph presented in Fig. 4.1 the main geometrical versions of the RTWB bracket are pre-

sented. The various iterations are valued by the camber stiffness and by the mass of the component.

The first point in the graph is representative of the design component that has not been produced,

representative of a graded level of compliance. As a reference point, the versions are referenced on

this heavy version since the car component (N=2) has been referenced as well on this hypothetical

geometry. As already mentioned, the second iteration (N=2) represents the car component installed

on the rear suspension of the SF70H. The third version presented in the graph is the first reconstruc-

tion presented in Chapter 3. Iterations from 4 to 9 are representative of the development in camber

compliance achieved through the stress and strength final FEM assessment.

It is worth to notice how the camber compliance has been minimized with a proper reconstruction

of the upper and lower section of the component (as it will be clear with the definitive geometry).

The limit in weight saving through the different versions of the component are a good indication of a

process that has reach a proper optimization. In iteration six (N=6) an attempt has been done trying

to remove some additional mass basing the modification on the strain energy density plot but the

effect on the stiffness of the component is evident; such plot presenting the energy density plot on the

component geometry is presented in Fig. 4.2, the areas in red are representative of the regions that

are carrying more load rather than the nearby zones. Even though the strain energy density plot is a

common tool for analyzing mechanical soundness of structures, being able to modify the geometry

1The presence of machined zones not tangent on the semi-finished product can lead to the presence of sharp edges around the
component. Usually those resulting from this kind of machining operation are positive sharp edges (not under load) but it can
happen that the presence of internal light-weighting pockets might give rise to negative sharp edges.
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Figure 4.1: Mass and Camber Compliance plotted by the different geometries that have been tested: the iteration 0 represents
the point of efficiency requested but at an high weight level (no car component has been produced with those characteristic.
The iteration 1 is the actual car component featured on the SF70H.)

Figure 4.2: Strain energy density plot for RTWB bracket: the zones are varying from blue to red showing area which are par-
ticipating more in the load-carrying capability of the component. The presence of a geometrical non linearity given by the
aerodynamic limitations is representative of the bending behavior of the structure that tends to suffer in the section that fea-
tures the change of orientation in respect of the neutral bending axis.

efficiently with this reference is an iterative process and there is no quantitative indication of material

needs contrary to the indication of a topology optimization.

Other important modifications that were driven by strength factors are the internal supports be-
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Figure 4.3: Final internal geometry of the RTWB bracket. The present section shows the optimized upper and lower section
with thicknesses continuously varying over the component. the presence of the internal wall is also evident on the rear side of
the component. The wall structure is open for accessibility and inspection operations.

tween the two inner faces of the component. Since it was clear the poor contribution of the nerve

presented in Fig.3.12 during the strength cases (the out of axis load was making the nerve working

into a bending condition) it has been substitute by a continuous thin section wall as presented with

the final geometry in Fig.4.3 while the overall geometry is presented in Fig.4.4.

4.2. FINAL ASSESSMENT FOR STRESS ON THE RTWB BRACKET

The stress level for the final stress assessment on the bracket has been decided verifying the material

properties against the fatigue life of the component. A season of races has historically determined a

certain level of short cycle fatigue (maximum loads are present for approximately 45000 times). The

fatigue properties of Ti6Al4V have been indicated in Fig. 4.5 and will be taken as a guideline to define

the admissible stress on the component. The level therefore at which the fatigue life had to be calcu-

lated has been set at the value present for the as-built material at a number of cycles equal to 100000.

One of the most stressed regions is located on the outer surface (indicatively on the red indication

presented in Fig. 4.2). The choice of using the as-built properties is justified by the ignorance of the

effect that a sandblasting or manual mirror finishing would have had on the component. Therefore

the selected admissible fatigue strength has been set at 400 MPa.

The safety factor2 for the present component is set by the internal management of the structural

team at 1.5 on the yield stress. The yield strength is related for titanium alloy to what is prescribed by

the normative of the alloy taken into consideration: even if the company internal characterization has

shown better strength level the possibility to refer the parameters to commercial standards has the

benefit of making the components ready to be purchased in case of shortage of availability from the

internal production source. The standard of reference for Ti6Al4V produced via powder bed fusion

technologies is the ASTM F2924-14. The yield strength of reference is set to 825 MPa and therefore the

2From here onwards the term safety factor would be used interchangeably with reserve factor, both will be indicated by the
annotation RF.
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Figure 4.4: Final geometry of the RTWB bracket shown under four different prospectives: the evolution presented includes
structural and functional changes as described. The blue surface is part of the semi-finished component while the dark red
regions do represent the machined areas. To allow the machining operations to be successfully implemented the semi-finished
geometry features extra material for a thickness of 1.5 mm.

admissible for a RF=1.5 is 550 MPa (nominal value).

The most stressed regions of the component are shown in Fig. 4.6. The final intent was to keep

all the stresses lower than the fatigue strength as to be sure to pass any fatigue homologation test3.

Due to attach geometries few point are actually rated at RF=1.6 and RF=1.7. Those point would be

critical areas for fatigue testing and therefore it has bee decided to proceed with a full machining of

those areas. Since the geometry required tolerances in the described region, most of the times the

implication of added machining for fatigue life performances were minimal45.

4.3. DESIGN ITERATION AND STRESS COMPLIANCE OF THE ROCKER BEAM

Similarly to the process of assessment of the RTWB bracket the rocker beam has been tested for stress

compliance in collaboration with the structural department team. The simulation implemented for

the component has been done with the reduced version of the gearbox geometry and with, as com-

pliant members, the two suspension rockers. The simulation is considering for strength evaluation a

3This would implicate a RF higher than two on the whole component.
4An examples of such machining area is presented in the section presenting the internal geometry of the component: Fig. 4.3
5If the print quality provides sufficient results in term of porosity the machining process has the benefit to lower considerably

the surface roughness from Ra>6 to typical levels for conventionally machined products complying with the standard ISO
2768-mk standard (Ra3.2).
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Figure 4.5: Fatigue properties for annealed titanium Ti6Al4V alloy from internal characterization champaign. A-series repre-
sents wrought product fatigue properties while D and E series DMLS produced with either as-built or machined finished. The
fatigue performances are analyzed with rotating bending fatigue testing with an applied stress ratio R=-1. as it can be found
the mechanical properties of additively manufactured specimens greatly depends on the surface finishing; Furthermore, the
presence of internal defects does not make the E-series to show a clear fatigue limit as it is evident for wrought products.

series of outboard and inboard load cases that are the reference loads for both inboard and outboard

components (from suspension links to the rockers themselves).

4.3.1. INITIAL ITERATION AND COMPLEXITY ASSESSMENT

The first geometrical reconstruction showed a poor compliance to stresses. The main reason for this

is related to the oversimplified load case used for the first set up of the topology optimization. The

central section, featuring a top shear tie design and a lower axial connection, was sufficient to provide

the correct amount of stiffness but the trabecular structure was not able to sustain the variety of loads

that are to be considered in the stress verification. The limitation of trabecular structures optimized

in tension and compression but not able to compensate the stresses originated from bending load

cases has been already explained in the section related to the internal geometry of the RTWB bracket.

A second loop of topology optimization has been therefore implemented as it has been thought to be

beneficial rather than reinforcing the originally compromised version.

4.4. SECOND LOOP OF TOPOLOGY OPTIMIZATION

The second loop of the topology optimization considered as the optimization region only the central

section of the component since the side attachment zone was providing already good results on the

stress assessment simulation. The optimization has been developed on the NUT MK2 geometry with

proper allocation of extra material to allow the process to be successful. The applied load were this

time all the inboard loads and the outer loads. The objective function has been set for mass reduction
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(a)

(b)

(c) (d)

Figure 4.6: Final results of the finite element analysis for the RTWB bracket: the simulation includes the presence of the upright
in the non linear analysis and as well the presence of the reduced model of the suspension links to react the contact patch loads.
The most stressed regions are reproposed in Fig.4.6c and in Fig.Fig.4.6d and originated from geometrical discontinuities due
either the presence of the wheel tether or by the machining of its fixing.

with both strength and stiffness constrained. Due to the contact presence within the model setting

constraints over the admissible stress was not possible and therefore the results has been based on

the stiffness constrained simulation.

4.4.1. TOPOLOGY OPTIMIZATION RESULT

The optimization results for the stiffness geometry is shown in Fig. 4.7. As it can be noted the revision

on the geometry is focused in the central section. As it could be easily understand the section moved

towards a round feature connecting the bearings along the axial direction but also on the sides of

the structure. A common indication is related to the presence of pockets in the sides of the bearing

housings. Furthermore, it is interesting to note the presence of a pillar connecting axially the two
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rocker bearings. the section in contact with the gearbox case does not present by differences but in

the lower section some space for better defining the structure with ad hoc pockets can be seen.

Figure 4.7: Second result of the topology optimization: the component has been revised especially in the central section due
to the implemented level of complexity introduced in the simulation. As a result, the central section now features a shape that
resembles a continuous round section with a frontal opening. The nature of this geometry would not be machinable (it can
be considered a closed section from the machining) and therefore the implementation of an additive manufacturing process is
needed.

4.4.2. GEOMETRY RECONSTRUCTION

The geometrical reconstruction has followed the same principles as in the two cases already pre-

sented. The main differences to the optimized geometries are based on the feasibility of the geometry

and the possibility to be implemented on a real component. The attachments have been revised and

the machining of the component has been implemented, as for the RTWB bracket, properly to expose

the geometrical sharpness as explained in the aforementioned example. In Fig. 4.8 the geometry is

presented and the changes can be noted. The overall weight of the component has passed from 1035

g to the final weight of 1077 g in respect of a initial weight for the SF70H component of 1144 g. The

reduction in weight is going to be increased with the contribution of weight saving produced by the

new attachment method and the substitution of barrel nuts with normal screw lock hexagonal nuts.

4.5. FINAL ASSESSMENT FOR STRESS ON THE RTWB BRACKET

The final assessment has been briefly explained in the previous section: it features the load that are

limiting the outboards and inboards components. The definition of material properties has been done

similarly to what described for the RTWB bracket. Since the component is subject to an high temper-

ature of operations the tensile properties have to be validated for the target temperature level. As

mentioned earlier, the target temperature for inboard components is set to 120°C. The Scalmalloy

properties in temperature are therefore a good indication of the material figure of merit for this spe-

cific application and furthermore they will be the object of further experimental testing. The yield



4.5. FINAL ASSESSMENT FOR STRESS ON THE RTWB BRACKET 93

Figure 4.8: Final reconstruction of the rocker beam geometry basing the features on the second loop of the topology optimiza-
tion. The main changes are highlighted: the central section geometry has been revised and the openings on the bearing side
removed. As well, the reinforcement features on the side connecting the top bearing with the gearbox attachments did undergo
some optimization.

strength of the material is reported in Fig.4.96 as a function of the testing temperature7.

The linear interpolation between 100°C and 150°C sets the yield strength for a temperature of

120°C at 338 MPa that would therefore set the admissible stress level at 225 MPa. In this case, the

room temperature fatigue properties are set by AP Works with a value of 300 MPa at 10 million cycles

for a machined specimen at a stress ratio R=-1 (complete reversed fatigue). High temperature fatigue

is not reported by the powder producer and since the component is not subject to fatigue loads for the

dimensioning load cases the only stress check is done on the reduced high temperature yield strength.

4.5.1. STRESS SAFETY FACTORS AND PRINCIPAL STRESS ANALYSIS

The minimum and most stressed areas are presented in Fig. 4.10. As it can be seen the reserve factor

is as low as 1.21 in certain areas next to the attachments and towards the machining for the nut place-

ment. As well some areas which are limited by the envelopes of rotating parts show critical values of

applied stress.

A further analysis is shown in Fig. 4.10d and has been used to study the mechanical behavior of the

6Elaborated from AP works data.
7The effect of aging at that temperature during the component’s life is for now not taken into account.
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Figure 4.9: Scalmalloy properties in temperature. The yield strength is represented against the rising temperature. The data
provided here are an elaboration of the powder producer specification. The non linear behavior make the material optimum
range of operation between room temperature and 100°C.

areas with a reserve factor lower than 1.4. This figure is showing the principal stress of the component.

The analysis of principal stresses is usually implemented to show the tendency of a structural region to

be under compression or tension. The analysis, being capable of distinguish tension and compression

areas, can be determined if a failure induced by fatigue cracking could occur or not. Since the opening

mode I is the most common in crack growth mechanisms area below RF=1.5 are acceptable only if

the maximum principal is negative (compressive principal stress). This analysis will be the base for

the determination of the peening areas in the manufacturing process of the component as it will be

described in the following Chapter.

4.6. FINAL ASSESSMENT OF WEIGHT SAVING RESULTS

At the end of the simulation processes the two components are able to withstand the load prescribed

by the process and expected for their functionalities. The end result on the weight saving has shown

similar results to what the expectations were. On the RTWB bracket the final weight saving has been

of 116 g in respect of the original component. The weight saving of the rocker beam has to consider

the new attachments as well and is featuring 70 g for the component itself and 30 g for barrel nut and

anti-rotation device removal. Both weight reduction are included in the range of 7-10% reported in

Chapter 3, and the results are resumed in Table 4.1.

With the final stress assessment of the two components the content of Chapter 4 is complete. The
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Table 4.1: Car weight saving for the additive manufactured components.

Component Version SF70H AMed Components
RTWB bracket 1183 g 1067 g
Rocker beam 1144 g 1077 g
Component weight saving [%] 5.9% 9.8%
Total car weight saving [g] 67 232

two components have been modified and optimized to sustain the same load prescribed by the re-

quirements for racing components. In Chapter 5 the components will be analyzed in their production

process and how the different materials have been used to achieve the most suitable components for

the prescribed application.
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(a)

(b)

(c)

(d)

Figure 4.10: Final results of the finite element analysis on the Rocker Beam. In the first three figures final stress envelope is
shown. The last figure (Fig.4.10d) is representative of principal stress analysis done to deliberate regions with a RF lower than
1.5.
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MANUFACTURING OF SUSPENSION

COMPONENTS THROUGH ADDITIVE

MANUFACTURING TECHNIQUES

In the present Chapter the manufacturing processes for producing will be presented. In view of the

material differences and as well machine differences two independent production processes will be

shown. The production approach for AMed components has been seen in some parts of Chapter 2 but

can be resumed as follows:

• Raw production: the production of a semi-finished product is the part of the process in which

the advantages of additive manufacturing techniques can be exploited. This is substituting the

process conventionally represented by casting or by forging and has the benefits explained ear-

lier in this report.

• Heat treatment: for any metal component produced with AM techniques there is the need of

proceeding with a stress relief heat treatment. This heat treatment is used to remove internal

stresses and it can (but not always) be around the recrystallization temperature to achieve the

formation of new grains in the structure. For some alloys there might be the need of completing

an aging process to achieve the precipitation of second phases to strengthen the alloy.

