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Abstract

Abstract

Selective laser melting (SLM) is a powder-baseditagd manufacturing technique
consisting of the exact reproduction of a threeatisional computer model (generally a
computer-aided design CAD file or a computer torapgly CT scan) through an additive
layer-by-layer strategy. Because of the high degredreedom offered by the additive
manufacturing, parts having almost any possiblerggn/ can be produced by SLM. More
specifically, with this process it is possible taild parts with extremely complex shapes and
geometries that would otherwise be difficult or ospible to produce using conventional

subtractive manufacturing processes.

Another major advantage of SLM compared to conesati techniques is the fast
cooling rate during the process. This permits tteepction of bulk materials with very fine
microstructures and improved mechanical propertieseven bulk metallic glasses. In
addition, this technology gives the opportunityptoduce ready-to-use parts with minimized
need for post-processing (only surface polishinghtnibe required). Recently, significant
research activity has been focused on SLM proagssindifferent metallic materials,
including steels, Ti-, Ni- and Al-based alloys. Hower, most of the research is devoted to
the parameters optimization or to the feasibilitydgees on the production of complex

structures with no detailed investigations of thracture-property correlation.

Accordingly, this thesis focuses on the productoil structure-property correlation
of Al-12Si samples produced by SLM from gas atomhipewders. The microstructure of the
as-prepared SLM sample consists of supersaturatiethny Al with an extremely fine
cellular structure along with the residual freesuated at the cellular boundaries. This
microstructure leads to a remarkable mechanicah\eh the yield and tensile strengths of
the SLM as-prepared samples are respectively fadrtao times higher than their cast
counterparts. However, the ductility is signifidgmeduced compared with the cast samples.

The effect of annealing at different temperatureste microstructure and resulting
mechanical properties of the SLM parts has beetesyically studied by analyzing the
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size, morphology and distribution of the phasesaddition, the mechanical properties of the
SLM samples have been modeled using micro- stracteatures, such as the crystallite and
matrix ligament sizes. The results demonstrate tth@tmechanical behavior of the Al-12Si
SLM samples can be tuned within a wide range @&ngth and ductility through the use of
the proper annealing treatment.

The AI-Si alloys are generally used as pistons yinder liners in automotive
applications. This requires good wear resistanag sufficient strength at the operating
temperature, which ranges between 373 and 473 Bolingly, the tensile properties of the
SLM samples were also tested at these temperat@hesiging the hatch style during SLM
processing varies the texture in the material. ldgeamples with different hatch styles were
produced and the effect of texture on their medarbehavior was evaluated. The results
show that the hatch style strongly influences lbghmechanical properties and the texture
of the samples; however no direct correlation waseoved between texture and mechanical
properties.

The wear properties of the Al-12Si material weraleated using pin-on-disc and
fretting wear experiments. These experiments shioat the as-prepared SLM samples
exhibit better wear resistance than their cast ®vparts and the SLM heat-treated samples.
Finally, the corrosion investigations reveal thiaeé tSLM samples have similar corrosion
behavior as the cast specimens under acidic conditi

A major drawback for the wide application of SLM a&s industrial processing route
is the limited size of the products. This is a direonsequence of the limited dimensions of
the available building chambers, which allow foe groduction of samples with volumes of
about 0.02 rh A possible way to overcome this problem wouldthe use of the welding
processes to join the small SLM objects to formtgparith no dimensional limitations. In
order to verify this possibility, friction weldingras employed to join Al-12Si SLM parts.
The results indicate that friction welding not oslyccessfully permits to joining materials
manufactured by SLM, but also helps to significantiprove their ductility.
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This work clearly demonstrates that SLM can be sssftlly used for the production
of Al-12Si parts with an overall superior performanof the mechanical and physical
properties with respect to the conventional cashpdes. Moreover, the mechanical
properties of the SLM samples can be widely tunesitu by employing suitable hatch styles
or ex-situby the proper heat treatment. This might help dbeelopment of SLM for the
production of innovative high-performance Al-basedterials and structures with controlled

properties for automotive and aerospace application
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Selektives Laserstrahlschmelzen (SLM) ist ein pldasiertes additives
Fertigungsverfahren. Dabei wird ein drei-dimensiesa&Computermodell, Ublicherweise ein
CAD (computer-aided design)-Modell oder eine CT rfatertomographie), durch eine
additive Technik, also Schicht fir Schicht, detettgu wiedergegeben. Aufgrund des hohen
Freiheitsgrades, die dieses generative Fertigunigdwren ermdglicht, kénnen Bauteile
nahezu jeder Geometrie mittels SLM hergestellt werdas schliel3t Bauteile mit extrem
komplizierter Form und Geometrie ein, die sonsttefst konventionellen subtraktiven
Fertigungsverfahren schwierig bzw. gar nicht hetedlen waren. Ein weiterer bedeutender
Vorteil des SLM-Verfahrens liegt in den hohen Abkaten, die wahrend des Aufschmelz —
bzw. Abklhl-Prozesses erreicht werden. Dies erlaidtFertigung von Bauteilen mit sehr
feinem Geflge und verbesserten mechanischen Eiggtsc und ermoglicht sogar die
Herstellung massiver metallischer Glaser. Ein weit®orteil liegt im minimalen Bedarf an
Nachbearbeitung der Bauteile, meist ist nur eirtt&téder Oberflachen erforderlich.

Im Fokus der Forschungsaktivitaten steht die Ertlwitg von verschiedenen
metallischen Materialien mittels SLM, einschlieBliStahlen sowie Ti-, Ni- und Al-basierten
Legierungen. Haufig dienen die Untersuchungen Isdgplich der Parameteroptimierung
oder der Fertigung von komplizierten Strukturen ehuimfassende Analysen der Geflige-

Eigenschafts-Beziehung einzubeziehen.

Demzufolge ist die Fertigung und Analyse der SwuHgigenschafts-Beziehung von
Al-12Si-Proben, die mittels SLM aus gasatomisiert@®ulver hergestellt wurden,
Hauptbestandteil der vorliegenden Arbeit. Das Gefigr mit SLM gefertigten Proben
besteht aus Uberséattigtem primarem Al mit extreimefezellularer Struktur und Si, welches
an den Korngrenzen der Al-Zellen angelagert istesBs Gefluge fuhrt zu einem
aul3erordentlichen mechanischen Verhalten: die Flie/hd Bruchfestigkeit unter
Zugbeanspruchung der SLM-Proben sind vier- bzw. immak héher im Vergleich zu
gegossenen Proben der Legierung, wahrend die ZMastiagegen deutlich geringer ist. Die
Auswirkung von Warmebehandlungen bei verschieddreamperaturen auf das Geflige der
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SLM-Bauteile wurde systematisch hinsichtlich GroR&grphologie und Verteilung der
Phasen untersucht. Zusatzlich wurden die mechamséligenschaften durch Verdnderung
von mikrostrukturellen Eigenschaften, wie die Kalt- und Matrix-Ligamentgrof3e
modelliert. Die Ergebnisse veranschaulichen, dassmechanische Verhalten von Al-12Si
SLM-Proben innerhalb eines breiten Festigkeits- UMdstizitatsbereiches mittels einer
geeigneten Warmebehandlung eingestellt werden kann.

Al-Si-Legierungen werden unter anderem als Kolber wylinderbuchsen fir
automobiltechnische Anwendungen verwendet. Diesr@eft eine gute Verschleil3festigkeit
und ausreichende Festigkeit bei Betriebstempenmatuwa 373 K bis 473 K. Folglich wurden
auch die Zugeigenschaften der SLM-Proben in dieBemperaturbereich untersucht. Durch
Veranderung des hatch-style wahrend des SLM-Vorg#igst sich die Textur im Material
variieren. Deswegen wurden Proben mit unteschieellic hatch-style hergestellt und die
Auswirkung der Textur auf die mechanischen Eigeatien bewertet. Die Ergebnisse
veranschaulichen, dass das hatch style die Proftentesowie die mechanischen
Eigenschaften deutlich beeinflul3t; allerdings wukeéen direkter Zusammenhang zwischen
Textur und mechanischen Eigenschaften beobachtetVErschleil3eigenschaften des Al-
12Si-Materials wurden anhand von Stift-Scheibe- Engettingverschleil3versuchen beurteilt.
Diese Experimente zeigen, dass die mittels SLM dstgilten Proben einen besseren
Verschleildwiderstand besitzen als die gegossenavie sdie warmebehandelten SLM-
Proben. Korrosionsuntersuchungen ergaben, dasSldé-Proben das gleiche korrosive
Verhalten unter sauren Bedingungen aufweisen veigegossenen Proben.

Ein gewisser Nachteil fur die breite Anwendung d8EM als industrielles
Fertigungsverfahren ist dessen Limitation hinsichtBauteilgro3e. Dies folgt direkt aus der
GroRRe der verfugbaren ,Baukammer”, die eine Hdtstgl von Proben mit Volumen von
ungefahr 0.02 thermoglicht. Eine erfolgversprechende Methode zberdindung dieses
Problems, kdnnte der Einsatz von Schweil3prozesservVerbindung der kleinen SLM-
Elemente sein, sodass auch gréf3ere Bauteile peytiuvaerden konnten. Deshalb wurde die
Technologie des Reibschweil3ens zur Verbindung det28i SLM-Proben geprift. Die
Ergebnisse zeigen, dass Reibschweil3en nicht nwerttdgreiche Figen von Materialien, die
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mit SLM hergestellt wurden, ermdglicht, sondern idieeitig auch deren Plastizitat
signifikant verbessert.

Diese Arbeit erbringt den Nachweis, dass das SLidigreich fir die Herstellung
von Al-12Si-Bauteilen eingesetzt werden kann. DigMSBauteile besitzen, verglichen mit
den auf konventionelle Weise gegossenen Probegesamt bessere mechanische sowie
physikalische Eigenschaften. Dartber hinaus kdrdienmechanischen Eigenschaften der
SLM-Proben in einem weiten Bereich in-situ einglisteverden, indem geeignete
Parameterkombinationen angewendet werden odertiexpassende Warmebehandlungen
durchgefuhrt werden. Diese Ergebnisse bringen dievieklung des SLM fiir die Produktion
von innovativen Al-basierten Hochleistungsmategialiund Strukturen mit kontrollierten

Eigenschaften fur Fahrzeug- und Luftfahrtanwendangean.

Vi
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Motivation

One of the most important economic sectors by needa the automotive industry.
The focus of the automotive industry currently lieseducing the weight of the automotive
components. Weight reduction leads to several adgas like reduction in fuel consumption
and carbon dioxide emission, minimization of theawvef brakes, tire etc.|(im94, [Col9],
[Pow133). Even a modest weight reduction of 50 kg redubesCQ emission up to 5 g/km
and decreases the fuel usage by up to 2P%w[l33 Taking the mass production into
account, a weight reduction of ~ 10 kg for eachtled 70 million lightweight engines
produced in 2011 in the United States, could s&3& @illion liters of refined fuel or 9
million barrels of crude fuelHow133. Similarly, eliminating ~ 6 kg in the automotive
transmission would save up to 350 million liters refined fuel (Pow133, [Dupl133d),
suggesting thdess is mordor high performance materials in the automotigetsr. One of
the examples for light weight construction is shawifrig. 1.1.1 where the skeleton of the

car body is made of lightweight Al-based alloysheatthan conventional steels.

Fig. 1.1.1.Structure of a car, where the skeleton is madé-bised alloysI{lYT124].
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The weight reduction in the engineering componeatsbe achieved by the usage of
light metals and/or by creating lightweight strues like cellular or octahedral structures,
made of conventional high-density materials likeest Steel is the most commonly used
metal in the automobile sectdfl§134. Innovations in the steel industry has led toeavn
variety of steel called ultra-high strength stegijch can considerably reduce the weight of
the components by ~ 8% without affecting the overasdt of the component§Ig134. This
is a significant step forward in the field of steenufacturing; however, additional gains can

be attained by further reduction of weight the comgnts.

Aluminum and other lightweight materials make imds in the field of lightweight
manufacturing and can be processed by any convemtinethods such as casting, powder
metallurgy etc. [fle133. The automobile giant AUDI started revolutioniginhe modern
lightweight materials and the industry with the A& and its Audi Space Frame (ASF) in
1994. The A8's ASF weighed a mere 249 kg that redube mass of the car by 200 kg,
when built of steelfle13d. From an average of 39 kg of Al and its alloysdisn the
passenger cars in 1976, the usage of Al has iredegadually to 110 kg in 1996 and is
expected to grow further to 250 — 350 kg by 20¥5(0a].

Lightweight metal-structures possess low densigh specific compression strength,
good absorption of energy, good acoustic propegies [Dot08d. Owing to such superior
properties, these structures find their applicatiam aerospace and automotive industry,
reconstructive surgery, chemical industry, strutuwonstruction etc.Lpbl1d. Cellular
metal structures can be produced by suitable fognpirocesses ([ad094, [Ash014)
depending on the size and topology of the porebetgoroduced. However, the periodic
structures, such as lattice structures or honeybspare difficult to produce by the available
conventional manufacturing processes and hencee tlgera need of novel processing

techniques.

1.2 Aim and objectives

Additive manufacturing, such as selective lasertimgSLM), is one of the options
that can be used to process light metals and ligigtw metal-structures. Selective laser
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melting is capable of producing parts with intreageometries and superior properties
([ENE134, [Pral3}). Moreover, it has been reported that additivenafacturing through
SLM can help in achieving significant reduction tfe energy and materials usage
([DOE123, [ENE133). In addition, application-oriented research Ig@duction by SLM of
complex parts for biomedical and other industrigplecations (Lob11g, [Mul084d],
[Pat09% [Wanl33) has also been of significant attentigfig( 1.2.). Unfortunately, the
majority of the research is focused on the optitioraof the SLM processing parameters
through single tracks and density optimization tiglo small cubical samples and only a few
investigations have analyzed the metallurgical etspaf the parts produced by selective laser
melting. The present research work deals extenswith the microstructural features of the
parts produced by selective laser melting withuhienate goal to correlate the properties of
the samples with their metallurgical aspects.

Additive manufacturing
could reduce energy
use by 50 percent

and reduces material

costs by up to 90 percent
compared to traditional
manufacturing.

Fig. 1.2.1.A titanium prosthetic hand produced via additivenmfacturing process at the Oak Ridge
National Laboratory (POE124, [ENE13§).

The specific objectives of this thesis are:

(1) Production of Al-12Si samples by selective laseitimg and their complete
microstructural characterization.

(2) Evaluation of the mechanical, tribological and osion properties of the as-
prepared SLM Al-12Si parts and analysis of the astwucture-properties

correlations.
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(3) Comparison of the properties of the SLM AI-12Si géam with the
corresponding material produced by conventiondimgs

(4) Analysis of the effect of heat-treatment on mectalntribological and corrosion
properties of the SLM Al-12Si specimens.

(5) Test of the welding properties of the SLM parts.

1.3 Structure of the thesis

A detailed theoretical background is presente@liapter 2 describing the different
types of manufacturing processes with focus onatiditive manufacturing technology and
selective laser melting. Details on the powder progs required for selective laser melting,
the processing parameters and the potential apiplsaof SLM are discussed along with the
different systems already processed by selectser Imelting. In addition, the fundamental
aspects of solidification are presented. The fpait of Chapter 2is devoted to Al-based
alloys with main focus on the Al-Si system. A brefmmary of the experimental procedures
used in the present thesis is giverCimapter 3including the details on the processing routes

and characterization techniques.