• Support removal: after the heat treatment there is the need before proceeding with final ma-

chining to remove the extra structures used by the machine (but user defined) to support the

undercut geometries that might be present in the component, as presented for RTWB bracket

in Chapter 3. The process can be fully manual for aluminum alloys with low strength or aided

with mechanical and electro-mechanical tools. It is of fundamental importance that the support

removal process has the smallest possible impact on the surface quality of the product (ideally

zero).

97
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• Final machining: due to mechanical interfaces there is a need to process with a material re-

moval from the raw semi-finished product: tolerance fittings and linear dimensions are funda-

mental in the operating life of the component and as well the highest surface finishing can be

obtained only with conventional CNC machining. From the semi-finished product the presence

of extra material has to be provided for the proper removal of material and the machine, after

some basic operations (definition of planes or axes), through a best fitting process proceeds with

the final removal of the extra material.

• (Optional) Hot isostatic pressing: as presented in Section 2.5.3 this optional process requires

the component to face a pressure environment at elevated temperature to compact the micro-

pores that might be present. An analysis on this aspect of the process will be presented further

in the discussion related to the internal porosity of the rocker beam component. As stated in

the aforementioned section the presence of some defects can be solved while other inclusions

or gas containing porosity will not benefit from this treatment.

• (Optional) Surface finishing: surface finishing might be required by the fatigue life require-

ments of the component or because the presence of excessive surface defects is not acceptable.

Within the scope of the project different techniques have been implemented such as manual

mirror finishing, sandblasting and shot peening1.

In Fig. 5.1 the described process is presented in the form of a flow chart. It is worth to mention

that the surface finishing and the HIP procedure location in the process flow is not fixed. The optimal

option would be to do the treatments on the semi-finished product, avoiding the need of custom tools

for protection of the machined zones, but special needs in the process can modify the ideal order of

the manufacturing process2.

After this brief introduction, following the previous chapters structure, the two processes for the

manufacturing of the components will be presented while reporting the design information of con-

cern and peculiar aspects and differences of the two application with the intent of understanding the

material influence on the manufacturing process. As anticipated, the first section presents the pro-

duction process of the RTWB bracket in titanium while the second half of the Chapter is focusing on

the rocker beam production process.

5.1. DMLS MANUFACTURING OF THE RTWB BRACKET

The manufacturing of the RTWB bracket has been done at the Ferrari facilities in Maranello thanks to

the possibility of developing the component completely internally. The process definition has been

based on previous know-how and experience in 3D printing but with the need of establishing a robust

method of production, in order to minimize the production constraints and being able to homologate

1The shortage of time did not grant the chance of a proper investigation on the effect of each treatment on the mechanical
properties apart from a qualitative point of view. Furthermore, the need of customized processes for additive manufacturing
is still present as of today and the applicability of novel techniques (verbi gratia - laser shot peening) in combination with aM
might be one of the future need to achieve proper industrial implementation of this new manufacturing process.

2A quality assessment might be the reason for moving the treatment to the end of the process as presented in Fig. 5.1. Fur-
thermore the quality assessment might better be positioned in an intermediate position before machining processes but this
is depending on the type of control that is required (e.g.: the first article inspection might be done after print but all other
components might undergo only a final qualitative assessment ).
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Figure 5.1: Flow chart showing a possible manufacturing cycle for a additively manufactured component featuring a final qual-
ity assessment that make optional treatments to be done after a quality evaluation of the print component.

the process to become a feasible option to conventional machining of wrought product for structural

suspension components.
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5.1.1. DEFINITION OF PROCESSES FOR TITANIUM DMLS PRINTING

The production process is following the main process described in Section 5.1. The need of having

a reduced lead time and the material properties that were granted both by the normative and by the

internal characterization made the decision of not having an HIP process clear; still the temperature

at which the stress relief is done is higher than the average nucleation temperature and therefore the

material will undergo a certain degree of recrystallization: this is needed since the high residual stress

level would not grant sufficient mechanical properties. At the moment of the design release of the

components the possibility of specific surface treatment was limited. The first batch of production

was featuring two left components in order to produce a spare component for fatigue testing. On

those components the choice was to proceed with two internally available surface treatments to solve

the materials low quality external roughness. The production process is presented in Fig.5.2. For the

final testing on the 329-test bench the decision has been taken not to mirror finish the component

anymore since the sandblasting procedure has been judged to be able to provide a better uniformity

of the finishing3.

5.1.2. SURFACE FINISHING

As mentioned earlier, two different levels of surface finishing were selected for the first production

batch of the left components produced in order to be tested in a fatigue cycling test. The two dif-

ferent finishing processes were selected because of their limited complexity and internal availability.

The first component was prepared after support removal with a manual mirror finishing obtained by

removing the top layer of the semi-finished product with the aid of superfine sandpaper and water

(>2000 grit). On the contrary an automated process was selected for the finishing of the second com-

ponent: sandblasting. As resumed in the literature review, sandblasting is an industrial finishing tech-

nique that removes and homogenizes the surface of a (metallic) component by the interaction with

small particles (sand particles) used as projectiles. A limit of the technique is to suffer from shadow

effect of some peculiar geometries. The surface roughness reduction can be therefore achieved only

in the areas of the component that “see” directly the particles flow (the surface roughness remained

unaltered in most of the internal section). The result of a visual inspection of the components revealed

that both of the processes are unable to guarantee uniform and high quality on the surface roughness

of the component4. The final choice, due to the indication of high dependency of the operator effect

on the final mirror finished version, was to keep the production of the last two components for the

assembly fatigue testing with the sandblasting procedure only.

5.1.3. MACHINING PROCESS AND QUALITY ASSESSMENT

The machining areas that have been selecting for material removal can be identified by the dark red

color presented in Fig.4.4 in Chapter 4. The machining operative principle has been already presented

in the first section of the introduction to the present Chapter. The first area to be machined is the

lower attachment zone that defines the first planar reference. Then, the lower attachments are placed

to refer all the other features to those references in order to establish a proper functional distance

3Since the mirror finishing is a manual process the operator dependent result was evident in the analysis of the component as
reported in Section 5.1.2.

4It has to be noted that the mirror finishing process has followed the sandblasting which has been done on both components.
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Figure 5.2: Flow chart showing the production process of the RTWB bracket in Ti6Al4V.

between the various mechanical interfaces.

The quality assessment on the component did require two types of testing. The most important

has been the dimensional accuracy and location of the machined zones. The control has been done

with a standard Zeiss coordinate measuring machined on the basis of the engineering drawing. The

mechanical tensile testing of specimen from the same printout represented the second part of the

quality assessment. Since the machine tolerances and processes have been established during the

time of use and they are part of the company know-how it was judged sufficient to assess the quality

of the product under those two testing procedures.

5.2. MANUFACTURING OF THE ROCKER BEAM IN SCALMALLOY

The manufacturing process of the rocker beam due to strategical reason has been outsourced to one

of the company suppliers. The definition of agreement on the various processes required careful con-

sideration since it represented the first component made in this alloy that was not purely a material

specimen but a real component. In the following section the process is described, with particular fo-
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cus at the quality management of the component. The need of having a robust process of acceptance

and a proper evaluation of the process quality itself led to a series of adaptations in defining the quality

assessment that will be presented within the presentation of the quality results.

5.2.1. DEFINITION OF MANUFACTURING PROCESSES

As specified earlier, since the manufacturing process has never been used internally for producing

structural components, the choice has been on proceeding in agreement with the supplier with a

standard implementation of the print following the powder supplier indication. Therefore the process

would require a heat treatment for precipitation hardening and stress relief of the metal. The treating

temperature is set by the material specification to be at 325°C. At this temperature, as already seen for

titanium, the material would face some nucleation process that is going to induce a reduction of the

residual stresses by lowering the dislocation density with new grain nucleation. After the treatment,

since the quality of the surface was unknown5, a shot peening process was prescribed. After the shot

peening, the final machining takes place and is followed by the installation of the bearing bushings

(a strong interference fit). Due to the severity of the installation a further machining is needed to set

the correct tolerances for the subsequent bearing installation. The production process is graphically

represented in Fig. 5.3.

5.2.2. MATERIAL ASSESSMENT AND DEVELOPMENT OF A QUALITY PROCESS FOR SCAL-

MALLOY PRODUCED COMPONENTS

Simultaneously with the definition of the manufacturing process it was evident that both material and

the component needed to be assessed though a quality assessment. Particularly the material proper-

ties were to be tested at room temperature and at high temperature. Furthermore, the strategical

advantage of developing a robust production and quality process lies in the possibility to freeze the

manufacturing processes concerning hatch spacing, input energy, scan speed, layer thickness and a

long series of machine parameters to ensure the future production would retain quality levels high.

Therefore, to fully characterize the material a series of destructive and non destructive testing ap-

proach has been defined. The strategy of control operated in two different directions: first to func-

tionally classify the material a series of mechanical testing campaign at room temperature and at high

temperature (150°C) has been set up; secondly, to classify the quality of the print set up a series of con-

trols were prescribed such as a micrography density measurements and the analysis of defects as well

as a micro-hardness measurement. For the component itself the quality process was approached to

guarantee both the dimensional accuracy on the semi-finished product and the controlled presence

of defects in the product 6.

Final agreement with the supplier was found in applying a FAI7 able to quantify the quality of the

process and to have reliable data on both the material and the component itself. The FAI layout has

regarded the following aspect:

• Process Characterization: in order to access the process quality the implementation of two

5The reported quality by the powder supplier (AP Works) for Ra values is at a level of Ra10.
6A list of the most common defects has been presented in the literature review section: gas induced porosity, process induced

porosity and lack of fusion.
7First Article Inspection.
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Figure 5.3: Flow chart showing the production process of the rocker beam in Scalmalloy.

kinds of measurements was prescribed. The first is a porosity level assessment done by the

analysis of micrography images. This has to be done on the broken specimens from the tensile

testing. As well in this testing procedure the characterization of the porosity defects has to be

assessed. The maximum defect for each specimen has to be reported and measured. To prove

the effectiveness of the heat treatment (precipitation hardening) a micro-hardening test has

to be provided. All present tests were to be performed on the same print of the rocker beam

component (in the same machine job).

• Mechanical behavior of Scalmalloy: a dedicated job to access mechanical properties for Scal-

malloy has been defined. The production of six specimens is prescribed with six back up spec-

imens in case of unsatisfactory or debatable testing results. The specimen for tensile testing

are round specimens of characteristic slimness ratio of 1D to 6D for the reduced section with

D=6mm following the prescriptions of the ASTM normative E8M[85]. A taper is prescribed to

promote localization of plasticity in the mid section (strain-gauged). The taper is described on

the measure of two small cylindrical sections of the reduced section of the specimen. The re-

duction required, which is based on the quality assessment of other high strength aluminum
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alloys that might show poor elongation, is of 0.02 mm in respect of the measured sections. The

orientation of the specimen has to be Z, XY and XYZ following the definition of ASTM F2921. Fol-

lowing the mentioned specification, the plane of printing is described by the X and Y axes. The

Z-direction is referred at the printing direction intended as the direction on which subsequent

layers are deposited.

• Component quality: for each produced components there is the request to provide after the

print and the heat treatment a CTScan measurement with a 3D scan of the external surfaces as

well. The CTScan (Tomography) is prescribed to find internal pores and defects on the struc-

ture while the external 3D laser scan is done to assess the dimensional accuracy of the print:

the detection limit for the tomography is reputed to be around 0.2 mm for round defects. For

each print there is the need to mechanically test the tensile properties by the mean of three

cylindrical tensile specimen as the ones described earlier with orientation in Z, XY and XYZ. The

component is prescribed to be tested by liquid penetrant inspection to access surface defects

(linear indication of cracks or excessive superficial porosity); this test has to be performed be-

fore any machining operation. Finally the component has to be tested for residual stresses with

XRD techniques8.

The quality process is reported graphically by the scheme presented in Fig. 5.4. The definition

of a FAI in the acceptance of outsourced components is useful for a number of reasons: it allows

the receiving organization to benchmark the quality of the process; it enables the supply of multiple

components with fewer total tests for each production batch; reduces the possibility of producing

rejectable parts if the quality process is carried out on the first component of the batch. The intent of

the present FAI is the chance of blocking a novel process once it has been successfully characterized

and keep the machine settings constant for the production of any other component in Scalmalloy. The

characterization of the temperature behavior of the alloy will be as well the basis for a proper material

characterization. The natural future request would be a fatigue characterization of the material.

Establishing the quality of the process required integration of the know-how of the company com-

bined with the process know-how of the supplier and based on the results of the first data of the

prescribed test some modifications where needed in order to properly set up a robust controlling

method. Furthermore, the absence of any established acceptability criterion (no specific normative

exists nowadays on this particular process and therefore is treated as a special process) led to the

definition of an internal specification for additive manufacturing in Scalmalloy. As well, as will be pre-

sented in the presentation of the quality results for the rocker beam, the presence of certain defects in

some of the tests has required supplemental assessment on the quality process to enable the positive

outcome of the project.

The definition of the quality process for the Scalmalloy component ends the arguments presented

in Chapter 5. The various results in terms of tensile performances, defectivity and the rest of the

required testing are presented in Chapter 6.

8Due to the peculiarities of the process (3D printing, shot peening and high interference fittings) the residual stresses expected
are high and they need careful consideration to access the process feasibility on the finalized component.
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Figure 5.4: Flow chart presenting the different parts of the quality process for the incoming Scalmalloy component. This control
represent the implementation of the FAI for this specific process.





6
RESULTS OF FINAL COMPONENT

TESTING AND QUALITY ASSESSMENT

Starting from the processes described in Chapter 5 regarding the production of the two components,

in the present chapter the results from the quality assessment and mechanical and structural charac-

terization will be presented. The discussion is developed following the usual reporting scheme used

for the previous sections. The outline is split in two: the first section deals with the material charac-

terization in static testing and in quality assessment while the second half reports the fatigue testing

results for the two components.

6.1. TITANIUM TESTING RESULTS

The company know-how in treating titanium alloys is strongly developed due to the high merit of spe-

cific properties that titanium has regarding the requirements of metal racing components. Therefore,

as prescribed in Chapter 5, the number of tests for quality assessment has been reduced to the mini-

mum possible in order to achieve the correctness of the process while reducing the lead time for the

component and the added costs of extra controls. The results are presented in the form of mechanical

testing and the machining dimensional quality of the RTWB bracket.

6.1.1. TI6AL4V - TENSILE TESTING

The metallurgical testing history of titanium alloys is well established for Ti6Al4V in the case of both

wrought products and additively manufactured components. The tensile specimen properties mea-

sured in the present project originate from cylindrical specimens printed alongside the Z-direction

(coherently with the ASTM specification this is considered to be the printing layering direction). The

characterization and machining has been performed internally. The tensile properties are reflecting

the amount of established data on this material-machine-processing parameters combination. The

ASTM 4999A norm is prescribing the minimum values for elongation, tensile strength and yield stress

107
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limit for the mentioned alloy. Specifically the average values of the tested specimens are: UTS and YS

respectively at 1050 and 1020 MPa. The elongation at break registered is 13% with a Young modulus

averaging 107 GPa. The fracture surfaces show the indication of typical ductile fracture with slip plane

oriented approximately at 45° with respect to the applied load direction.