Chapter 4includes a detailed investigation on the micradtmal features of the SLM
parts, the effect of texture and heat-treatmergngth modeling and high temperature tensile
properties along with the effect of the hatch stgle texture and mechanical properties.
Chapter 5reports the tribological and corrosion propertéshe SLM samplesChapter 6
deals with the joining of parts produced by selectaser melting using friction welding,
which will help to widen the application spectrurh selective laser melting. Finally, the

summary and conclusions are presentedhapter 7
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Chapter 2: Theoretical background

The present chapter provides the theoretical backgl necessary for understanding
the work performed in this thesis. This chaptertstaith describing the various types of
manufacturing processes and their advantageswedidy a detailed discussion on additive
manufacturing and its potential applications. Aailed insight on the SLM process is
presented along with the discussion on the impbpescessing parameters. Advantages and
potential applications offered by the SLM process also discussed. The chapter also
describes the fundamentals of solidification witbcds on the equilibrium partition
coefficient, solute redistribution, the differentolidification modes, constitutional
supercooling theory and finally the influence ofoliog rate on the solidifying
microstructure. A section of this chapter descrittes different materials used in the SLM
process and the last part discusses the basicg #tmwneed of aluminum alloys, their
classification and the possible strengthening meishas.

2.1 Manufacturing processes

SUBTRACTIVE MANUFACTURING ADDITIVE MANUFACTURING

e
-
0
==
o e—

Fig. 2.1.1. Schematic illustration showing the differenceswasn the subtractive and additive
manufacturingflew114d.

The term manufacturing process is defined as tessbr the sequence of processes
through which the raw materials are transformed iat industrially useful product of
definite size and shapé&1pc964d. The process begins with the design aspectgvelll by



Chapter 2: Theoretical background

the series of manufacturing processes, like salatibn, consolidation, machining, heat
treatment etc., and involves the tests and invaisbigs necessary for quality assurance
purposes. The manufacturing processes can be fiddssito two major categories (1)
subtractive manufacturing (SM) and (2) additive ofanturing (AM) or solid free-form
processing (SFF)Jro073. A SM process can be described as a controlleg afaemoval

of the undesired part or layer of material to foanproduct with the desired shapeg(
2.1.7). SM processing (e.g. cutting, machining, turnimgilling, reaming, tapping etc.)
involves significant wastage of material and consedqly it may lead to high production
costs. In addition, the material wastage may furkked to environmental issues.

On the contrary, AM is defined as the process wiifg materials layer by layeF(g.
2.1.7). The joining may be caused by fusion or by bigdufi the surfaces or by solidification
of resin / powder by melting. A three dimensionaimputer model is needed to define the
shape and size of the component in the AM proceggaeerally, a computer-aided design
files (CAD) or a computer tomography CT scan). Aling the following advantages over
the SM processe&iQ. 2.1.3.

«Complexity for free»

Goaisu

{for small seres
from 1 to = 3000,
high dapendonce

of dimimaions and Conventional scomplexity
procoess) Production for fraak
Tﬁchhnluglﬁs
samo cosis,
higher profit
ADDITIVE
MANUFACTURING
Complexity
Standard Design Design for
denign for fonal producth ADDITIVE MANUFACTURING (AM)
technalngles .

Flarimmal wptivniaed o

Fig. 2.1.2.Advantages of the additive manufacturing techne®@-mal33.
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(1) Design freedom Since tooling and machining are not requirechi ¢ase of additive

manufacturing, the design process has an extreedeagtfreedom and the design
changes can be modified at any time with ease.

(2) SpeedLess time is required to produce near net shapweooents. No molds or dies
are required, hence allowing the production paftany shape and size and even
structures.

(3) Costs Since no molds and dies are required, design clsaceye be done without any
additional cost.

(4) Environment friendly AM is an energy efficient process that leads tmimmal

wastage of material during the production stage;glocess is thus environment
friendly and is expected to support green manufagu
(5) Convenience Design and production can be carried out withimal labor and at

convenience and ease.

Subtractive manufacturing

Fig. 2.1.3.Process flow showing the differences between timyeational subtractive manufacturing
and additive manufacturing processés(j113, [Paul3y).
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2.1.1 Additive manufacturing technology (AM)

Additive manufacturing (AM) is defined by ASTM adet ‘process of joining
materials to make objects, usually layer by layenmn a 3D CAD data] AST124. Although
the first reports on additive technologies like dgmphy and photosculpture to replicate
objects, date back to the 1800’5I(jo064, [Rob123), the first successful attempt in the field
of AM can be considered the technology developeterni970’s. Rapid development of AM
took place between 1980’s and 1990’s and it has s®eeasing industrial applications in the
last 20 years. Initial commercialization of an AMbpess took place in 1987 in the form of
stereolithography from 3D system3af92% Stereolithographgy is a process that uses a
combination of both photochemistry and laser tetdmyto build parts from photopolymer
resins. SLA-1 was the first commercially availalgl system and was known as SLA 250
machine (SLA — Stereolithography apparatus). Thamercial SLA 250 was replaced by
the next generation Viper SLA product from the 3Btem. The first generation acrylate
resins were commercialized in 1988 and this inwenvas a collaborative work from the 3D

systems and Ciba-energy.

The development of new AM technologies slowly gdimomentum in 1991, when
three new AM technologies were commercialized. Tmiduded fused deposition modeling
(FDM) from Stratasys Hut014d, solid ground curing (SGC) from Cubitaltz¢b034 and
laminated object manufacturing (LOM) from Helisysafn064. FDM is a process which
uses a plastic filament or a metal wire that is ommd to an extrusion nozzle. The nozzle is
heated to melt the material and at the same tiheeptaterial is extruded from the nozzle.
The material hardens immediately upon extrusiomftbe nozzle. SGC uses a UV-sensitive
liquid polymer, solidifying the entire layers in @pass by UV light through masks created
using an electrostatic toner on a glass plate. Li®&h AM process that bonds and cut sheets
of material using a digitally guided laser. The thegeneration AM processes were
commercialized in 1992, when both the selectiverlamtering (SLS) from 3D systems and
the solid form stereolithography system from Tefeiki were unveiled\f/oh094. SLS
fuses powder particles (plastics / metal / ceramidass) using the heat from a laser to

produce a 3D component.
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The next innovation shaped in the form of a multiec 3D printer from Z
Corporation Mal044. 3D printers produce parts and assemblies inralagi fashion like a
standard inkjet printer, however it spreads laydrplaster or resin powder and binds them
together. 3D printing is faster, more affordabled agasier to use than other additive
technologies. Selective laser melting (SLM) gothidh and definition in the end of 1994
from the Fraunhofer Institute ILT in Aachen, Germaand was patented immediately (ILT
SLM patent DE 19649865). SLM uses a 3D computezcaiesign (CAD) data as a digital
source of information and energy in the form ofighkpowered laser beam to create 3D
metal parts by fusion of metallic powder partid&si043. SLM is one of the few processes
in the arena of AM that plays a key role even udéte and so has received considerable

attention and importance.

AM technology
Process Material Deposition mechanism Energy used
Polymer Metals, alloys and ceramics Resins

(PP,DLP) (SLM, SLS, EBM, SHS)

N
Layer by layer Powder feed Wire feed

,SLM, SLS)  (EBF)
| ! | [

Extrusion Polymerization  Sintering powder Ultrasonic metal fusion

(FDM) (DLP) (SLM, SLS) (UO)
Ultraviolet radiation Infrared radiation Ultrasonic vibration Electron beam Laser
(DLP) (UO) (EBM) (SLM)

Fig. 2.1.4.Detailed flowchart showing the classification dletadditive manufacturing processes
based of four major groups.

The AM processes can be classified into four dififiercategories depending on the
technology used, the materials processed, the dipomechanisms involved, and on the
source of energy used during manufacturifgg.(2.1.4. For instance, the various AM
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technologies use different processing techniqueth®production of the parts / objects. The
FDM technology uses the extrusion process, whedegital light processing (DLP) uses
polymerization for building 3D parts. SLS uses aiimtg and ultrasonic consolidation (UC)
utilizes ultrasonic waves for the production of gaets. In addition, there are different types
of energy sources that are used in AM; for exampleP uses ultra violet radiation,
ultrasonic waves are used in UC, electron beantilizad in electron beam melting (EBM)
process and a laser beam is used in both SLM aBd SL

2.1.2 Applications of additive manufacturing techlogy

As wide ranges of materials can be processed Wwéhdifferent AM processes with
different deposition mechanisms and different sesiraf energy, the AM technologies find
its applications in almost every field (seg. 2.1.9.