6.1.2. QUALITY ASSESSMENT - DIMENSIONAL ACCURACY

The quality assessment for the RTWB bracket is represented by the functional measurements of the

machined features: to grant the perfect ability of the component to be assembled in the rear suspen-

sion assembly the machining tolerances have to be within the specified limits. Since the machining

settings are able to reproduce true positions disregarding the surface tolerances derived from the addi-

tive manufacturing processes the functionality of the component is granted even if there is no perfect

match between the semi-finished surfaces and the CAD ideal geometry.The machining indications

are reported for the tolerated holes in the form of a report done during the Zeiss 3D measurement

control procedure. A representative image of one of the typical measurements is reported in Fig.6.1.

The reported measure shows a tolerance of +/-0.001 mm and represents a high level of coherence with

the engineering drawing. Similarly, the majority of the component tolerances were respected and the

component was considered ready for fatigue testing without any further machining required.

Figure 6.1: Planarity check report on the lower attachments plane of the RTWB bracket. The plane is partially visible in Fig.4.3.
The planarity check reports a maximum deviation of+/- 0.001 mm, perfectly matching the designer requests. For the mea-
surement the machine takes four reference points on the surface of the four attachments: in the engineering drawing it has
been prescribed to machine the plane in analysis in one single operation; this process is able to grant small oscillations in the
planarity between the four features and therefore can ensure a perfect fit on the upright geometry.

6.2. SCALMALLOY TESTING RESULTS

The testing required for homologating a component produced in a novel material is much more ex-

tended than the process required for the RTWB bracket produced in DMLS titanium. The results are

presented following the prescribed logical sequence presented in Chapter 5 for the quality assessment:

the first section regards the basic mechanical properties of the material; secondly the process quality

is addressed in a dedicated section; finally the component quality is analyzed in the last section of

this first half of this chapter. Due to the limited time between the bench test and the reception of the
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component the XRD testing for assessing the residual stresses has been aborted.

6.2.1. MECHANICAL TESTING - TENSILE TESTING AND HARDNESS MEASUREMENTS

As mentioned in the description of the manufacturing processes, the mechanical testing of the pro-

duced metal required three different stages of testing: the tensile testing at room temperature, the

tensile test at high temperature (150°C) and the hardness test. The tests are presented in the men-

tioned order starting from the results of the tensile testing at room temperature.

TENSILE TESTING - ROOM TEMPERATURE RESULTS

The tensile specimens machining and testing has been carried out at a certified outsourced laboratory

since the testing task was part of the job definition of the external supplier1.

The specimens were requested to be machined in the prescribed geometry with a tapered reduc-

tion of the central section. Due to some misunderstandings between the supplier and the laboratory

the final geometry did not comply with the geometrical constraints given and this resulted in the fail-

ure localized out of the gauge lengthfor half of the specimens (3 out of 6). In Fig.6.2 the fractured

specimens are presented. The direction of the specimens has been described earlier in Chapter 5 but

is here reported for better understanding of the results; of the six specimen two have been printed in

the XY direction (laying on the building platform), two in the Z direction (printing vertical axis) and the

last remaining in the XYZ direction and therefore with a 45° angle between the printing direction and

the specimen axis. Generally speaking, additive manufacturing of metal alloys gives rise, depending

on the technology involved, to some anisotropy of the material properties: due to the thermal history

the components are usually less ductile and less strong alongside the Z-axis because of microstructure

banding phenomenon.

The banding phenomenon is related to the layering process through which an AMed component

is built up. Since the energy application is consequently applied onto a single growing direction the

in plane (related to the printing plane) section of the material are exhibiting a uniform structure origi-

nated by each layering section while the material analyzed alongside the Z-axis (the printing direction)

is usually characterized red by subsequent remelting (or partial remelting) of the applied powder ma-

terial. Due to this specific behavior in some occasions, for specific combination of material and cool-

ing rate some element can segregate during the solidification process and therefore origine a banded

microstructure. Furtermore the banding can be combined with the layering effect in AM produced

component reducing the properties of the material considerably along the Z-axis. Especially in DED-

AM techniques the banding phenomenon is present and is considered to be the cause of the poor

elongation and strength in this specific orientation.

This effect has been observed by a variety of materials and processing techniques and imple-

mented as well in the AMS specification regarding minimum strength level for titanium alloys 2. Aside

from this, the other characterizing direction is the XYZ direction which carries usually a strong layer-

ing behavior, intrinsically related to the production techniques, although the presence of machining

operations removes any trace of this in the final version of the specimen3.

1The laboratory used for tensile testing and for the CTScan tomography is Tec-Eurolab. Their references can be found on the
website reported in [86].

2The specification recalled here is the AMS4999A; crf. [78]
3A proper fatigue characterization campaign would be the logical conclusion to understand the phenomenon of layering and
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A first comment related to the presentation of the broken specimens regards the fracture surface.

The resolved stress to cause ductile failure in tensile testing suggests the presence of 45° angle between

the two halves of each specimen and the tensile load direction. This is originated by the simple ten-

sile failure criterion with the determination of the Schmid parameter for the slip angle of the slipping

planes. If the fracture behavior does not involve ductile slipping of the central section but the influ-

ence of other phenomena is driving the fracture, the corresponding surfaces might present different

orientations.

Figure 6.2: First batch of Scalmalloy tensile specimens after room temperature tensile testing. The fracture surfaces are not in
line with the gauge length sections. This problem can be tracked back to the poor ductility of the material in combination with
the loose tolerances on the geometry of the specimens not made with agreement to the specifications.

Of the presented specimens, 3 out of 6 specimens clearly show a fracture plane lying around the

prescribed slip plane direction. On the other three the indication is unclear and therefore there is the

need of investigating whether or not the influence of a excessively defective structure was involved in

the fracture propagation.

Figure 6.3: Tensile results of the first batch of specimens. The naming style for the specimen has been kept as from Fig.6.2

The tensile properties of the six specimens have been reported in Fig. 6.3. The results are showing

an average YS of 477 MPa (max 488 MPa, min 459 MPa) and UTS of 494 MPa (max 513 MPa, min 466

surface behavior with respect of the different as-built surfaces finishing related to the printing direction and as well to address
the influence of certain technological treatments on the material (for both thermal treatments - hipping - and surface finishing
- laser and shot peening) fatigue properties.
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MPa) if all specimens are considered. The respective average elongation at break for the specimens

is 5.4% (max 14%, min 0.8%) and the average registered Young modulus is 73 GPa. If only the broken

specimens with a correct fracture (inside the gague length) are considered (1-XY, 3-XYZ and 4-XY), the

YS and UTS achieve 485 MPa and 511 MPa respectively. The elongation shows a consistent improve-

ment averaging on those three specimen 9.8% with a standard deviation that varies from 4.9% for the

six specimens to 3.0 %. It is worth to mention that, for what is indicated in the specification for tensile

testing of metallic material 4, the results coming from specimens broken out of the gauge lengthof the

reduced section should not be considered5.

The second batch of testing specimens was part of the work performed in the definition of the high

temperature properties. Those specimens have been built in the same directions as previously indi-

cated and they represent a second testing of tensile properties at room temperature. To avoid issues

with the reduced ductility of the specimens the required tolerances were required on this specimens

with explicit agreement between the supplier and the laboratory on the author’s request. The broken

specimens are reported in Fig.6.4 while the results are presented in Fig.6.5.

Figure 6.4: Second batch of Scalmalloy tensile specimens after room temperature tensile test. The fracture surfaces of 5 out of 6
specimens are in line with the gauge lengthsection. Still the elongation registered did not meet the level that should be achieved
as reported in the powder producer specification.

At first sight the quality of the machining is clearly superior to the previous batch, a positive indi-

cation that more refined tooling was used in the definition of final dimensions on the six specimens.

The fracture surfaces presented by the six specimens do not give an unambiguous indication of the

style of fracture of the material: at a closer visual inspection the fracture surfaces seem to not be show-

ing a clear slip plane. The presence of small imperfections is evident at a naked eye but microscopy

imaging would be needed to properly assess the fracture plane appearance. In 5 out of 6 cases the

specimen has been broken in the central gauge section. One of the Z-aligned specimens of the batch

did not meet the requirements of necking inside the controlled section. All other specimens at a visual

inspection do show an inclined slip plane that is an indication of the ductile phenomenon leading to

4cfr. ASTM E8M.
5This is related to the fact that the measurements from the machine linear actuators does not represents precisely the real axial

deformation of the specimen.
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the fracture occurrence. The results show values which are similar to the reported characteristics for

the first production batch. Here all results are evaluated together since only one of them broke out

of the measuring section. The average YS is at 480 MPa (max 492 MPa, min 468 MPa in Z) and 506

MPa for the UTS (max 512 MPa, min 500 MPa). The average elongation sets at 2.9% showing a consis-

tent reduction with respect of the previous measurements and the Young modulus reaches an average

value of 82.3 GPa with an increase of almost 9 GPa6. Between the two batches the standard deviation

in the results of stress level passed (evaluated both times on the whole six specimens) from 19 and 10

MPa, respectively for UTS and for YS, to 4.8 and 8.8 MPa showing an improved measuring probably

granted by the better tolerances ensured on those components.

Figure 6.5: Tensile results of the second batch of specimens produced for high temperature testing. The results are shown in the
same order as taken from the picture representing the broken samples. The average YS is registered at 480 MPa while the UTS
reports an average of 506 MPa.

TENSILE TESTING - HIGH TEMPERATURE RESULTS

In the aforementioned process of characterizing the material properties at elevated temperatures, a

high temperature tensile testing of specimens from a dedicated job7 was prescribed in accordance

with ASTM E21-09 [87] with the supplier. As for the previous testing procedure a total of six specimen

has been produced with the presented directional orientations with respect to the printing axis (XY, Z

and XYZ). Afterwards, the specimens have been tested at a temperature of 150°C. The recorded results

will be compared with results from internal references and as well will be verified against the powder

manufacturer specification which is the official reference for the material properties.

As for the second batch of specimen dedicated to room temperature testing the tensile specimens

were checked for tolerances in order to have a machined central section reduced by 0.02mm with re-

spect of the nominal diameter measured at the reduced section extremities near the fillets leading to

the clamping heads. Further discussion on the proper specimen preparation and measuring tech-

niques for poorly ductile materials is presented in Chapter 7. The broken specimens are shown in Fig.

6.6. The fracture surfaces are located in the measured and gauge section. Three of them are located

near the indication made for the installation of the measuring device (indicated in the picture as spec-

6This apparently higher result has to be the object of further investigation since the raw data of the testing were not available
for the analysis.

7In the industrial practice it is common to refer different orders as job; in this specific case the dedicated job refers to the
implementation of a dedicated print for the specimens to be tested at high temperature.
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imens 01 - 02 - 06). An interaction between the indentation needed for the installation of the gauge

and the presence of defects in the region has to be investigated. The elongation of those specimens (as

reported in Fig.6.7) is not suggesting any influence and a visual inspection of the surfaces is needed.

Figure 6.6: Second batch of Scalmalloy tensile specimens produced for high temperature testing. The fracture surfaces are in
line with the gauge lengthsection. The superior machining and the enhanced plastic behavior at high temperature made the
measure more stable. Still one specimen has shown a brittle behavior (3-z).

For the high temperature tested samples the average YS is 344 MPa while the UTS reaches a value of

367 MPa. The maximum values for YS and UTS are 351 MPa and 377 MPa respectively while the min-

ima were registered at 335 and 357 MPa respectively. The increment of elongation due to the higher

temperature level has shown an average E-4D of 8.6% with a maximum value of 16% (3-xy specimen)

and a lowest of 1% (3-z specimen). The standard deviation of the measurements, representing the

variance in the registered values, is 4.8%. The Young modulus averages a value of 61 GPa with a reduc-

tion of circa 17% on the first room temperature measurements average8.

Figure 6.7: Tensile results of the second part of the batch of specimens tested at high temperature. The results are shown in the
same order as taken from the picture representing the broken samples.

The obtained values for stress levels (YS and UTS) are superior to the ones described in Fig.4.9.

The presented tensile properties will be compared in Chapter 7 with other sources and references

8The comparison has been done with the first measuring batch since the values of 83 GPa presented as the second average is
not in strong agreement with literature and other sources.
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Table 6.1: Hardness test results coming from a 2x2x2 [cm] cube from the same print of the component.

Hardness Vickers
163 HV

161 HV

162 HV

to properly a if the provided material and process is targeting the powder specifications and other

benchmarking results.

HARDNESS TEST

Three hardness tests were performed on a dedicated cubic specimen. The usefulness of the hardness

test is to check if the heat treatment has given rise to precipitation hardening effect and might be a

quick and cost-effective method to assess the process and heat treatment ability to achieve sufficient

strength level. As one of the other hardening measurements9, the Vickers hardness test involves the

presence of an indenter that with an applied load will leave an indentation on the metal specimen.

The conversion from the size of the trace and the hardness values is simply computed by measuring,

with the aid of optical microscopy, the average of the two diagonal lengths. The Vickers formula is

based on the angle of the indenter and has to reconstruct the penetration depth to achieve a relation

between the applied force and the indentation area. Generally the formula reads as follows:

HV = 2F si n(136/2)

d 2 (6.1)

and therefore it approximates to:

HV = 1.854F

d 2 (6.2)

with intending F the load axially applied to the indentator, with d the diagonal of the indentation

as measured by optical microscopy and reporting the result in Vickers points (HV ) The tested sample

results are reported in Table 6.1. The average value is of HV =162.

The results of the hardness test conclude the section of mechanical testing results. In the next sec-

tion the process quality will be addressed by means of density evaluations and micrography analysis.

6.2.2. PROCESS QUALITY ASSESSMENT - OPTICAL MICROSCOPY: DEFECTS CHARACTER-

IZATION AND DENSITY MEASUREMENTS.

In order to establish the quality level of the process of additive manufacturing, in agreement with

the supplier a series of tests have been conducted: the density was identified by the use of optical

microscopy analysis. Also the defects characterization was developed in the same context. The biggest

defects have been recorded for the five sampling areas taken on the section of the six specimen heads.

DENSITY OF SCALMALLOY AND DEFECTS

The density has been measured, as mentioned earlier, in five positions for each of the tensile test

specimen head sections considered. The results are summarized in Table 6.2. The results are the six

measurements taken with the standard deviation of the five measurements inside each specimen. The

highest value has been registered at 99.8% for both Z and XYZ specimens.

9E.g.: Rockwell or Brinnell tests.
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Table 6.2: Density for the printed specimen calculated by optical microscopy. For each of the six section five measurements
were taken: the reported results are the average with the standard deviation of the five measurements within a section.