Aerospace
*Repair and overhaul
*Aero-engine component
»Feature addition to the
existing parts

Automotive

*Rapid manufacturing

*Rapid prototyping

*Repair & modification

+Cladding of valves
and shafts

t changer Car angine air intake Car dashboar

- Medical
*Medical devices
«Medical implants

Marine, Oil & Gas
eFree forming
*Conformal channel
*Reduce No. of parts,

PE-industry

sComplex tooling

*Tool & die repair
& modification

g

Consumer

*Furniture -

sFashion apparel, Electronics:

sPhone *Thin Film Transistors
accessories « Micro-optics / display

«lewellery * Interconnects

*Lighting *Clean energ)

uilding Construction
. * Building models
*) * Township planning

Fig. 2.1.5.Applications of additive manufacturing in diffetesectors Jun133
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Aerospace industryln principle, any aerospace components can béuyzed by AM.

However, most of the industrial applications ligle production of jet engines, rib-
web structural components, turbine engine casegnerblades, vanes, discs etc.
([Woh09a], [Wo0093)]

Automotive industry AM is particularly used in the production of gdarxes, heat

exchangers, car wheels, connecting rods, pistaises, conformal channels etc.
[Hum134.

Medical applications AM comes as a lifesaving process in the medicatose It

finds its applications for the production of ortleolc implants, surgical aids,
instrumentation tools, painted organs, tissue esgging, scaffolds, artificial skins,
artificial bladders, medical implants, medical amg ([Coh064, [War093).

Machinery applications:Rapid production of injection mold tooling, injert molds,

bimetallic tools, assembling-free assemblies, cemmonformal cooling systems
etc. BLM134.

Marine, oil and gas sectorsConformal channels, fuel injection swirls eté/L[i12a].

Electronics industry Fully printed thin film transistors, micro-optick display

manufacturing, 3D printed electronics, 3D printeiéticonnects, etcSje094.
Consumer applicationsAM finds its applications in the consumer sectawell as

for jewelry manufacturing, fashion apparel, phoneessories, lighting accessories,
etc. [Sie093.
Building construction Building architectural models and town-ship pleagnare

some of the applications of AM in the building sedtrho064.
Food industry AM finds here its application as a 3D food primftieip104d].

2.2 Selective laser melting (SLM)

As discussed ibection 2.1.1SLM is an additive manufacturing technique tiratm

the data provided by a 3D CAD file, produces a esponding 3D metal part by fusing the

metallic powders layer by layer. The SLM has théeptal of producing end-use parts that

can be used directly for industrial applicationseproduction of parts by SLM involves two

11
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essential steps (1) computational part (2) prodactf the actual part. The different steps
that are involved in the computational part arensh Fig. 2.2.1

(1) 3D CAD madel  (2) support structure (3) 2D slicing (4) SLM process finished part

Fig. 2.2.1.Steps involved in the production of a 3D metal paihg selective laser melting.

The first and the foremost step in producing a comemt using SLM is the creation
of a 3D CAD model resembling the component to bedpced. Generally, SLM produces
components on a substrate plate (or base platéghvidof the same or similar material as
the part to be produced. In order to remove thé gasily and effectively from the substrate
plate, halo structures are built before producimg @actual component. Such structures (i.e.
the support structures) are placed between the acpemp and the base plate. The data for the
support structures are then added to the 3D CADemoél the component. This is the
absolute data, which has the complete informatimuathe part and the support structures.

(a)  mirror laser

[T

base plate

Fig. 2.2.2 Selective laser melting: the process flow diagr&m {134

As per SLM'’s definition, the parts are producedelaipy-layer and hence the CAD
data should contain the layer wise information alibe component. For this, the absolute

12
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data is sliced into layers and hence the informatavailable at each layer is two-
dimensional. This sliced data are now ready to de# dor generating a 3D part using SLM
(Fig. 2.2.).

The second stage of the SLM process involves tbelyation of the actual part,
where a thin layer of powder is deposited overlthge plate by a specially designed loader,
as shown irFig. 2.2.2 The loader then moves out of the path of therlasd the laser melts
the powder selectively as dictated by the slicedQhata. After the melting step, the base
plate is lowered by an amount corresponding tddkier thickness; the loader then deposits
the next layer of powder, which is selectively redltby the laser. This iterative process
continues, until the entire part is complete. Upompletion of the part, the base plate along
with the part is displaced from the chamber and3Bepart is removed from the substrate
plate.

2.2.1 Powder properties

There are certain powder properties that play @&sotkecrole during the SLM process.
All the physical properties of the powder, suchdassity, melting point, thermal capacity,
latent heat of fusion, determine the melt enthalghe melt enthalpy is defined as the amount
of energy needed to melt the powder completelyk({84], [Van073) and determines the
heat balance of the systemal0gd. The thermal conductivity of the system is onetlud
main factors in determining the heat balance. Tibkermal stresses introduced in a component
during solidification are dependent on the therregbansion coefficient of the system
[Tip084 and these are intrinsic properties of the metalioy.

Particle size distribution is a mathematical fumitinat defines the relative amount of
particles (by mass) according to their size ran@jag property defines an important powder
property - the flowability of the materialGgr894. The ratio of the larger to smaller particles
in the powder can dictate the flowability[{uO74. Other factors like humidity and particles
shape, can also affect the flowability. For exampjgherical particles have better flowability
than the dendritic and irregularly shaped particleshe powder contains a larger volume
fraction of small particles, there is a high probgbthat the particles agglomerate, which

13
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may negatively affect their flowability. This is o the pronounced van der Wall forces in
the small particles, thus making the depositiorcess difficult (5im044, [Boi014).

A very narrow patrticle size distribution can hetpimproving the consistency of the
melt but can have detrimental effect on the packlagsity of the material pe004. The
presence of a high volume fraction of small paggahelps in reducing the energy required to
melt the material and can improve the surface roegh of the SLM parts Kpr984,
[Sea99} [Syv004, [Lu01d). In addition, the layer thickness can be redubgdusing a
smaller particle size. It has been reported by Mader et al. [1az004 that, with increase in
the layer thickness, the laser beam has to diveygelarger distance in order to form a melt
pool. In this case, the thickness of the pool atlibttom will be larger than at the top, giving
rise to an asymmetry in the pool width. This asyrmgnean be reduced by reducing the layer
thickness, which means by reducing the patrticle.sthis also helps in reducing the surface
roughness of the parts along their sides. This shthat the particle size as well as the
particle size distribution plays a significant radethe SLM process not only determining the

process parameters, but also in deciding the fjnality of the parts.

The other important property of the powders is rtheiorphology. Powder
morphology relates to the shape of the powder glastiand it depends on the method of
preparation. For example, powders produced by nmchlaalloying / mechanical milling
have irregular shapeS[ir013, whereas the gas atomization leads to sphericstigped
particles Fhe79% Spherical particles improve the flowability dogi processing and,
consequently, the quality of the final product proed using the AM technolog[u994.
Non-spherical particles lead to less compactionetie increased porosity in the SLM parts
[Maz004 and are considered non-desirable for the SLM @ssc

The density of the powder is another important propin the light of the SLM
process. The density can be classified into twesyphe individual particle density and the
packing density. The individual packing densityarsintrinsic property of the metal or alloy
system, whereas the packing density is dependetheparticle morphology and the size
and distribution of the particles. The thermal asctevity of a powder bed depends on the
number of contact points between the particles. Higker the packing density, the more

14
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numerous will be the contact points and the high#rbe the heat transfer across the powder
layer. Other properties like viscosity, absorptmoefficient, and surface free energy also
play a role in SLM processing but are less sigaifidhan the properties discussed above.

2.2.2 Process parameters

SLM is a complex process where a large number odrpeters can influence the
qguality of the final part. Laser power, laser spiak, scanning speed, layer thickness, hatch
style and hatch spacing are some of the importarrpeters that have to be taken into
account Kru04d. The quality and the properties of the SLM paeed fine parameters
tuning in order to optimize the melting step and émergy density involved in the process.
The energy densityE,, is the amount of energy supplied to the matelaing the melting

step and can be expressed as:
B=[P/ (vs X h xJ] (3/mnT) , 0.2.0)

whereP is the incident laser power (W) is the laser scanning speed (mmifsis the hatch
distance (mm) antlis the layer thickness (mm)K({u054). The above equation emphasizes
that the energy density is strongly dependent eninlident laser power, laser scanning
speed, hatch distance and layer thickness andategi¢he importance of these parameters in
the field of SLM.

S =) = L = =

Fig. 2.2.3 Flowchart describing SLM processing from a sirlgger track to the 3D object.

The hatch distance is another important paramesoceated with the SLM process.
Fig. 2.2.3illustrates how a 3D object is made of linear fasacks. Consider a layer of
powder deposited over a substrate plate, as showig.i 2.2.4 The laser is then activated to
melt the powder selectively. However, the lasersdo® melt the entire area of the powder in
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a single step, but in the form of several trackse Width of the tracks depends on the size of
the laser beam, the laser power and the scannegggsfhe hatch distance is defined as the

width of a single melt track as shownFi. 2.2.4

Fig. 2.2.4.Schematics showing the hatch distance and hatattapvaebserved during a selective laser
melting process.

: secondly
¥ scanned o At layer n+1
et [ oA vy
W s s
QU R
i ,,r..f;,, - l‘bi"
L RN R, 90°
firstly = layer n

| scanned || |

1D BD BD
i D ASD
sD

Fig. 2.2.5.Schematics showing different types of hatch styteg are employed in SLM process
[Thi13d.

FromFigs. 2.2.3 and 2.2,4t can be seen that a single SLM layer consitteweral
hatches with hatch distanca™ (Fig. 2.2.4. To have a sound sample, conditions are set in
such a way that there will be an overlap betweem hatches called the hatch overlapgx-
and the effective track distance is the differebeénveen the hatch distance and the over
lapping distanced - AX). An overlap in the SLM parts is necessary to hawgatinuity

between the tracks leading to a solid sample. Istrabthe SLM processes, an overlap of at
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least 20% is maintained to have better quality dasnfyan071}. The hatch style is another
key parameter in the SLM process. The hatch sg/ldefined as the design or pattern in
which the hatches are oriented within and betwbendyers. The hatch style can be varied
in innumerous ways and the design depends on #aity of the user and on the specific
requirements of the SLM part. Examples of basicthattyles are shown ifig. 2.2.5
[Thi1l34: single melt hatch style, single cross melt, deutross melt, checkerboard and
finally the checkerboard layered hatch style. ThHesteh styles may be repeated every layer
with or without the presence of hatch style rotadidetween the layers. The rotation of the
hatch style between the layers is carried out tee hea better bonding between the layers
[Van073. All the hatching parameters, namely, hatch dista hatch style and hatch
rotations are expected to influence the propediethe final parts produced by SLM and
have a distinct influence on the mechanical proge({Thil34, [Van074, [Van071).

<« Contour

Contour Offset
Volume

Fig. 2.2.6.Schematic illustrating the different zones ideetifin a SLM sample: contour, contour
offset and actual volume of the part.

The contour of the SLM part&ig. 2.2.9 is another aspect that affects the quality of
the final object. Contours are the outermost lapérserved in the SLM samples (usually of
0.2 - 0.5 mm in thickness). They are used to imeritne surface quality (roughness) and/or
aesthetics of the parts. Generally, contours haffereht parameters than the bulk of the
sample to achieve a smooth surface. In most odlses, contours use the same laser power
as the bulk of the sample, but have a faster sngnspeed than the bulk of the sample
[Yas11d. The space between the volume or bulk of the $ampd the contour is called as
the contour offset. The general sequence used h @bcess is: first melting the volume of
the sample, then the contour offset and finally ¢batour. This melting sequence can be
varied according to the shrinkage of the part.
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2.2.3 Potential applications

Similar to the other AM processes, SLM is widelgdigo prepare cellular and lattice
structures [Pot094. Metallic cellular structures have been widelyedsas industrial
components (heat exchangers), in chemical indsstaied in the aerospace and automotive
sectors. The cellular structures possess low dersgh strength, good energy absorption
and good thermal and acoustic propertiestp84. Periodic cellular structures can be highly
porous and the volume occupied by the solid mdteaa be less than 10%E{a013,
[Lob11d). The SLM technology extends the possibility tmguce parts made of complex
engineering materials (e.g. stainless steel, toeglstitanium alloy and cobalt-chromium
alloys) and give designers the freedom to use é¢flalar materials with better functionality
of a product without sacrificing their mechanicabperties Cam10§ The SLM technology
is beneficial for the production of cellular struats because it provides the complete
freedom in defining the geometry of the paftrJ0649 and reduces the production cycle
[SanO6has well as the material usage.

Fig. 2.2.7 Different types of lattice structures made of d&sa steels processed with SLMBp134.

Fundamental research onto manufacturing and compatkng has resulted in novel
lattice structures that have the capability of aeplg dense volumes of materials, retaining
adequate stiffness and strength compared to thepawts Eig. 2.2.7. Such lattice structures

not only reduce the time needed for the preparatioie parts but also reduce processing
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and materials cost$sRph06§ The design optimization and the optimizationtlod process
parameters for both lattice and cellular structurage attracted remarkable attention from
industry Bro054. The lattice structures developed by Brooks eftalb054 are lightweight
parts with only 6% of the relative density of thguavalent bulk material. These lattice
structures find their application as heat exchasa§@ion074, orthopedic implants\iul094d],
ultra-light aerospace components etc.

Another potential application of SLM is in the tog industry, especially in the
production of injection moldsJam104 The cooling phase in the injection molding prexe
determines the rate at which the components camndzskiced. Reduction of the time spent on
the cooling phase would drastically increase themdpction rate and drastically reduce the
production costs[Jim054. The cooling rate can be increased significarily creating
conformal cooling channels and to take the heatyaataa maximum rate~g. 2.2.9. The
recent advancements in the field of AM and SLM gihe design freedom to produce
injection molds with complex conformal cooling chets ([Sac00§ [XXu01gd) and offers a

more accurate route for producing such intricatéspa

Fig. 2.2.8.Precision steel molds illustration of conformablieg channels in the A and B halves of
the mold [fob133.

Internal geometries with complex designs that carive produced by any other

means of manufacturing can be generated by SLM.y Tdre expected to lower the
manufacturing costs and to increase the added rpeafece values over conventional
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processes. SLM has been used to design and prolaeicgoss-flow heat exchangers made
from stainless steel and Ciigo054, and heat sinks from AM/on073. SLM finds its focus
also in the medical and biomedical engineering. ibEdndustry utilizes the advantages of
SLM to manufacture surgical cutting guides, as shawFig. 2.2.9[Bib054. These cutting
guides are used to facilitate pre-surgery plan@ing to reduce the operational times. In the
dental sector, dental crowns and bridges made bf &le commercially availablé\foh104.

1

Fig. 2.2.9.The surgical cutting guide made of Ti-based allijyed to the patient’s body during
surgery Bib054.

Fig. 2.2.10Removable partial dental framework (RPDF) specipr@pared by selective laser melting
[Bib0O64.

Removable partial dental frameworks (RPDF) prepase8LM (Fig. 2.2.1() are also
available in the markeB[b064. Medical devices, such as SLM implants made cdrid Cr,
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have been successfully implanted in the human betich has widened the scope of SLM
([Tolo2g, [Ser083). Standards and compliance in high-value indestriiave become a
constrain in the advancement in applying SLM to iweddevices [fig. 2.2.1(). Research on
SLM has shown that the surface finish of the imfdazan be manipulated to be selectively
porous, and lattice-like structures can be addethéoparts to promote osseointegration
(bonding between the bones and the implant) ininiants Ruf094. Several surgeries
have now been successful with the parts produced 8LM [Ruf094.