Specimen Density [%] StdDev [%]
1-xy 98.8 1.66
2-z 99.7 0.13
3-xyz 99.8 0.06
4-xy 99.5 0.24
5-z 99.8 0.13
6-xyz 98.4 2.06

In Fig.6.8 a graphical interpretation of the tabular results presented in Table 6.2 is given. The lowest

average density was found in the second XYZ oriented specimen. The lower material density reveals

a higher density of defects present in the analyzed specimen. The kinds of defects detected by the

optical microscopy are mainly two: gas induced porosity and process induced porosity as they can be

detected in the reported images.

Figure 6.8: Density against specimens orientation. As it can be seen there is no clear relation between these two characteristics.
The average density as it will be further explained in Chapter 7 is showing some low values that are rating below 99.5%. The
defect level responsible for the low density seems to be related with the lack of fusion during the laser scan of the powder.

In Fig.6.9 six micrography sections are reported with Scalmalloy specimen heads cut along the

specimen axis. The presented images are originated by the analysis of the first XY oriented specimen,

by the XYZ (Fig.6.9c and Fig.6.9d) and Z (Fig.6.9e and Fig.6.9f) oriented specimens. The average den-

sity of the XY specimen was computed to be 98.8% and therefore the level of defects present is rather

high for this specific orientation. More specifically we can see in Fig.6.9a a typical example of horizon-

tal lack of fusion, a process induce defect specific of additive manufacturing. In the subsequent image

presented in Fig.6.9c the same kind of defects are oriented by an angle of about 45° indicating, possi-

bly, the presence of the same defects. Since the horizontal lack of fusion is present in the XY plane a

section along the XYZ would presednt indeed an inclined defect at around 45°. This is somewhat re-

flected as well in the Z-axis specimen in which the defects seem to be relatively long but very limited in

height. The biggest characteristic dimension of those lack of fusion aligned in the horizontal (printing

plane) XY plane is in the range of 0.5-0.7 mm. The dimension of the average gas induced porosity is
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around 0.1mm or 0.2 mm: an example of such defect can be seen in the mid-ground of Fig.6.9b. The

presence of the horizontal lack of fusion is evident analyzing the corresponding defects on the differ-

ently oriented sample: the long defects in Z (Fig.6.9e and Fig.6.9f) show a very small height and the

same defects are oriented approximately on a 45° direction in the XYZ samples (Fig.6.9c and Fig.6.9d).

More analysis on the defects present in those microscopic analysis is presented in Chapter 7.

(a) (b)

(c) (d)

(e) (f)

Figure 6.9: Microscopy comparison between Scalmalloy tensile specimen sections produced by laser cusing: the direction of
the first two images show an XY specimen (Fig.6.9a and Fig.6.9b); Fig.6.9c and Fig.6.9d are relative to an XYZ specimen while
the final images (Fig.6.9e and Fig.6.9f) are relative to a specimen printed in the Z direction. Since the specimens have not been
etched the black color represent the material porosity.
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6.2.3. COMPONENT QUALITY ASSESSMENT - NDT: TOMOGRAPHY, LPI AND 3D LASER

SCAN

Having assessed the product quality with defect level and density by means of optical microscopy

analysis, it is important to check the defects present in the component itself with the aid of non de-

structive techniques (NDT). On the semi-finished product three controlling techniques were required

in agreement with the supplier as stated in Chapter 5: CT Scan tomography, 3D laser scan and Liquid

Penetrant Inspection (LPI). The most relevant results indicative of the component quality are resumed

in the present section.

CT SCAN AND 3D LASER SCAN RESULTS

The 3D laser scan gives an indication of the differences between the semi-finished product and the

ideal CAD geometry. In the analysis multiple surfaces are analyzed and a distribution curve is elabo-

rated by the software which gives an indication of the offset present between the CAD geometries and

the measured points. The comparison reported in Fig.6.10a an in Fig.6.10b show the actual differences

between the real component and the ideal CAD geometry. Two comparison sections are reported in

Fig.6.11. As it is clear from the indicated images, the difference can range from some cents of mm to

few tenths of a mm but some surfaces are offset by almost 1 mm.

(a) (b)

Figure 6.10: CAD comparison between the ideal semi-finished product and the 3D scan laser results: generic outer surface of
the component. In blue the ideal CAD geometry is reported while in light brown the 3D laser scan results are compared. A
general tendency of material lacking in specific orientation can be noted but most of the times this shift did not influenced the
resisting sections.

(a) (b)

Figure 6.11: CAD comparison between the ideal semi-finished product and the 3D scan laser results (in transparent blue the
CAD geometry while in light brown the results from the 3D scan): section of the bearing housings. Some drift in the accuracy is
present and might be related to a certain affinity of the process to deform the component with respect of the printing direction.
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In order to address numerically the differences in terms of dimensional accuracy of the compo-

nent the cumulative curve and the statistical distribution of the measures are reported in Fig.6.12.

The maximum values are in the order of 1 mm of negative offset and around 0.65 mm for surfaces

measured in excess of the ideal CAD geometry. The tendency of showing zones where material is

lacking requires consideration on the strength limited section as presented by the FEM analysis.

(a)

(b)

Figure 6.12: Distribution of offset measures between CAD geometry (Fig.6.12a) and their cumulated curve (Fig.6.12b): 90% of
the measured points are within +/- 0.3 mm (the X-axis is showing here the absolute deviation). In Fig.6.12a the number of
measured surfaces on the Y axis is plotted against the relative deviation from the ideal CAD geometry. As specified, it is clear
that exists a tendency toward a negative offset from the CAD surfaces of the real geometry. Furthermore, the maximum values
are around 1 mm for negative measurements and of 0.65 for positive measurements.

After the 3D laser scan the component was subjected to CTScan tomography: with this NDT tech-

nique is possible to access the internal material of the structure and analyze the presence of defects

such as big porosities or lack-of-fusion defects. All defects where analyzed in two section to under-

stand the aspect ratio of each of them; the five more consistent defects are reported in Table 6.3. The

most concerning defect is the one reported as #4. The characteristic dimensions are about 1x0.7 mm2.

The presence of such defects was the reason to reconsider the quality process of acceptability in order

to properly control the defects in the different areas of an AMed component.
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Table 6.3: Five biggest defects detected by the tomography analysis: the reported dimensions represent the major axes of each
defect on two perpendicular sections (longitudinal and transverse)

Defect L1 [mm] L2 [mm]
1 0.43 0.58
2 0.36 0.83
3 0.55 0.62
4 1.02 0.66
5 0.42 0.63

LIQUID PENETRANT INSPECTION

As an intermediate step in the qualification process of the component the control of LPI was a logical

step in the process of volumetric defect controls (CTScan and 3D laser scan). The process requires the

implementation of a specific fluid on the component that is afterwards removed with various tech-

niques. The removal of the excessive dye penetrant fluid10 is not removing the fluid from the surface

cavities and pores. By analyzing the component under ultra-violet light the fluorescence of the fluid

results evident and therefore pores, cavities and cracks are highlighted. The results from the first DPI

analysis are presented in Fig.6.13. In Fig.6.13a the general geometry is presented while in Fig.6.13b the

presence of a linear indication can be seen in the bottom of the bearing housing.

The same situation is shown in Fig.6.13c regarding the other bearing housing. A similar indica-

tion was already present in the 3D laser scan analysis as documents Fig.6.13d. The region of interest

presents 2 mm of exceeding material for machining reasons as illustrated in the process definition

in Chapter 5. By visual inspection the defect was already evident as reported by the two pictures in

Fig.6.13e and in Fig.6.13f. The geometrical discontinuity of the defect is not clearly visible with LPI

and an investigation with X-ray technique would be required to specifically address the dimension of

the crack/absence of material.

10The technique is sometimes called dye penetrant inspection -DPI.
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(a) (b)

(c)

(d)

(e) (f)

Figure 6.13: Results from the first liquid penetrant inspection: the defective zone was present and even evident from the laser
scan (Fig.6.13d). In Fig.6.13a the whole geometry of the component is visible. In the last two images the defect is presented as it
can be seen by a visual inspection (Fig.6.13e and Fig.6.13f). The colours in the images representing the LPI testing reflect wether
or not the dye penetrant fluid remained after the removal procedure showing a clear flourescence (light green spots). On the
contrary clean surfaces remain of the reflected ultra-violet light (resulting in the violet-blue color in the presented images.)
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Still, even if the machining should be able to remove the presence of a linear indication the deci-

sion taken was to reassess this issue after the first machining process and after the re-machining of

the bushing once they have been interference fit on the rocker beam. On the LPI analysis are visible

also some open pores that were not corrected with the shot peening procedure.

6.2.4. ADDITIONAL TESTING RESULTS - LPI AND X-RAYS

The need of re-establishing a quality process led to the definition of a more intensive testing procedure

in order to address and analyze the problems emerged during the first part of NDT. As a result, in

agreement with the supplier, two extra LPI tests were decided and as well an X-ray inspection was set

up internally at the Ferrari foundry in Maranello. The results of this second set of testing are presented

in the present section.

LIQUID PENETRANT INSPECTION

As mentioned, two extra levels of liquid penetrant inspection were required respectively after ma-

chining and after the bushing installation and re-machining. The results of the second LPI analysis

are shown in Fig.6.14: the matte surfaces represent the machining areas. At a first look on the general

surface of the back of the component (as presented by Fig.6.14b) some open pores are evident as a re-

sult of the rough surface finish. On Fig.6.14a the top of the right bearing housing is presented and the

machining seems to have solved the linear indication even if it has exposed some pores that are now

open; still their dimension seems to be relatively small. Similarly, some exposed pores are present in

the machined surfaces in Fig.6.14d. The lower section of the bearing housing presented in Fig.6.14e is

showing what seems to be a linear crack initiation but the low quality of the picture does not permit a

proper evaluation. The final LPI indication might solve the issue but some concerns are still open on

this specific defect: the detection of a crack will be assessed with the X-ray imaging technique.

X-RAYS FOR DEFECT ALLOCATION AND CHARACTERIZATION

As a part of the novel quality process definition there has been the need of establishing a robust and

unambiguous method to define the defect level through the introduction of an analysis based on X-

ray technology. The X-ray procedure is the established method for grading the quality of aluminum

castings and has been seen by the author in agreement with the quality department as a robust bench-

mark in the characterization of defects since the perceived quality of CTScan images was regarded as

insufficient. The images were obtained through X-ray imaging for industrial analysis (as for analyzing

aluminum castings) and the beam power was set to 140 kV at 4 mA for an exposure time of 90 seconds

(for the rocker beam). As well the tensile specimens were tested to achieve the defective structure that

was responsible of the poor ductile behavior.

On the rocker beam image reported in Fig.6.16 it was not possible to track back the defects that

were recorded with the tomography. Due to the limited testing time there was the chance of having

only a frontal X-ray slab of the component. Still, a good portion of the component is shown at the

correct density to assess any defect of considerable size since the defect detection limit with this NDT

technique is around 0.1-0.2 mm. Further X-ray imaging is prescribed after the fatigue testing proce-

dure.

As for the rocker beam, also the image of the specimens in the digital format is not able to clearly
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(a)
(b)

(c)
(d)

(e) (f)

Figure 6.14: Results from the first of the two extra liquid penetrant inspections: the defective zones previously presented seem
to be without any linear indication on the machining surface. The comparison can be made by the two images presented in
Fig.6.13b and in Fig.6.13c with Fig.6.14a and Fig.6.14e. The linear indication presented by Fig.6.14e might be related not to a
crack but to the stick of some fluorescent liquid on the machined surface: the defect will be analyzed with X-ray imaging to solve
the concerns. In Fig.6.14c it can be seen how the machining of a porous material can expose some of the porosities that are
present in the component. The effect and presence of those defects should be analyzed in the acceptability of the component.

show the level of defects detected: the X-ray slab shows generally porous specimens. A part from dif-

fused porosity (of regular circular shape with a diameter around 0.2mm) the vast majority of the XY
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Figure 6.15: X-Ray imaging for two broken tensile specimens. The specimens analyzed are both from the second batch (respec-
tively in XY-direction and in Z-direction): the quality of the picture is not high enough to show the interesting defects; the X-ray
slab was showing defects oriented alongside the printing direction (horizontal lack of fusion) that have been characterized by
the use of a specific software application. The small yellow circle reports one of the measured defects having a characteristic
shape of 0.25 mm. The tested specimen are the 1XY and 2Z from the first batch of room temperature tensile testing.

specimen shows long defects approximately aligned with the specimen axis. The same defects are

present on the Z specimen but their section is very limited in height: the characteristic dimension

shows what is usually called (as specified in the micrography analysis) a diffusive presence of hori-

zontal lack of fusion.

6.3. FATIGUE BENCH TESTING - RTWB BRACKET

As part of the homologation process for the implementation of new manufacturing technologies into

engineering practice for the design of structural components, the need of a full component fatigue

testing was considered still fundamental in proving the technological functionality of additive man-

ufacturing. From a strategic point of view, since the machine counterpart has been similarly tested,

such testing set up was requiring low effort and therefore has been granted to properly assess the

mechanical properties of the produced alloy. The original testing procedure was developed to be rep-

resentative of only one loading condition -maximum cornering- and represented the starting point for

the definition of the other load cases. Since the braking conditions were regarded as well as the most

stressing FEM-simulated load case a second set up has been developed in order to test this condition

as well. In the next section the testing procedure and results are briefly reported.
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Figure 6.16: X-ray image of the rocker beam: the reduced digital quality does not give proper relevance to the revealed defects:
their magnitude appear to be reduced with respect of the defects detected by the CTScan tomography. With the aid of the dedi-
cated software is possible to reach identification of defects in the order of 0.1-0.2 mm. Two indicated defects are representative
of the porosity level found in the structure.

6.3.1. FATIGUE TESTING CYCLE

As mentioned in the introduction of the present section, the fatigue testing has been set up in order

to simulate on the test bench the two most limiting load cases prescribed for the RTWB bracket: the

maximum cornering condition and the maximum braking condition. The second case is reported in

Fig.6.17: the bracket mounted on a dummy upright simulating the real load condition and direction.

The load application is done through a steel ball joint which is either in direct contact with the linear

machine with an hertzian contact (maximum cornering load) or with a tooling-rod replicating the

assembly of the ball joint on the car RTWB (maximum braking condition). To prevent the rod coming

loose from the steel ball joint the prescribed assembly features a small threated detail tighten up with

the aid of some Loctite.

The test itself is composed of two parts: the first half of the testing procedure represents the ho-

mologation of the component; the second (optional) part of testing is a second proof for the real eval-

uation of the fatigue properties of the component and it is aimed to see if increasing considerably the

level of load, while remaining at the limit of the design limit, the component would fail. To optimize

the mounting sequence the test is organized as presented in Fig.6.18. The homologation regards the

first four load applications on the component, namely: two fatigue cycles for both load configuration

(at 85% of the design load) for 45000 cycles (one season average equivalent) and two strength checks

of 10 cycles at 100% of the design load. After the homologation test, and the requalification of the
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Figure 6.17: Installed set up for maximum braking condition tests: the component has to be positioned along the force axis
coming from the simulation results and for doing so the related tooling is presented in its final assembly. The component is
tested for both braking and cornering load cases.

component, the cycle prescribes a second cycle of fatigue evaluation in order to assess how close to

the nominal fatigue properties the component can withstand. This second cycle (as represented in

the last two bars on the graph presented in Fig.6.18) is made up of two load applications: the first is

a strength check at 150% of the design load while the second is a fatigue cycle at 100% of the design

load.