2.3 Systems examined using SLM

Scutcliffe quoted thatthere is worldwide interest in developing a stambaapid
manufacturing process based on selective laseimgetNan063. SLM is one of the newest
advanced technologies. Hence, only limited reseheshbeen done on this topic and very
few reports are published on the aspects of thegssodevelopment and on the application of
SLM as an additive manufacturing technology. ThélSirocess is now growing as a viable
alternative process in the biomedical and aerospaaets, since it has the capability of
manufacturing parts with extremely complex geomstusing materials such as Ti, Al and
various types of steel§\[0h094. Widening the inventory of materials that cangoecessed
by SLM will expand the scope of its applications.

The number of systems processed by SLM is relgtilelited. Most of the research
is based on Fe-based and Ti-based alleys] 3} The target lies on the effects of the laser
parameters on density, surface morphology, stradanrmation and mechanical properties in
case of pure Fe, stainless steels and tool stgei®i1d, [Yasllgd, [XSul2g, [Yadl04g,
[Yad11d). The focus of the research on Ti-based alloysoswards their application:
optimization of the processing parameters andedlahysical and mechanical properties for
exploiting the biomedical properties of Ti-basedbyd, like Ti-Nb and TiAINb alloys
([Wan10g, [Gorl1], [Zhall], [Patlld [Challd, [Sall3]). The other application is in the
aerospace sector (e.g. Ti6Al4V), where the foces lin parameter optimization and

understanding the relation between structure archarecal properties \(ral2d, [Sun13},
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[DGu09], [Thil0d). Co-based alloys were also processed using Sldvl their
biocompatibility in medical applicationsT(fk13g, [Xial2d, [Xin12h]).

Both Al-based and Ni-based alloys have attractewsiderable attention in the field
of SLM processing and alloys development. The mete@n Ni-based alloys (Nitinol,
waspaloy, inconel and nimonic) is focused on thegpshmemory effect and high temperature
applications (fhil2g, [Mum08d, [Amal2gd, [Zhal3], [Vill2a]). The experiments on the
Al-based alloys are basically application drivespexially as lightweight materials, and are
confined to only two systems: 6061 and AISi1OMgV{n074, [Bral2d, [Kem12],
[Thi134). Not much work has been carried out on Cu-baystems. There is a recent report
focusing on the thermal behavior and densificati@thanism during selective laser melting
of copper matrix compositefil3g. Apart from few exceptions (Jral2gd, [Amal2],
[Vil12a]) limited attention has been paid on the micragtre-property correlations of SLM
metallic parts and on the methods to tune and ageiteir mechanical properties and this is

one of the aspects where light has to be shed on.

2.4 Solidification fundamentals

SLM is one of the processes that involve high eapliates during solidification
([Bou023, [JLIO7d). The microstructure evolution as well as theus®lre-distribution
during solidification at extreme cooling rates @gag central role in determining the
mechanical, chemical and tribological propertiesnaterials, including objects produced by
SLM. Hence, the knowledge of the fundamentals ef dblidification phenomena and the
modes of solidification are a necessary prereguisit understanding and properly working
with the SLM process. This section focuses on tlidification fundamentals and deals with
the equilibrium partition or equilibrium segregatiooefficient followed by the fundamentals
on solute redistribution phenomena, when the sdiatepartial or negligible diffusion in the
solid and complete diffusion in liquid; it presentse solidification modes and the
constitutional supercooling theory and finally te#ect of cooling rate and temperature

gradient on the microstructure is discussed.
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2.4.1 Equilibrium partition / segregation coefficre

Whenever a binary system of uniform compositiondstds from the liquid to the
solid state, the ideal condition is to have a soliduniform composition, provided that the
solubility limits of the solute in both liquid ansblid state remain the same and that the
equilibrium solidification conditions are maintathdSin033. However, the equilibrium
conditions may not be achieved due to the preseh@mpurities or changes in the cooling
rate and in the solubility limit of the solute inet solvent both in liquid and solid state. The
solute atoms in the liquid are normally redistrdalit during solidification and the
redistribution of the solute depends on both theetic (diffusion, super heating, under
cooling etc.) as well as the thermodynamic (phasgrdm) aspectsSjn0334. The phase
diagram dictates the solubility limit of the solutethe solvent both in liquid and solid state.
Depending on the solubility limit of the soluteetbolid may either take excess solute from
the liquid or reject solute into the liquid. The uddprium partition coefficient or the
equilibrium segregation coefficienk™is defined as the ratio of the solute concentrain
the solid Cs) to that of the liquid €.) at the solid liquid interface at any given tengtare
“T" [SIin033:

k=G/C , (2.4.9
Amelt of initial Equilibrium liquidus line; o
= composition, C, segregation A slopem >0 solidus line
T‘“ coefficient: -
F-. L k = Csl‘lCL < 1 2’ T ______
g T 2 'Ic, |
2T I [
@ S Q |
3 |is! C BT 5
5 |! lsoldusline  liqudusling; 1= 'mf ! | k=CJC >1
= Lo slope m, <0 ! | -
' m— C kC
o
kC, C,  Solute concentration, C Solute concentration. C

Fig. 2.4.1.Equilibrium segregation coefficienk ‘along the two extremes observed in a binary phase
diagram Bin033.

23



Chapter 2: Theoretical background

The solubility of a solute in a solvent is stronggpendent on temperature and so the
equilibrium segregation coefficient is a functiohtemperatureFig. 2.4.1shows both the
conditions that are possible in a binary phaserdiagvhere the solute solubility in the solid
is less than in the liquid=g. 2.4.1 lefy and where the solute solubility in the solidasgler
than in the liquid state~(g. 2.4.1 righf. Assuming that the initial composition of the @l
is C, at the melting point of the liquidl,, according to theEqg. (2.4.1)the solute
concentration of the solid will Be&C,. In the case where the solute solubility in ligisanore
than the solidK < 1), the solid cannot take up the same solute comtetie liquid does and
hence the solid rejects the excess solute into lifdgd at the interface during the
solidification processgin034. As the solid is growing continuously from theuid at the
same time ejecting solute into the liquid, the salconcentration in the liquid continuously
rises, resulting in a continuous increas€CeandC, as theT of the S/L interface decreases
continuously during solidification. Hence, the lastidifying solid will have the highesIs
and such a scenario results in the possibility refgyential segregation of the solute in the
solid.

In the case wherle > 1, the solid can take more solute than the liquidl la@nce when
the solidification proceeds, the solid can absodoensolute than the liquid doeSif033. As
a result, the solute content in the liquid dropstitwously during solidification. The solid is
a resultant product of solidification from the liguand hence the solute concentration in the
solid drops continuously with solidification, andth Cs andC, decrease as theat the S/L
interface drops with solidification. This shows tthiae distribution of the solute is strongly
dictated by the phase diagram. Equilibrium solwdifion takes place when the solute can
dissolve completely in both solid and liquid, wiglguilibrium existing between the solid,
liquid and the S/L interface, resulting in an onih solid.

2.4.2 Solute redistribution when the solute has fak or negligible diffusion in solid but
complete diffusion in liquid

Consider a scenario where the solute has compiétbikty in the liquid state but has
partial or negligible solid solubility, as shown fig. 2.4.2[Sin034. Solubility in the solid
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state is partial or negligible and therefore thkdda@ation process leads to a non-uniform
composition in the solid. On the contrary, the bdity in the liquid state is assumed to be
complete, and so the liquid has uniform compositionsuch conditions, there will be no
equilibrium existing between the solid and the iigphases except at the S/L interface
[SIn034. In addition, the solute cannot diffuse uniforntyo the solid and it is consequently
rejected into the liquid. As a resuff; rises more rapidly during solidification. Sinceeth
liquid leads to the formation of a solid, the comspion of the solid at the S/L interfacg;
also rises more rapidly than in the case of equilih solidification.
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. T”::_ y composition,C
g TN <L k<1
i (a)
w CS L
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E g S+L
ﬁ -
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i _ H Y 4
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g
,-’ ﬁ \;--‘J S — J—
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Fig. 2.4.2. Redistribution of solute during the solidificatiqorocess with partial or negligible
diffusion in solid and complete diffusion in liqui¢g) phase diagram (b) variation of &nd G (c)

composition profile in both solid and liquid ancetts/L interface (d) solute conservation due to
partial or negligible diffusion in solidgin0343.
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FromFig. 2.4.2(b) whenC, rises beyond/k, Cs rises beyondC,. The solid liquid
interface shown irrig. 2.4.2(c)has the hatched areas corresponding to the salaterts in
both solid and liquid state. The sum of the hatcheshs correspond to the total amount of
solute in the liquid stateCy’, which is the content of the solute before thartsbf the
solidification process. This visualizes the vaaatdf the solute concentration in both liquid
and solid states-ig. 2.4.2(d)shows the conservation of solute in the liquidestduring
solidification. As the total amount of the solutetihe system is conserved, the area under the
line abcd and ab’c’d’ should remain constant, legdio a modified form of the Scheil
equation Hch01

fL=1—f5=[(-m)Co/ (Tm- T)] ¥** , (2.4.2)

where f_ is the fraction of liquidfs is the fraction of solidm. = T.-Tm/ Co, G, is the
concentration of the solute in the liquid stateobefthe start of the solidificatiofi,, is the
melting point of the metal ankl is the equilibrium partition coefficient. This eafion is
helpful in estimating the fraction of the sofigat any given temperatufiebelow the liquidus
temperaturd .

2.4.3 Solidification modes and constitutional supenling theory

There are several other kinetic parameters thataléhe solidification mode and the
final microstructure. These include the travel speéthe S/L interface also termed as the
growth rate R of the metal and the temperature gradigat in the liquid metal at the S/L
interface, which are key parameters that can berexlly varied §in034. The S/L interface
of the pure metals during solidification is normggdlanar under equilibrium conditions. If a
severe thermal undercooling is imposed on a systeen,mode of solidification may be
altered Jac71f However, during solidification of a metal allotye solidification mode can
be planar, cellular or dendritic depending on thkdgicaiton conditions and on the system
involved [Sin033. The four types of S/L interfaces that may be embsd during
solidification are shown irrig. 2.4.3([Jac66§ [Mor694, [Gia764, [Katt67g). There are
two major theories that have been proposed to ithesthe breakdown of the planar S/L
interface during solidification. They are the ctsgtonal supercooling theory Kt534,
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[Til534]), which deals only with the thermodynamical aspe@nd the interface stability
theory ([Fek673 [Sek65% [Mul63d]), dealing with the kinetics and the heat transfer
aspects. However, this section deals only with ¢bestitutional supercooling theory to

simplfy the discussion.

Fig. 2.4.3.The different solidification modes: (a) planar ddication (b) cellular solidification (c)
columnar dendritic and (d) equiaxed dendritic sbtidtion modes ($in034, [Jac71]).

Consider an alloy witlC, as the initial composition of the solute solidifgi at a
steady state with a planar S/L interfa¢eg( 2.4.94. Fig. 2.4.4(b)shows the composition
distribution at the solute rich boundary layer afid. 2.4.4(c)shows the composition
distribution constructed from the liquidus line thie phase diagrant[n033. The liquid
phase alone remains stable when the temperaturtheofmelt is above the liquidus
temperature. In addition, when the temperaturs fadlow the liquidus temperature a mixture
of both the solid and liquid should coexist. Unttex coexistence of both solid/liquid phases,
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the planar S/L interface cannot remain stable amgrand should collapse into a cellular or
dendritic modeKig. 2.4.3(b-d).

The shaded area iAg. 2.4.4(c)under the liquidus temperature is the region where
the actual temperature of the liquid is below tiggitlus temperature, which is called the
region of constitutional supercooling. This regiof constitutional supercooling strongly
depends on the growth rat&“and on the diffusion coefficientD,”. This is the region
where both liquid and solid coexist.
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Fig. 2.4.4.Constitutional supercooling: (a) phase diagram cbjnposition profile in liquid (c)
liguidus temperature profile in liquids[n033.
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For a planar S/L interface to be stable, the Sterface has to meet the following
criterion [Sin033:

(G /R)> (AT /DY) , 0.4.3

whereG is the actual temperature gradient at the S/lrfete,R is the growth rateAT = (T,

— Tg) is the temperature difference across the boundaygr andD, is the diffusion
coefficient in the liquid. This equation is calldie steady state equation for planar growth,
and suggests that for an alloy to have a planawttrthe ratio ofG/R should be always equal
to or greater thanT/D.. According to this equation, the higher the terapse gradienG
and the lower the growth rak® the easier is the formation of a stable planarigérface.
On the contrary, high freezing range and low diffascoefficient do not lead to the
formation of a planer S/L interfa¢glac65a], [Bar61al).
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Fig. 2.4.5.Effect of constitutional supercooling on the diéfiet modes of solidification: (a) planar (b)
cellular (c) columnar dendritic (d) equiaxed detidmwvith S, L, M represents solid, liquid and mushy
zones respectivelysn033.

Fig. 2.4.5displays the changes in the solidification modehvincreasing the degree

of constitutional supercoolingS[n034. The mode changes from planar to cellular, to
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columnar dendritic, and finally to equiaxed dendriwith increasing the degree of
constitutional supercooling. The region where tbleimnar / equiaxed dendrites coexist with
the liquid phase is termed as the mushy zone.dtblean observed[n034 that the area of
the mushy zone widens with the increase in theeegf constitutional supercooling aiding
the equiaxed dendrites to nucleate than a coluheadrites to stretch over the entire mushy
zone Fig. 2.3.5(d). However, considering only the thermodynamicgbeass, a simple
theory like the constitutional supercooling theagnnot accurately predict the cellular to

columnar to dendritic transitions. Rather, it affgieneral guidelines and ideas suggesting the
solidification mode.

2.4.4 Influence of cooling rate and temperature gli@ant on microstructure

Apart from the above discussed factors like comspibal supercooling, diffusion
parameters etc., the cooling rate during solidiftzaalso plays an important role in deciding
the microstructural features like the size and rholpgy of the phases-(g. 2.4.6. It has
been observed that the increase of the cooling lemt@és to reduced solidification time,
resulting in a fine cellular or a dendritic struet(~le744.

215
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Fig. 2.4.6.Effect of growth rate and temperature gradient lo@ morphology and size of the
solidifying microstructure$in034.
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The relationship between microstructure and cooliate can be expressed as
[Pla60d

d = b)" , 2.4.4

whered is the secondary arm spaciags the cooling rate anulis a proportionality constant.
This equation suggests that the slower the coalitg during the solidification process; the
larger will be the dendrite arm spacing due to Hwilability of sufficient time for
coarsening of the phasdsg. 2.4.6shows the influence of the growth rate and tempeeat
gradient on the solidification structurgl§603. It can be observed froifig. 2.4.6that the
combination of both temperature gradiéhtas well as the growth rat dictates both the
size of the solidification structure and the modesdalidification. The ratioG/R determines
the mode of the solidification, whereas the prodoBt governs the size of the solidifying

microstructure.

2.5 Al-based alloys

Al-based alloys have received the attention ofsttientific as well as of the industrial
community due to their positive combination of higgnsile strength with low density
[Alu894]. For example, they have been extensively usethenautomotive and aerospace
industries, with the aim of replacing the majordtl/the heavy parts using light metals to
reduce the weight of the components and, in tuncrease the fuel efficiency and decrease
the energy consumption and greenhouse gas emissio$04. In addition, the reduction in
mass of the vehicles offers indirect financial sgvas well. For instance, the reduction of
weight gives the opportunity to the manufacturerefter the same vehicle performance with
a smaller engine and such a smaller engine leaals twerall cost reductiof/[il00a].