Both components, with different surface finishings, were set to undergo this cycle and no differ-

ences were found in the component conditions at the end of the tests. As well the mechanical test

shown the same stiffness of the component as compared to the current version - the machined coun-

terpart - which represents one more degree of agreement between the design work on the camber

stiffness and the actual stiffness of the real component.

6.3.2. REQUALIFICATION OF THE BRACKET DURING AND AFTER TESTING

A requalification procedure is fundamental to establish if the fatigue load application has been posi-

tively passed in order to move in the testing procedure to the subsequent load cases. For the specific

case of the bracket two different testing procedures were requested: first an LPI inspection in order to

assess the presence of superifical cracks. Secondly, in order to assess the presence of local yield the

component was prescribed to undertake a dimensional check on the attachment geometrical features

(a coordinate check was considered too time consuming for establishing the relative position of me-

chanical features). Each of those two tests have been requested after every load application in order

to detect at which stage of the testing routine the component would have failed.

As a result of the testing and requalification of the two brackets both have passed the homologa-
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Figure 6.18: Graph presenting the set up fatigue cycle. On the bottom table are reported the number of cycles and the relative
load for each step on the fatigue process indicated in newton. The first four load applications are representative of the ho-
mologating procedure while the last two strength and fatigue proof are extra load steps for proving the limit of the mechanical
properties of the component.

tion requested and the project was successful. Regarding the second part of the testing, as well both

components passed the requalification procedure and are considered to be ready for further testing.

The possibility of running the test internally within the company facilities and the component being

produced completely with the company know how represents the readiness of the whole process to

be applied at structural component of the car as it will be further discussed in the following chapters.

6.4. FINAL FATIGUE TESTING OF AMED SUSPENSION COMPONENTS

In order to assess the rocker beam component fatigue properties it was not possible to set up a single

component bench test: because of geometrical reasons and different functionalities of the compo-

nent - such as the ten bearing housings - the only way to properly stress the component is a simulation

bench with the whole rear mounted suspension. For such test the market benchmark equipment is

represented by the MTS-329 multiaxial road simulator bench. The test is carried out with the exter-

nal gearbox mounted with the whole inboard and outboard suspension component but without the

aerodynamics fairings. The test is considered the top level technology for testing suspension system

without the presence of the chassis11.

6.4.1. MTS - 329 - MULTIAXIAL SPINDLE-COUPLED ROAD SIMULATOR TEST BENCH

FOR SUSPENSION SYSTEMS

In the present section the testing set up will be briefly described in order to properly present the origin

of applied loads on the produced components. An example of the machine used in the testing is pre-

sented in Fig.6.19: half of the installation is presented and the housing for the spindle (the wheel hub)

is clearly visible. Being a six-degree of freedom system it can apply different forces and torques. The

system is hydraulically operated by six actuators through controlling units and is aimed to reproduce

the load application that a suspension system is designed to carry. The load capabilities represent

the following cases: vertical forces (bump and rebound), lateral forces (coming from the cornering

11For such tests the apparatus needed is a bench able to sustain the car weight and to apply the loads directly at the tires contact
patch. The machine able to carry similar test is the 7-post testing rig. An example about a 7-post rig for a Chevy Racing car is
presented in [88].
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forces) and longitudinal forces (acceleration). Furthermore, the system can provide braking and driv-

ing torque for the full representation of loads. The presented system is able to provide as well all

presented forces at the variation of the steering angle (specifically for front suspension).

Figure 6.19: MTS 329 Road Simulator Bench element: the forces are reproduced through the direct connection of the machinery
with the spindle [22] of each car corner. The chance of applying the three different forces and two torque loads with varying
steering angle make the test bench a 6-dof testing machine. In the testing of the rear suspension the steering angle is kept
constant since the rear end does not contribute in the steering of the car.

6.4.2. TEST SPECIFICATION - LOAD CASES OF 2000 KM

The test set up was meant not only to test the rocker beam produced in Scalmalloy but as well to

test the RTWB bracket couple (left + right) specifically produced for car testing. As mentioned in the

present section title, the test is representative for a significant number of kilometers run with similar

loads to the ones the car experiences in the racing environment. The set up for the test, once the

gearbox has been bolted on a dummy chassis and all sensors have been connected, is carried on with

a lap simulation.

Since the car features a number of sensor for estimating the contact patch loads applied by the

dynamic forces of the vehicle, the reconstruction of an ideal lap is a relatively straightforward process.

Once the representative lap has been selected, the same cycle load is applied for the equivalent of 2000

km12 which is a representative number of loads before a usually deep maintenance cycle is performed.

6.4.3. TEST RESULTS AND REQUALIFICATION OF THE COMPONENTS

For the requalification of the component a strategy similar to the one described for the RTWB bracket

fatigue testing has been set up: for the brackets themselves the two procedures were identical to the

ones reported in the previous section. For the rocker beam an LPI control was set to specifically ad-

12For reference an F1 Grand Prix lasts on average 300 km.
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dress the issues presented in during the quality assessment of the component presented in the first

section of the present Chapter. For the rocker beam since there where no attachment points apart

from the fixings on the gearbox case, no dimensional control was prescribed.

Both components at the end of the testing procedure were tested by LPI method and successfully

passed the test with no evidence of cracking present or surface defects originated by the applied cyclic

loads. With this final assessment on the fatigue properties the present results chapter ends; the com-

menting section on the achieved results will be presented in Chapter 7.



7
DISCUSSION

Starting from the results presented in Chapter 6, the topic of the present chapter will be a technical

comment on the preformed work and how the results have met or not the requirements set during the

design process.

The present discussion section is divided into three parts: the first regards the mechanical be-

havior of the titanium alloy more specifically as implement on the RTWB bracket; secondly the focus

would point on the results of the testing campaign done on the Scalmalloy, the process will be revised

and comments made on the issues that have been faced with a metallurgical analysis on the develop-

ment of the Scalmalloy concept and on its strengthening mechanisms; finally for the Scalmalloy (but

with the aim of not being limited only to this material) a proposal towards the definition of a (internal)

standard for the acceptability of defects in the microstructure is presented taking technical inspiration

from the current norms and from what are nowadays the established testing methods for aluminum

and magnesium castings.

7.1. TITANIUM MECHANICAL BEHAVIOR AND TECHNOLOGICAL ASSESS-

MENT

The discussion about the mechanical properties and functional analysis of the titanium produced

component is reduced to the essential since all testing performed on the material was successful and

was over the specification requirements for this specific application. The discussion will follow in the

subsequent section within two different subsections: first the mechanical behavior is presented and

secondly the functional assessment of the component is reported.

7.1.1. MECHANICAL BEHAVIOR

For the mechanical behavior of the component, since the material is largely used in the engine com-

ponents, it has been judged as sufficient only the three tensile specimens coming directly from the

print of each component. The direction alongside which the specimen are aligned is the Z-direction.

129
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The tested samples were all in line with the specification showing elongation results well in excess

of the ASTM 4999A. Since no metallography check has been performed it is not possible to address

the material defect level. Due to the robust know-how all components printed in titanium (the first

batch of left component and the second batch of testing component left and right) were considered

successfully mechanically characterized by the analyzed specimens and by the historical database of

mechanical properties on this combination of alloy+process .

7.1.2. FUNCTIONAL ANALYSIS - FINISHING AND ACCURACY

The functional assessment for the RTWB bracket comprehends three different controls and comment-

ing sections: the surface finishing assessment deriving from the two possible options tried for the

component; secondly the influence of the supporting structure will be analyzed and finally the di-

mensional accuracy of the machining is reported.

SURFACE FINISHING

Regarding the surface finishing of the component, as presented in Chapter 3 and Chapter 5, two dif-

ferent treatments were prescribed: a manual mirror finishing and a sandblasting procedure that has

followed the support removal operation. Both finishing techniques, as further clarified in the subse-

quent section, were not able to achieve the complete removal of the presence of supporting structures.

For future purposes, therefore, it might be necessary to investigate and characterize the benefits of al-

ternative finishing techniques. Among the most promising techniques we can mention abrasive flow

machining,1 the tribological isotropic superfinishing process (ISF) and as well as chemical super fin-

ishing in which the mechanical abrasive forces are aided by the presence of a chemically aggressive

environment.

INFLUENCE OF SUPPORTING STRUCTURES

The functional presence of supporting structures is fundamental for the correct achievement of an

high quality level of the external printed surfaces. The interest in dimensioning and developing the

best printing strategy is an essential part of the design for manufacturing assessment: since the sup-

porting structures are needed for features characterized by angle smaller than 45° circa they already

present a rough and irregular external skin given by the layering effect. In the bracket a continuous

improvement approach has been used for the dimensioning and orientation of the supports. The

presence of supporting structures left visible traces as reported also for the rocker beam component

and the surface finishing of both sandblasting and mirror finishing were not able eliminate the pres-

ence of surface defects. From this, it is advisable that some custom finishing process is researched

and applied to titanium components to solve the issue in the future for fatigue designed components.

An increase in the fatigue strength measured after a proper surface finishing treatment would grant

the possibility of exploiting further the weight saving opportunities given by the AM process. Further-

more, it will remove the need of having machined zone for fatigue reason as presented in Chapter 4

for the component in analysis.

1Already presented in the literature review section.
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DIMENSIONAL ACCURACY

Even if considerably more precise than the rocker beam, still, some dimensional issues have been

encountered in the manufacturing process of the bracket as well. The origin of distortion of long

components or of small features during the printing process is inevitable due to the thermal gradient

in the structure that originates from the low thermal conductivity of titanium when compared, for

instance, with aluminum. In facts, the thermal conductivity of TI6Al4V is around 7 W/mK at room

temperature while values for Scalmalloy are reported at 23°C to reach 100 W/mK. As the same time,

the CTE of titanium is one third that of aluminum which counteracts the thermal distortion but not

enough to make them acceptable.

Any thermal gradient in the structure impose a deformation on the geometry which the material

counteracts with an internal stress state: the deformation being caused by the thermal gradient is

proportional to the heat addition from the energy source (the laser beam), invasively proportional to

the thermal conductivity (a hypothetical material with infinite thermal conductivity would not expe-

rience any thermal gradient). Furthermore, the deformation is directly proportional to the CTE of the

material (a higher CTE would deform more the material under a constant thermal gradient). From the

internal deformation an internal stress would rise accordingly with Hooke’s law. A stiff material will

suffer from imposed deformation while a less stiff material would develop lower internal stress levels.

The consequence for additive manufacturing is the deviation from the ideal CAD geometry especially

present in the case of structure that are not really stiff and therefore compliant with the imposed de-

formation.

The biggest error in the components, printed out during the duration of the project, was the loca-

tion of the small functional cylinders prepared to host functional connection of aerodynamic exten-

sions on the component itself, as in the installation presented in Fig.3.2 presented in Chapter 3. To

achieve the functionality the machining procedures rely onto true positioning of the holes in respect

to the given reference features. Since the small cylindrical pad containing the threaded section was

offset, the material left between the thread and the external side of the pad was less than the designed

one. Even if for the present project this was not a critical connection the aspect of thermal devia-

tion needs to be properly addressed in the design process especially for non-stiff (highly compliant)

component’s regions that can experience substantial deformations in the production process.

7.2. SCALMALLOY MECHANICAL BEHAVIOR AND TECHNOLOGICAL ASSESS-

MENT

As described in the introduction of the chapter, the deeper testing done on the Scalmalloy component

is part of the homologation process required for any novel material manufacturing technique. The

following section will revise the results presented in the previous chapter in the perspective of under-

standing the current value of the additive manufacturing process, in order to establish the best further

implementation of the technology for the development of the car performances. The scheme followed

in commenting the results repeats the quality process with a step-by-step approach: in the first sec-

tion the mechanical properties are analyzed in comparison with other literature and databases; in the

second, the process quality is addressed with specific focus on the defect location and morphology;

lastly the component quality will be addressed: the surface finishing, the dimensional accuracy and



132 7. DISCUSSION

all other functional related measurable characteristics will be analyzed.

7.2.1. MECHANICAL BEHAVIOR

The mechanical properties investigated during the tensile testing campaign were the basic elasto-

plastic properties of metals: the yield strength, the ultimate strength, the elongation at break and the

Young’s modulus. The results of the first batch presented in Chapter 6 are hereby compared to the

results of three other sources that will be used as benchmark for rating the material properties. The

first comparison would be the database given by the supplier through which the homologation was

done in agreement with the powder producer (this series is reported in light red color with the label

of ZARE-OMOL). Secondly, the second benchmark properties are originated by an internal character-

ization campaign done with a different additive process (DMLS instead of SLM - or Laser Cusing2):

the DMLS produced series is represented in the light blue color with the label MEC-Ges . The third

reference is the powder producer specifications: this represents the formal agreement between the

company and the supplier on the minimum quality of the purchased material and is reported in the

attached images with a gray bar with no accuracy since it represents a pure value.

Figure 7.1: Mechanical comparison of UTS and YS for four different databases of Scalmalloy produced specimens. The compar-
ison regards two different productive processes: even if the metallurgical processes differ both are meeting the powder producer
specifications (reported in gray, labelled as AP-Works). The best properties registered are the ones of DMLS specimen internally
produced (light blue bars, labelled as MEC-GES), still all production averages are in excess of the prescribed strength values.
The low accuracy for the SLM (Laser Cusing) produced specimens (blue bars, label ALL) can be related with the poor machining
of the first testing batch which has shown poor measurements and in part to the defect level of the Scalmalloy produced by the
Laser-Cusing technology.

The comparison of mechanical properties starts with the comparison of the strength levels: in

Fig.7.1 the average results of the different sources are compared. The specimens tested in the present

project are reported in two different columns: the “ALL” series represents all specimens tested while

the series “RELEVANT” excludes the specimens in which necking occurred out of the central gauge

section of the specimens themselves. As it can be noted, the best properties are the ones related to

the internal characterization with a DMLS process involved. Still, all tested series are well above the

minimum required of strength (gray bar series). The standard deviation on the measured samples is

in line with what has been seen for the other benchmarking databases and reflects the typical scatter

of results between the printing direction samples and the stronger in plane specimens.

Regarding the elongation of the different material sources, the differences are quite relevant as

2The Laser Cusing commercial name is the same technological process of SLM. This denomination refers to the machines of
ConceptLaser a GE spin-off company.
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Figure 7.2: Comparison of Young’s modulus and elongation at fracture between four different production batches. The reduced
elongation of the first series is compromised by the presence of the specimens broken out of the gauge section as presented
in Section 6.2.1. Again the DMLS results are the highest for the elongation properties while the YM measurements are in line
between all the different sources. The difference in elongation between the tested sample and the homologation batch of the
supplier is the indication of a quality issue in the performance of the production process.

presented by Fig.7.2: elongation results are directly linked to the ductility properties of the printed

material. If the average of the first batch is taken under consideration the level of elongation does

not meet the specification. As well the average of the second batch is not sufficient to grant the 8%

of minimum elongation in the Z-direction as specified by the powder manufacturer. All other sources

are process compliant and show average elongation well in excess of the tested material: therefore it

is assumed, and will be later shown, that the defect levels of the tested material is most probably the

cause for the poor elongation results.

Since the tensile testing has failed in presenting specimens broken in the central reduced section

a further improvement in the gauging strategy can be made, in agreement with the ASTM normative:

the measurement can be implemented at the start of the fillets connecting the reduced section with

the specimen heads; if such a measure would not be good enough in estimating and preventing wrong

measurements also the option of non contact measurements techniques could be investigated.

For the Young’s modulus all tested materials are in excess of the powder specification and there-

fore meet the criterion: the material tested in Chapter 6 shows among the best Young’s modulus of the

different sources. The Young’s modulus shows only the properties that are linked to the general chem-

ical composition of the specimen but it does not explicitly express any merit on the defect levels (apart

in case of serious porosity which has not been found in the analyzed material since the accuracy of

the measurements is not high, cfr. the error bar). Since the Young’s modulus is directly linked to the

density but its accuracy is considerably low it is not possible for the present specimens to account for

this.

High temperature properties are compared as well in this section (graphically represented by Fig.7.3

and by Fig.7.4). The benchmarking for the latter is reduced at the available high temperature databases

which are namely the internal characterization (light blue bar) and the actual powder manufacturer

specification. The results for high temperature strength are specifically reported in Fig.7.3: both ma-

terials are showing stress levels in excess of the prescribed properties and therefore the specification
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Figure 7.3: Mechanical comparison of UTS and YS for two different databases of Scalmalloy produced specimen recorded dur-
ing high temperature tensile testing. The comparison regards two productive processes as earlier mentioned. Even if DMLS and
SLM (or Laser Cusing) differ in the solidification process both batches are meeting the powder producer specifications reported
in the gray bar labelled AP-Works. The MEC-Ges results are from an internal characterization campaign (DMLS produced spec-
imens) while the ALL series are the results presented in Section 6.2.1.

is met. As well the standard deviation is similar between the two batches (but might be influenced

by the reduced number of data). The good results in temperature characterization are making the

design choices presented in Chapter 3 and 4 reasonable and rather on the conservative side of the

problem with effective reserve factors probably exceeding the prescribed RF=1.5. The decrease of ma-

terial strength at high temperature is determined by a series of factors: because of the higher thermal

energy the dislocation movement is enhanced. Furthermore, the higher temperature favorites the dif-

fusion of solute elements around dislocations increasing the plastic behavior of a material. On the

contrary, the Young’s modulus is negatively affected: for aluminum alloys the relationship between

temperature and the Young’s modulus is linear from room temperature to about 300°C [89]. The ef-

fect is mainly related to the easiness of stretching metal atomic bonds3: the energy barrier for moving

atoms from their natural position in the crystalline form is reduced because their interaction is less

strong.

In Fig.7.4 elongation and Young’s modulus of the material are compared for the only two references

available: the tested specimens and the characterization done during the DMLS internal campaign.

The differences in the Young’s modulus are limited and in favor of the DMLS produced specimens. A

significantly bigger difference is present in the analysis of the elongation values: the average elonga-

tion of the Laser-Cusing samples is barely meeting the minimum 8% reference of the specification at

room temperature (while for the aforementioned reasons the plastic, and therefore ductile behavior,

shall be enhanced at higher temperature levels). The low elongation is even more concerning due to

the significant difference with the DMLS produced samples which are all above 30% of elongation at

break. The poor ductility at high temperature can be mainly explained by the occurrence of a brittle

rupture in the elongation of the SLM-produced specimens (specimen 02 as reported by Fig.6.7). Such

brittle behavior in the Z-direction reveals the presence of defects that did not grant the mentioned

specimen to properly plastically deform before rupture.

As seen in the present section the properties of the material of interest do not completely comply

with the required specification: the most probable reason for the mentioned issue is the presence of

3As presented with a numerical approach in [90] where the whole viscoelastic model of an aluminum material has been devel-
oped with dynamic and static Young’s modulus.
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Figure 7.4: Comparison of Young’s modulus and elongation at fracture between different production batches when tested at
high temperature level (150°C). The reduced elongation of the first series is compromised by the presence of the specimens
broken out of the gauge section. Still the huge difference between the two production processes is representative of two dif-
ferent defect levels of the tested materials: whether the material can be accepted or not needs to be addressed in the quality
management of the component in analysis.

localized defects mainly process induced such as lack of fusion and extended porosity (shown and

described in Chapter 6, cfr. Fig.6.16 for the X-ray results and as well the micrography presented in

Fig.6.9).

7.2.2. MICROSTRUCTURAL EVOLUTION OF SLM PRODUCED SCALMALLOY AND COM-

PARISON WITH WROUGHT ALLOYS

To properly address the metallurgical effects that led to the analyzed tensile properties of Scalmal-

loy produced specimens the present section presents the microstructural evolution of SLM produced

Scalmalloy and the comparison with reference wrought alloys. The peculiarities of the process will be

explained such to show the mechanisms that synergize in the definition of the mechanical properties

of the selected alloy.

In the first part the process that led to the engineering of Scalmalloy is presented, with the histor-

ical background, first as a wrought product and in the second place its implementation for additive

manufacturing techniques; secondly, the microstructure evolution of the alloy is presented during the

SLM manufacturing process and the subsequent heat treatment: a comparison with conventional age

hardenable alloys is presented in order to show the main differences in the microstructure that are

responsible of the mechanical response of the material to the applied stresses.

METALLURGICAL DEVELOPMENT OF SCALMALLOY

As mentioned in the literature review section, Scalmalloy is a high strength aluminum alloy derived

from the 5XXX aluminum series. Those alloy feature in the composition Mg as the primary solution

element and are considered not to be age hardenable since the absence of high Si content prevents

the formation of strong precipitates. The main mechanism through which those alloys achieve high

strength levels is due to the cold working that while increasing the admissible stress diminishes the



136 7. DISCUSSION

elongation at break by using part of the available plasticity to work harden the material.

Figure 7.5: Relation of the grain refinement effect of Scandium for aluminum alloys. As soon as the eutectic composition is
reached the presence at high temperature of Al3Sc-precipitate favors the nucleation of grains in opposition to the usual epitaxial
growth found in the normal cast process where the solidification process is driven mainly by the partially melt grains that act
as solidification points.

In the development of AlMgSc alloys (such as RUS1570 or ALCOA C557) the focus of the Sc addition

was to implement a grain refiner in the mixture to promote small grain sizes to be able to plastically

deform more the alloy (therefore achieving higher tensile properties). The basic procedure for produc-

tion of AlMgSc alloys has been for decades the cold rolling process. Through high level of deformation

the cold work material could achieve sufficient tensile properties to be usefully implemented in the

aircraft industries. This effect is usually combined with the non-recrystallized structures that can be

obtained through hot rolling as well due to the high resistance to recrystallization that Sc addition

features. In this context, the precipitation hardening of the Al3Sc-precipitate is relatively small.

The mechanism that promotes grain refinement is the nucleation of equiaxed grains in proximity

of the Al3Sc precipitate from the melt. Since the precipitates are stable at high temperature, and tend

solidify before the aluminum matrix (because of the hyper eutectic composition), during the cast pro-

cess (of an aluminum alloy containing hyper-eutectic composition) they remain in solid phase, and

therefore, the melt liquid tends to solidify with a high concentration of nucleation spots (at the precip-

itate locations). The substitution of dendritic grains with equiaxed microstructure with much smaller

equiaxed grains is one reason for the strength as explained in [24]. The resulting effect on the grain

size of Sc addition is reported in Fig.7.5. The refinement is immediate since the nucleation of the

solid grains changes abruptly after the eutectic composition. The grain size immediately matches the

dedritic parameter and even smaller grain are present. The mechanism of this nucleation process is

made possible by the crystallographic properties of the Al3Sc-precipitate; this particular microstruc-

tural constituent features usually nano-dimensions and it is evenly distributed in the material. Fur-

thermore, the unique correspondence in terms of lattice dimensions and crystal orientation make this

precipitate highly capable of being the nucleus of a new grain. The crystal structure of the carbide is

the simple cubic Ll2.

Since 2006, a new concept for the addition of Sc has been proposed as reported in [25] . The rev-
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Figure 7.6: Atomic arrangement of Al3Sc-precipitate as described in [23]. The close geometrical relationship with the aluminum
fcc-structure makes this precipitate the ideal location for nucleation from the melt. Note that even if at a first glimpse this
structure might be seen as fcc as well in terms of crystallographic terminology is a simple cubic arrangement.

olutionary idea has been not to use Sc addition only as a grain refinemer but to implement addition

of Sc as high as 1% in combination with some Zr. The combined effect of these alloying elements is

to promote the formation of a highly coherent and high temperature stable precipitates with the ap-

proximated formula Al3(Sc1−x ; Zrx ). This precipitate originates from the solid solution of Zr in the

Al3Sc-precipitate that substitute Sc in the structure. The effect of Zirconium moves the disintegra-

tion of aluminum grains during solidification from a Sc-content of 0.55% down to 0.18% (as reported

in [24]). The technological limit of solving in solid solution and successfully quench aluminum with

more than 1% of dissolved Sc has been recently removed by the industrial implementation of melt

spinning procedure which can grant extreme cooling rate while forcing the solution of Sc and alu-

minum in thanks to the applied forces over its solubility limit.

To better understand the precipitation process the phase diagram of Al and Sc is reported in Fig.7.8.

The eutectic temperature is 655°C which is comparable to the fusion of aluminum (660°C) as reported

in [24]. Furthermore, the second effect of combined Sc and Zr addition to aluminum alloys is the high

anti-recrystallization. Scandium is considered to be the most effective anti-recrystallization addition

of aluminum alloys and can postpone the recrystallization temperature up to 600°C4.

Before the SLM processed reached industrial application for Scalmalloy, the production of spec-

4This temperature is considerably close to the melting temperature of the alloy. Usually, the reference temperature for recrys-
tallization is 0.5 of the melting temperature (Tm ) in kelvin. Here the ratio between recrystallization temperature (TR ) and Tm
in kelvin is much closer to 1.
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Figure 7.7: Series of results of micro-hardness tests for different combinations of hold time and temperatures for Scalmalloy
precipitation hardening (three temperature levels: 300°C, 325°C and 350°C; for timing ranging from 30 minutes to 16 hours).
The combined effect of time and temperature is evident by the different stages at which the peak in microhardness is found.
An higher temperature level the peak hardness is reached in shorter times and the over-aging process starts. Due to precipitate
coarsening the hardness level decreases of the artificial hardening process is endured over the prescribed time.

Figure 7.8: Aluminum Scandium phase diagram. The solubility is limited (0.55% wt.) with an eutectic temperature of 655°C
which is considerably close to the aluminum fusion temperature (660°C). Over the saturation the equilibrium diagram pre-
scribes the presence of Al3Sc precipitate phase. The diagram has been adapted from [24].

imens for scientific purposes was implemented through the compaction of melt spinned flakes with

spark plasma sintering. During these preliminary studies on the alloy composition the parameters of

the best aging process have been developed [25]. The resulting microstructure needs to cope with the
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precipitation of the Al3(Sc1−x ; Zrx )-precipitate without provoking unwanted precipitation processes

or coarsening of the Al3(Sc1−x ; Zrx )-precipitate that would lose its strengthening ability if a loss of

coherence takes place. For an evaluation of the best temperature range at which the heat treatment

should be implemented a series of micro-hardness tests have been done in [25] and are reported in

Fig.7.7.

(a) (b)

Figure 7.9: Microstructure TEM images of Scalmalloy produced ribbons as presented in [25]. In Fig.7.9a the grain boundary of
two grains is presented after the spinning cast process; the darker shadows are the effect of residual stresses present mainly in
the proximity of the grain boundary. In Fig.7.9b the same microstructure is presented after heat treatment at 300°C for 2 hours.
The presence of small distributed precipitate is evident (smaller darker gray areas). Their characteristic dimension is around 10
to 20 nm.

As it can be understood by the interpretation of the graph represented in Fig.7.7, the peak of micro-

hardness is reached at two different combinations of temperature and hold time. As expected an

higher temperature shows a faster increase to the hardness peak value (in the order of 215 HV for 30

minutes of aging at 325°C). The highest registered value is around 220 HV after aging at 300°C for 2

hours. After the hardening peak the tensile properties tend to decrease due to the coarsening of the

precipitate. Since the present heat treatment has been done on very thin specimens (micro-hardness

test) the absolute values of hardness might be over-estimated.

The precipitation event of the Al3(Sc1−x ; Zrx )-precipitate is evident in the TEM images reported

in Fig.7.9. In the first Fig.7.9a the microstructure is presented after the solidification process. The

grain boundary is evident in the mid-field of the picture while the shadows present in both images

are indication of residual stresses. In Fig.7.9b two grain sections and their boundary are presented

after the precipitation process. The characteristic dimension of the precipitates is around 10 to 20

nm. Their dimension is limited to prevent loss of coherence which can be described by the relation

with the Burger’s vector of the aluminum matrix (this quantify the dimension at which the presence

of a boundary is more energetically favorable rather than further straining the matrix for comply with

the lattice parameter mismatch):

dcr = b

δ
(7.1)

where the critical diameter is describe as the ratio between the Burger’s vector (b) and the lattice
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mismatch δ. This relationship is established on the hypothesis that the critical size is reached when,

while considering the whole diameter of the particle, the misfit matches the Burger’s vector for the

aluminum matrix [23]. The results of the present approximation gives a critical size of approximately

21 nm.

Having seen the peculiarities in the development of Al-Mg-Sc-Zr alloys in the next section the

microstructural evolution for SLM produced Scalmalloy will be presented.

MICROSTRUCTURAL EVOLUTION OF SLM PRODUCED SCALMALLOY IN COMPARISON WITH CONVENTIONAL

WROUGHT PRODUCT AGE HARDENABLE ALLOYS

The thermal history of SLM processed alloys has been briefly introduced in the literature review sec-

tion (cfr. with Fig.2.3 and Fig.2.30). In the present section the description of the specific thermal

history of the material is presented to highlight the differences in the process with reference precipi-

tation hardenable aluminum alloys produced with wrought product techniques. To compare the two

manufacturing processes each of them is presented in its main production steps with the relation to

the influences that each of those has on the microstructure of the material.

As already mentioned in the course of Chapter 5, material produced by AM follows a series of

treatment from the print to the stress relief procedure. Firstly the microstructure undergoes full melt

in the SLM process.

All the deposited powder reaches fusion and afterwards faces solidification. The most important

parameter for this first production process is the interaction between the molten pool and the energy

source. The energy per unit volume in PBF processes is referred in literature as EV . The definition of

EV depends on the characteristics of the process:

EV = PL

vS · tL ·d
(7.2)

Therefore the specific volumetric energy (expressed in J/mm3) is proportional to the laser power

(PL) while it is inversely proportional to the scan speed (vS ), to the layer thickness (tL) and to the hatch

spacing (d)5.

The relationship between the input specific energy and the density is usually regarded as the first

approximation for establishing the processing parameters in the definition of the machine set up for

a specific material. For Scalmalloy the processing window has been defined, as reported by [26], for

density in excess of 99%, between EV =75 [J/mm3] to EV =225 [J/mm3]. The relation between the pro-

cessing parameters and the density is represented by Fig.7.10 for different hatch spacings. The higher

the energy the lower the defect level and therefore the density rises at cost of scanning time that re-

quires a longer production process since the deposition rate diminishes6. In the following sections a

correlation between defects and processing specific energy will be better explained.

An interesting feature of Scalmalloy is the relative low anisotropy level in the tensile properties

with respect to other SLM processed materials (AlSi10Mg for instance), as it is reported in Chapter 6.

5The hatch spacing is the space between two parallel laser scan lines. It’s influence is related to the thermal conduction of the
alloy: a highly conductive alloy will feature more space between scans since the effective horizontal dimension of the molten
pool is likely to be bigger; on the contrary, for titanium for example, the molten pool tends to be reduced and the hatch spacing
is usually reduced to obtain proper solidification.

6The bottleneck is given by the presence of a limitation of the laser power to maintain a small focus. Furthermore, the scan
speed cannot increase too much either due to the possible loss in processing precision.
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Figure 7.10: Relationship between the specific energy and the density of SLM produced Scalmalloy for different hatch spacings.
The trend between the energy and the density is present as higher energy level can grant better solidification of the powder
material. It is also clear that due to the high thermal conductivity of Scalmalloy better densification can be reached with bigger
hatch spacings (up to 150 µm). Taken from [26].

From Fig.6.3 and Fig.6.5 there is no evidence of a weak Z-produced specimen. This can be tracked

back to the microstructural evolution presented in the previous subsection: the peculiarity of Al3Sc-

precipitate to act as nucleation for the solidification process. This removes the columnar grain forma-

tion along the printing direction that is the reason for weak tensile strength of AM materials on the Z-

direction (banding phenomenon). This is true up to point, in fact the microstructure of as-processed

Scalmalloy presents two different grain structures as in can be noted from Fig.7.11. The image ob-

tained and presented by Spierings in [26] shows two interesting structures in the as built Scalmalloy:

the presence of small equiaxed grains where the nucleation of grains in the solidification process in

fast enough to prevent epitaxial growth; secondly, an other scan-pass microstructure can be seen in

which the grains are much bigger and elongated as expected in a directional solidification process.

These two microstructures exists for several reasons even if their full scientific explanation is still

unclear. The two mechanism in challenge for the solidification process are influenced by the scan se-

quence and by the remelting of layers (observed melt lines indicate a thickness for each pass of around

100 µm in the mentioned study while for the presented etched image of DMLS produced Scalmalloy,

crf. Fig.7.13c, the average dimension is around 60-80 µm. This indicates the remelt of two to three

layers of material for each scan pass). If that happens and the cooling rate is slow enough it might

happen that solidification is directional with columnar grains (CG-region; coarse grain zone with av-

erage dimension reaching 13 µm); on the contrary if there is no time for effective segregation and

grain solidification the equiaxed grain mechanism prevail (FG-region; fine grain zone with average

dimension from 0.6 to 1.1 µm).

Furthermore, the effect of precipitates is crucial in the solidification phase. Since during gas at-

omization the cooling rate is fast enough to suppress any precipitation (indeed gas atomized powders
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are considered to be precipitate-free) there is the need of precipitating the Al3Sc-precipitates during

the SLM process. This is not usually happening for all the scan pass since the cooling rate are consid-

erably fast in SLM procedure (contrary to EBM for instance) as they can reach rates between 103-108

Ks−1 according to simulation results [91]. Based on the latest sentence, the ratio between the two

phases seems to be controlled by the EV as well as by the build platform pre-heating [92] but as well is

controlled by the atomization process of the powder as reported in some unpubblished work of Eric

Jagle7: there is a relationship between the remelting and intrinsic heat treatment and intermidiate

precipitates with the percentage of FG and CG regions and the presence of those precipitates seems

to be related with the powder atomization process. There is therefore some contradiction in the ex-

planation of the mechanism for the transition from the two different microstructures that would need

further investigations but is clear that is related to the precipitation of the Al3Sc phase and with its

presence or segregation during the solidification process.

Figure 7.11: Coarse grain region and fine grain region and their relative pole figures. As it can be understood from the pole
figures the preferential orientation for the CG zone is the printing direction (001). On the contrary the small grain region does
not show any preferential orientation for the grains. This is due to the solidification process that nucleates from the Al3Sc-
precipitate and is responsible for the limited anisotropy in the mechanical properties in the printing direction when compared
to the print platform plane specimens. Adapted from [26].

7For further informations refer to darealloys.com
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After the printing process the as-built material undergoes a heat treatment in order to achieve two

different objectives: first the precipitation of the remaining of the dissolved Sc in the aluminum matrix

(the original composition is slightly hyper eutectic but due to the complex thermal history some Sc

and Zr can be trapped in the Al matrix) and secondly to partially remove some of the internal stresses

that have accumulated due to the thermal gradient in the structure. The prescribed heat treatment

for Scalmalloy hardening is an artificial aging at 325°C for 4 hours, parameters well in agreement with

the hardening results presented in [25] and in line with the presented results of hardening taken from

[93] in Fig.7.12. The precipitation of Al3Sc from solid solution increases the hardness considerably in

mentioned study the end results are higher than in the analyzed material (as reported in Chapter 6 the

average hardness measured was 162 HV ).

Figure 7.12: Artificial hardening effect on DMLS produced Scalmalloy from gas atomized powder. The increase in the hardness
is the proof that the hardening process already described in [25] is sound. The possibility given by AM in respect of traditional
sintering techniques is evident. Still some differences are present between conventionally produced Al-Sc alloys and Scalmalloy
in the fact that for the first the mechanism of hardening is not responsible for the majority of the strength increase (which is
related to the nonrecrystallized structure) while for Scalmalloy the age hardening is mainly responsible for the higher tensile
strength.

The special thermal history of AMed materials defines new standards for the strengthening meth-

ods and strategies for developing novel alloys. In particular the possibility of having very high cooling

rate with the implementation of gas atomized powders allows the chance of having Scalmalloy ma-

terial with still solid solution between Sc (and Zr) in the aluminum matrix. For comparison we can

briefly analyze the thermal history of a common Al2024 which is the base material for the AMC225

presented in the previous section that has been substituted by Scalmalloy.

Al2024 is a copper alloyed aluminum alloys which represented the baseline material for aircraft

structures for decades: the possibilities for hardening are granted by the presence of excessive cop-

per in solid solution that upon quenching remains in metastable solution with the aluminum matrix.

The stable phase in the phase diagram is the θ-phase with the approximate formula CuAl3. The grain

size will be determined after rolling of the slab and eventual forgings. Once the geometry is ready for
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heat treatment (the machining is usually done with the alloy in the naturally aged conditions T4) the

material undergoes an annealing process which is prescribed at 488-499°C in order to avoid partial

melt in zones in which the local composition might have a low melting eutectic point, while optimiz-

ing the solubilization: if the equilibrium phase is in a multiphase domain of the phase-space some

of the alloying elements will not succesfully precipitate. It is important to maximize the quantity of

solute in the mixture to maximize the effect of the hardening. If some copper, for instance, precipitate

prematurely the final hardening would be less effective. The hold time, since the alloy is well above

its recrystallization temperature TR , needs to be properly selected since will determine the final grain

size.

After annealing and water quenching to “freeze” the solid solution composition as well as the grain

size, the alloy needs to undergo a precipitation process; before this stage it is considered to be in the

solution heat treated state (T3). For parallelism all those processes8 take place in AM materials during

the printing phase and the grain size is much more related to the interaction between the specific en-

ergy and the material behavior rather than on a specific annealing procedure. To prevent premature

aging and recrystallization the artificial aging of Al 2024 takes place at 185 to 196°C for 11-13 hours.

The alloy composition needs to take into account for the chance of other precipitation phenomena

happening: this is the reason why the Fe %wt. is controlled; the Fe presence is responsible for side

precipitation effects that take out copper from the solid solution9. Here a second difference can be

found with AMed Scalmalloy: the heat treatment procedure usually leads to considerable size in the

precipitate of copper reinforced aluminum. Due to the tendency of natural aging the microstructural

constituents (and specially the precipitate), do need to reach a degree of stability. Since the strength-

ening effect is given by precipitate density and not by their dimensions10 is clear how having small and

dense precipitate as found in the Scalmalloy is a positive in the definition of mechanical properties.

With this brief comparison the metallurgical phenomena that are driving Scalmalloy behavior is

finished and some more specific remarks will be address to the process quality and especially to the

presence of lack of fusion defects that in the author’s perspective were responsible for the diminished

ductility found.

7.2.3. PROCESS QUALITY

Since the material behavior has shown unsatisfactory results with elongation in defect of what the

specification prescribed, it is worth to analyze the process quality assessment already presented in

Chapter 6 to highlight the possible differences responsible for the poor ductility. In the present section

two different tests will be analyzed: firstly, the micrography results are compared with metallography

analysis of other aluminum alloys in order to assess the different porosity levels; in the second half the

density levels will be briefly checked with the data from other sources.

In Fig.7.13 three images are presented showing different microstructures to be compared with the

microscopy sections analyzed in Chapter 6: they represent DMLS produced aluminum alloys (Scal-

malloy and AlSi10Mg) taken from the internal characterization campaign. In Fig.7.13b a Scalmalloy

8The phenomenon of rapid cooling found in AM metals is often referred to as quench-in.
9Note that 1%wt. in Fe eliminates any hardening in Al 2024 by adsorbing Cu into a incoherent precipitate that dislocations are

easily capable of climbing.
10It is to note that the strengthening effect is probably in the two different regimes: the dislocation will cut through small

precipitate in the AMed Scalmalloy while they would need bowing mechanism to pass the copper precipitates.
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(a)

(b) (c)

Figure 7.13: Comparison of different batches of Scalmalloy and AlSi10Mg produced by DMLS additive manufacturing: in the
first (Fig.7.13a) a section of AlSi10Mg DMLS-produced specimen is presented, the porosity level reflects small .

DMLS produced specimen section is presented, the defects level is lower than the SLM counterpart

and porosities present can be described as gas induced porosity due to their quite regular circular

shape. Similarly in Fig.7.13c an etched section of Scalmalloy is presented from a specimen cut along

the Z-direction (axis of the specimen parallel to the printing direction). The presence of a layered mi-

crostructure is made clear by the etching of the used acid11. The present porosity shows a dimension

of circa 0.1mm and can be described as well as a gas induced porosity. For a comparison, an other

aluminum alloy, also printed with DMLS technique, is presented in Fig.7.13a. This sample has been

cut alongside the Z-axis and is representative of the melt banding phenomenon typical of the AM pro-

cesses. The latter image presents a compact structure with some dispersed gas porosity defects of the

order of 0.05-0.1mm.

To compare the density level with historical database of eighty results, all of them obtained by the

same process (SLM), and measured by micrography technique Fig.7.14 is reported. The measurement

11As standard for aluminum alloys the used acid was a solution containing H3PO4.



146 7. DISCUSSION

is taken by substracting the dark areas from the total area of the measurement and to compute their

ratio on a 100% scale. As it can be seen the average level and most of the samples are in excess of

99.5% of dense region over voids. Few measurements are below that threshold and only one reaches

a density level lower than 99%. These number can be compared with the average density reported by

the six measurements done in the present project and reported in Fig.6.8 in Chaper 6. Two out of six

measurements are below the 99.5% density threshold and in both cases the specimen was showing

a density level below 99%. This indicates a lower value than what could have been expected by the

process history and might be an indication of increased defect levels. The source of defects is related

not by the level of gas induced porosity, which density seems to be similar to other microscopy analysis

but by the excessive presence of fusion defects most probably cause by a wrong interaction between

the input energy and the molten pool.

Figure 7.14: Flowing in the density characteristic for different micrography for eighty tests on the historical database for SLM
produced Scalmalloy specimens. On the vertical axis the density level is reported while the horizontal axis reports the various
measurements from 1 to 80. Only one measurement was found to be lower than 99% with most of the results ranging over
99.5%. When this historical database of density results is compared to the actual level found in the analyzed specimens it is
clear that the production of the component sits at the lowest range of the registered densities.

As it is evident for the presented images and comments on the density levels, that are not fully-

comprehensive but still representative of what the benchmark production is like, the lack of fusion is

a peculiar defect of the SLM-produced Scalmalloy tested in the context of the production and char-

acterization of the rocker beam. The current issue can be related most probably to process input

parameters, or parameters combination out of the prescribed ranges or not properly set. More specif-

ically, the scan speed or the balance between the scan speed and the laser power is regarded as the

source of the problem since it is related to the fusion process that takes place during SLM produced

components and is mainly driven by the energy interaction between the molten pool and the energy

source. An interesting study on the process parameters shows how defect level is related to the EV

levels as presented in Fig.7.15 through the modification of the hatch spacing and the scan speed. The

biggest influence is seen in the hatch spacing while the scan speed has a lower effect. This is a sugges-
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tion towards the improvement of the defect level that might be researched in future characterization

of Scalmalloy components.

Figure 7.15: Microstructure defect level in SLM pruced as reported in [93]. The two parameters analyzed at constant laser power
are the scan speed and the hatch spacing: the highest influence of the latter might suggest to optimize it in the future production
of Scalmalloy components.

7.2.4. COMPONENT QUALITY AND FUNCTIONAL ANALYSIS

The last section regarding Scalmalloy quality analysis regards the component quality and the func-

tional analysis again of the component itself. The tests regarding the component quality have been

reported in the last section of Chapter 6 as they contain different tests: the CTScan and the 3D laser

scan; the three levels of LPI inspections; the dimensional analysis (not presented in the aforemen-

tioned chapter since it was not relevant to the “process related” quality of the component but it needs

to be considered for functional analysis of the part); the X-ray slabs processed after the first round of

quality assessment.

To better present the component finishing and aspect Fig.7.16 is reported: the lower section of the

component can be seen in order to access the level of finishing achieved through the shot peening

process. The roughness level was quite satisfactory due to the mentioned surface finishing process

while still some open porosities are present even on surfaces well exposed to the process12. This open

porosity can still be acceptable, if inevitable, but a reconsideration of the deposition rate (and espe-

cially on the hatch spacing) might influence the external quality and might be a further optimization

on the printing process needed to successfully implement the analyzed manufacturing technique. At

the top of Fig.7.16, top right red circle, another characteristic defect is present: near the tip radius of

the rear strut connecting the two rocker bearings some surface defects can be clearly seen. They are

most probably originated by a poor supporting structure removal. Those indications might not be

seem to alarm the designer at a first sight but their presence is for sure detrimental to the component

mechanical performances especially regarding fatigue performances. Furthermore, the uncontrolled

12Cfr. for reference Fig.6.14 reported in Chapter 6.
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Figure 7.16: Lower section of the component as presented after the machining of the semi-finished product: the roughness
and porosity is partly solved by the shot peening process. Some defects are visible at the intersection between the rear strut
geometry and the bearing housing: the presence of localized support his exposing the surface to the removal operation of
which indications are visible at the top right end of the image (top red circle). The defect present in the lower red circle is
presented in Fig.7.17

presence of such structures is to be regarded as an issue if their removal is done unproperly by the

operator: a small scratch in a highly stressed zone with poor surface roughness is likely to fail earlier

than expected under repetitive load applications.

Another surface defect is presented in Fig.7.17. The mentioned picture represents in detail one

of the connecting threaded section already present in Fig.7.16. In this example a sum of errors adds

up with some poor design choices: the limited difference in height between the bearing zone and the

threaded section planes is probably too small to be perfectly matched by AM. The poor geometrical

precision of the component (90% at +/- 0.3mm from the CAD geometry is reputed to be insufficient)

combined with layering effect and a poorly designed sharp edge (at the hole contour) made the local

error to sum up: combining this with the choice of the machinist to remove manually the sharp edge

with an inconstant and irregular chamfer has made the final aspect of the geometry to be particularly

poor. Still being this region over-designed the result has been taken as acceptable for bench testing. In

the perspective of improving the quality of the end results it could be suggested to revise the machin-

ing of the area to completely re-define the lower plane: the extra costs and machine time will repay

with a proper finishing or the connection area and the height difference between the two planes could

be easily achieved.

Regarding the LPI indication the second round of control was considered to be sufficiently passed

for the test once the linear indication presented in Fig.6.14e was double checked in the X-ray slab and
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Figure 7.17: Detail of the rocker beam in which the presence of surface defects is evident: geometrical inaccuracy and layer-
ing effect are responsible for the poor finishing. To solve such problems (that might be related to the presence of supporting
structures) a more integrated design for manufacturing approach could have been applied. As well it might have opted for a
complete machining of this lower section since the added cost of a similar operation would not have influenced the overall
price of the component significantly but the final result would have been a considerable improvement.

was concluded that no crack or linear defect was present at the interface between the steel bushing

and the rocker beam semi-finished product. Similarly, volumetric defects were considered to be ac-

ceptable since the indication of the CTScan were not found in the first test with the X-rays. This might

be due to poor interpretation of one of the two tests but since there was the chance of personally check

the X-ray while not the same was true for the CTScan, the X-ray measurements where considered the

leading indication of real defects. More specifically on volumetric defects and their acceptability, the

next section will present a possible starting proposal for the quality assessment of such AMed products

since the current standard is not granting satisfying results for both supplier and receiver.

7.3. TOWARDS THE DEFINITION OF A QUALITY ACCEPTABILITY LEVEL

As specified in the introduction to the present chapter, during the microscopic and macroscopic anal-

ysis of the Scalmalloy component it was clear that there was not a specific idea about the possible

real life defect level of a component and how to address specifically the issue of acceptability of such

components. The presence of different defects originating from both the process and from process

parameters are, as explained earlier, unavoidable. To technically address the problem, the implemen-

tation of a robust quality process was decided: the component specification needs to feature a defect

level acceptability in order to decide if technologically the component with defects would be able to

carry positively the prescribed load cases with considerably high level of safety.
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The discussion will be developed in two different sections: in the first half the zone approach is

presented in order to show how the stress acceptability and therefore a reduction in the reserve factor

can be done; secondly the acceptability level of the defects will be presented for a range of defects

representative of the quality of Scalmalloy produced components.

7.3.1. DEFECTS ACCEPTABILITY - INCREASE IN THE REAL STRESS

Starting with the assumption that all AMed products present some surface and volumetric defects

there is the need, in the industrial practice, to properly address their influence on the structural be-

havior of mechanical components. Nowadays, as mentioned earlier, a standardized method is not

well defined even if some normative committees are developing the proper specifications. When the

problem is related to a specific novel material the chance to obtain formal guidelines and agreement

is consistently lower and therefore it became clear, in the course of the present project, that the de-

velopment of a specific and relevant internal standard for defect acceptability was needed to regulate

the future flow of AMed components through the quality process.

Defects in structures are inevitable and their general effect is to create localized stress risers that

would critically reduce the effective reserve factor of the structure itself. From this very basic assump-

tion it can be clearly understood that the relationship between the acceptability of defects and the RF

is inevitable. The proposed approach is a zone-based acceptability set of criteria: each AMed com-

ponent would be ideally divided into different zones based on the relative reserve factor and for each

zone a proper acceptability criterion will be applied; the present approach has the advantage of not

discarding components with defects in non critical areas but as well to reduce the increased stress in

a controlled way. An example on the mentioned proposed zone-based criterion effect is presented

in Fig.7.18. This graphical representation reports the acceptable increase in effective stress over the

admissible stress for different RF applied on the YS criterion for the tested component in Scalmalloy.

The present proposal features the distinction of the component in four different areas, each of

them described by an average RF and by an approximated area on the component in order to be easily

determined by the quality operator. The first area represents the safety critical areas with RF between

1.2 and 1.5, while all other areas are scaled from 1.5 to 2.5 (mechanically critical areas), 2.5-4 for me-

chanically stress regions and finally for overdesigned areas where the RF is higher than 4. For each area

different stress increases are acceptable since their risk of failure is, as well, different: this translates to

the different offsets in the graph presented in Fig.7.18 between the nominal admissible stresses and

the effective admissible stress.

For each zone different defect size and defect distribution must be accepted in order to the trend

shown in the reported example: the presented number, though representative of the implementation

of the specification, have been set arbitrary since it is the definition of the defect dimension that would

grant the proposed values. The idea is to tune the specification itself, not on the real stress increase

level (which would be critical to be analyzed) but on benchmarking the internal production to the

pass the specification with components that have been previously successfully used on the car. Once

the specification is tuned it will represent the quality standard for acceptability for externally supplied

components.
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Figure 7.18: Graphical qualitative interpretation of the controlled stress increase on the area based quality acceptability pro-
posal: the blue bars are the nominal stress while the red bars show the real accepted stress increase due to presence of different
level of defects. Since the relative criticality of each zone is different the acceptance of an increased stress level changes per
each zone.

7.3.2. QUALITY ACCEPTABILITY PROPOSAL - THE EXAMPLE OF CASTINGS

The proposal for an acceptability criterion zone based is not a completely new concept even if its

application to AMed components does not have a clear literature background. The logical context

for the development of the proposal is the characterization done in aluminum cast components. The

main literature and industrial references can be found in the ASTM specification for aluminum and

magnesium castings reported in the E155 normative and the relative AMS 2175. The present norms

combined with reference X-ray images reported in the specification, do assign to cast components a

grade (usually from A to C or D) depending on the quality and presence of a multitude of different

defects or characteristics. The underlying idea is to relate every grade to the different level of tensile

properties that can be effectively found due to the presence of defects and discontinuities.

Two graphical representations are presented in Fig.7.19a and in Fig.7.19b in order to address the

aforementioned concept: the grade level corresponds to the presence of different defects and different

defects distribution in the cast. As it can be clearly seen, the degradation on the specimens tensile

properties corresponds to the lower quality level of the component. Furthermore, it is interesting to

note that the influence of degraded cast is much more evident on the elongation at break rather than

on the yield point. This behavior can be tracked back to the nature of the tensile testing from which

the results are originated: the presence of a defect is unlikely to reduce consistently the area that is

resisting the load application (and therefore the offset of detection of plastic behavior at a macroscale).

Still due to the localized higher stresses in the presence of a defect the plasticity is much more localized

rather than in a defect free specimen and therefore the event of fracture originates from the region
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already plastically deformed in the surroundings of the defect.

Having based the discussion on the parallelism with casting, the proposal elaborated from the

present projects regards defects that are typical for the AM processes and are recognized in the corre-

sponding literature and as well on those detected in the quality assessment of the rocker beam compo-

nent. The defects included in the proposal are therefore divided into two categories13: surface defects

and volumetric defects.

Among surface defects the control procedure would require the check of four different defects: the

surface roughness, the check of open porosity, the occurrence of metal balling formation and the sur-

face defects related to post processing parameters. For each zone the acceptability criterion has to be

tuned in a characterization of the internally produced aluminum components.Volumetric defects will

be treated similarly: the control would require to assess for each zone defects of three different types.

The controlled volumetric defects on which the control procedure would be implemented are going

to be: gas porosity, horizontal lack of fusion and vertical lack of fusion. As for the surface defects, they

will be tuned on the current capability of obtaining defect free components from the internal manu-

facturing. The controlling procedure would be set for surface defects with the aid of visual inspection

and roughness measurements while for the volumetric defects the only reference point, at a first step,

would be the X-ray analysis, which is considered to be the best NDT currently available to address this

kinds of defects. At a later stage this could be substituted by CTScan tomography or 3D X-ray analysis

when those methods will be judged to be sufficiently correct in the defect estimation accuracy.

This last section concludes the comments in the constitutive work of the present project and rep-

resents the end of Chapter 7. In Chapter 8 the conclusions of the present project will to be briefly

presented discussing the current state-of-art of AM for the motorsport industry and what are the log-

ical future steps in the development of this manufacturing technology.

13For the easiness of the first approach the “beta” version of the proposal would present only single and countable defects.
It may happen to encounter non countable defects such as micro-porosity or sponge defects (mainly present in castings
but some similar defects were described for AMed components) but for a first application of a novel standard the proposal
is not taking those into consideration. The approach is still reasonable since the global defect level is usually originated
from process parameters or deviations from the correct and state-of-art procedures and limiting the dimension of single and
countable defects is likely to reduce the presence of other defects as well.
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(a)

(b)

Figure 7.19: Graphical representation of diminishing properties as a function of casting grades elaborated from different liter-
ature sources: the first example (Fig.7.19a) represents an industrial cast while Fig.7.19b is representative of aerospace alloys.
The grades from A to D refer to the MIL-STD-2175 casting quality standards. Graphical results are relaborated from [27]. The
quality of the cast has a primary effect on the elongation properties of the material, an effect which is similar between cast
products and additively manufactured components. In fact, the presence of lack of fusion defects in SLM specimens reduced
considerably the elongation while not compromising the strength level.





8
CONCLUSIONS AND FURTHER

INVESTIGATIONS NEEDED

As presented in the thesis introduction this brief chapter presents a final comment on the AM technol-

ogy and state-of-art for the motorsport industry. These final comments are presented in two sections:

the first half presents the current level achieved during the project for the manufacturing of structural

components with AM technologies; the second part presents a series of future needed investigations

suggested and the current missing information for a successful chain of knowledge in the industrial

practice.

8.1. DMLS AND AM FOR STRUCTURAL COMPONENT DESIGN

It can be concluded from the experimental testing, design studies and fatigue bench testing that AM

is a mature technology capable of granting weight reduction of structural components, due to the

ability of overcome manufacturing limits, by 7-10%, even in the case of highly optimized structures.

The machine diversity and material availability is likely to grow in the short future since the processing

capabilities of laser bed fusion processes have shown to meet high industrial standards.

Some materials (Ti6Al4V) have shown full achievement in the mechanical properties and high

level of accuracy in the definition of surface tolerances, mainly due to the know how on the processing

parameters (knowledge on the DMLS process) and the full functionality of the component is achieved

thanks to top class machining finishing techniques. Other materials tested (Scalmalloy) were not fully

compliant with the specification standards. As specified in the extensive discussion reported in Chap-

ter 7, the excessive presence of process induced porosity (in the form of horizontal lack of fusion)

reduced the average elongation properties; still all other tensile parameters were in line or above the

industrial standard which means that the microstructure is sufficiently strengthened by the precip-

itation heat treatment process and the almost absence of anisotropy on the tensile strength of the

components (as reported by the directional results presented in Fig.6.3 and Fig.6.5) is the proof of a

microstructure that presents almost no banding. The process induced defects could be corrected with

155
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the implementation of tuned processing parameters and a defect characterization campaign. Espe-

cially the balance in the energy with the melting pool has to be correctly tuned to avoid lack of fusion

defects and therefore a loop of control on the scan speed and laser power is suggested for the SLM

process.

The quality process established for the Scalmalloy component was sufficient to grant good control

on the defects of the part and as well it was able to detect the mechanical properties of interest to

properly assess the real state of the process and of the component. Still the lack of a properly described

acceptability criterion was considered critical in the flow between supplier and OEM.

The industrial know how and engineering practice in the motorsport industry is not reputed to

be as mature as the technological process: the need of better understanding of the manufacturing

process and to properly re-engineer the design process re-benchmarking it on the process specific

limitations and boundary conditions is still in the developing phase. The aid of good engineering

practices and specific software applications (such as quick surface reconstruction tools or in-the-loop

topology optimization) is suggested to achieve higher quality in the end products. Furthermore, a

closer interaction between the manufacturing and the design team could have granted higher overall

quality of the supporting strategy for the components printing procedure.

8.2. FURTHER INVESTIGATIONS IN THE FIELD OF STRUCTURAL DESIGN

FOR AM
From the missing information and lack of knowledge encountered in the various phases of the present

project the main research directives, accordingly with the author’s view in agreement with the com-

pany supervisor, suggested for the future success of the analyzed manufacturing technology, are among

others:

• The need of a robust material database for novel material: as described in the design process

and during the simulation procedure (Chapter 3 and Chapter 4) the absence of a robust material

properties database for AM materials and the absence of a standardized determination of the

minimum mechanical properties is a critical barrier to the large scale use of this manufacturing

technology. The proper development of a standardized characterization (including proper and

severe thermal and fatigue characterization) would lower the skeptical attitude of designers with

respect to additive manufacturing.

• The need of specific surface finishing techniques for AMed products: the absence of dedicated

surface finishing techniques for additive manufacturing materials has been faced as a second

critical point in the definition of the manufacturing processes for components in need of sus-

tained repetitive fatigue loads. The surface finishing and the presence of a layering effect is

currently seen as one of the principal limitations for fatigue components and the development

of custom processes together with a proper fatigue properties characterization would unlock

further potential in the weight saving on structural components.

• The need of standardizing the quality processes: the absence of a standardized quality pro-

cess makes the work-flow between supplier and OEM quite complex and the definition of sin-

gular standards on specific agreements for each component represent a further barrier in the
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applicability of the technology. Since the maturity of the processing technique, a standardized

guidelines on how to develop material specific acceptability parameters is crucial to the indus-

trial scale up of the process. A basic strategy proposal, limited in the intent for the Scalmalloy

produced component, has been presented in Chapter 7. From this proposal the connection of

the technology to established processes (casting quality assessment) is made clear and could

be taken as a first inspiration for the development of general acceptability guidelines for AMed

structural components. In a further future on site defect evaluation through the implementation

of live control with ultrasound techniques (Phased Array) can be seen as a future breakthrough

in the control strategy of defect evaluation at the very early stages of production.
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