Ever since Al and its alloy were first used in th@nsportation sector, they have made
an impressive contribution in reducing the masthefvehicles. The demand for aluminum in
the transportation sector has shown an increaserglt In 2005, about 30 % of aluminum
used globally was used in the transportation sedtor2000, each automotive vehicle
contained between 100 and 120 kg of aluminum amtcieased between 110 and 145 kg in
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2006 AluO74. Depending on their application (e.g. bumper aton block), each kilogram
of Al and its alloy replacing the conventional $teecast iron can save between 13 to 20 kg
of greenhouse gas emissioAsU074].

Even though the commercially pure aluminum is v&oft (tensile strength of about
50 MPa) Ro0903, the strength of Al can be increased by propeditamh of alloying
elements and by the utilization of the versatilerggthening methods, like solid-solution
hardening, work hardening and precipitation hanagnaccording to the specific application
[ASM954. The Al-based alloys can be classified into twajon categories: casting and
wrought compositions SM954, [Mil98a], [Alu89g]). A wrought alloy is formed by
mechanical working like forging, hammering etc. endnas cast alloys are produced from the
molten metal by solidification in a mold of defiaishape and size. Both categories can be
further subdivided based on the property developmaachanism. Depending on the
alloying elements and on the phase developmenty mbéoys respond to thermal treatments.
These thermal treatments include solution heatrresat, quenching, and precipitation, or
age hardening.

The alloys that respond to thermal treatments armdd as heat-treatable alloys
([ASM954, [Mil98a], [Alu894]). Most of the wrought compositions rely on workrtening
through mechanical working as strengthening meshafhSM954 and are termed as work
hardening or non-heat treatable alloys. Both wrowgid cast Al alloys are identified by a
unique four-digit numerical designation, where fhst digit indicates the alloy group, as
shown inTable 2.5.([ASM954, [Mil98a], [Alu894]). For the wrought Al alloys, the second
digit indicates the modifications of the origindlog or the impurity limits. For the cast Al
alloys, the second and third digits identify the @&loy or indicate the minimum Al
percentage. The last digit, which follows the dedipoint, indicates the product form: for
instance, XXX.0 indicates castings, and XXX.1 an¥XX2 indicate ingot. Commercial
alloys are strengthened either by thermal treatmertdy work hardening. The degree of
strengthening can be expressed by a suffix to tbg eode. The most widely used systems
uses the following letters to indicate the natufetre treatment SM954, [Mil98a],
[Alu89q):
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Table 2.5.1Basic designation for wrought and cast Al-baseayal([ASM95], [Mil98], [Alu89)).

Wrought alloys Cast alloys

Alloy group  Major alloying elements Alloy group  Major alloying elements

1XXX Commercial purity / low 1xx .0 99% minimum Al
alloy

2XXX Cu 2XX.0 Cu

3IXXX Mn 3XX.0 Si with added Cu and/or
Mg

4XXX Si 4XX.0 Si

BEXXX Mg 5XX.0 Mg

BXXX Si, Mg 6XX.0 Unused series

TXXX] Zn 7XX.0 Zn

8XXX Other elements 8XX.0 Sn

IXXX [Unused series] 9XX.0 Other elements

F = asfabricated (no specific treatment - the properties of the awi€ated sample
depends on the forming method used). This is appite products shaped by cold
working, hot working, or casting processes in whiah special control over thermal

conditions or strain hardening is employed.

O = annealed. This designation is applied to the wrought produlctt are annealed to
obtain lowest-strength temper and to cast prodbetisare annealed to improve ductility

and dimensional stability.

H = strain-hardened (wrought products only). This designation is used to indicate the
strengthening of the product by strain hardeninthvair without supplementary heat

treatment.
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W = solution heat-treated. This designation implicates an unstable temper itiond
applicable only to alloys whose strength naturalyanges at room temperature over a
duration of time after solution heat treatment. Tesignation is specific only when the

period of natural aging is indicated.

T = thermally treated to produce stable tempers other than F, O, or H. This
designation is applied to products which are thdym&eated, with or without
supplementary strain-hardening, to produce st&inigeérs.

The numbers following the H or T indicate the antoahstrain hardening and the
exact type of heat treatment used or any otheriapaspects that are associated with the
processing of the alloy. For example, the highrgjtie Al alloy ‘7075-T6’ contains Zn, Mg
and Cu as major alloying elements and is charaei@rioy a specific temper treatment ‘T6’
(solution heat-treated and then artificially agp&pM95].

2.5.1 Al-Si alloys

Al-Si is one of the widely used foundry alloys base of its good castability
[Alu894]. Apart from its lightweight, the low melting temmture of the alloy is an added
advantage. Al-12Si alloy is one of the most impairzast alloys among the family of the Al-
Si alloys Rag98% AIl-Si exhibits a eutectic phase diagram withdeetic temperature of
577°C at 12.6% SHig. 2.5.). At the eutectic temperature, both the Al and&i form solid
solutions with a maximum solubility limit of 1.65% in Al and 0.17% Al in Sifan674.

Both hypoeutectic and hypereutectic alloys showesogsponse to heat treatment and
the response can be improved by alloying with sipatcentages of Cu and Mg§dl954.
Rapid cooling of the Al-Si system refines the etitestructure leading to a transition from
the plate-like to rod-like form of Si in the eutecmixture, even leading to a cellular
microstructure at timesS3jr07g]. The refinement of the Si phase can also be chbhgesmall
additions of external agents like Na or its saltshe melt state, which is often termed as an
alloy modification process. Na either depressesetitectic temperature or slows down the
growth rate of Si by poisoning, causing the tramgitin the Si morphology leading to its
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refinement (Fre733, [Wan004; [Wan00l). Generally, a Si content of maximum 20% is
used for both automobile and aerospace applicat{pfass063, [Wan003) with alloy
modifications carried out by the addition of extdralements in to the melt. The advantage
of Al-Si alloy is its high fluidity, imparted by thpresence of Si, leading to better casting
conditions. Al-Si alloys also possess very gooddamility, corrosion and wear resistance
combined with low thermal expansion coefficient3gf98%, [Niel10d, [Sae07}.
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Fig. 2.5.1. Equilibrium phase diagram of AIl-Si alloy with amtectic reaction at 577°C (after
[Mur844 and altered accordingly).

Aluminum castings have been widely used in the rfeature of various automobile
parts such as pistons, cylinder liners, cylindexdse intake manifolds and transmission parts
like rear axle, differential housings eté¢:igs. 2.5.2 and 2.5)3 Daimler-Benz automotive
engines use Al-Si alloys for the cylinder linets£f993. The manufacturing cycle for the
cylinder liners includes the use of processesdipay forming, seamless tube extrusion etc.
The latest trend is to use Al-Si as a key mateoal heavier parts like engine blocks.

Replacing the heavier blocks made of cast iron Witlsi results in (1) reducing the weight
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of the engine, (2) reducing the fuel consumpti@y,réducing the hydro carbon emissions up
to 30%, (4) increasing the power of the engine ime@fficiency, (5) reducing friction and
piston wear and (6) increasing the machinability Hre recycling capability fea993.

A
=ik

F

Fig. 2.5.3.Al-Si pistons connected to the crankshafts thraaglnnecting rodjaf104.

The amount of Si in the AI-Si alloys decides theersgth, hardness as well as the
wear resistance of the pistons. Silicon also cdstiee thermal expansion coefficient of the
piston, as the piston gets hotter during servickAlrSi alloys can be used up to 423 K — 473
K. Al-Si alloys may not be suited for high temperat applications because their mechanical

properties, such as the tensile strength, showrafisant drop in the temperature ranges of
573 K- 673 K[ee003.
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The higher amount of Si present in hypereutectiSAlleads to higher strength and
hardness, minimizes the thermal expansion coeffficieut it decreases the ductility of the
samples. However, the amount of Si has to be céstrio 20 wt.% or less since the presence
of Si in high amounts makes it difficult to castvasll as to machine these alloysam083.

In addition, traces of other elements like Cu, Mg and Mn may be observed in the cast
pistons and chasings in order to improve the olvarathanical behavior of the component.
Owing to the above aspects, the cooling rate dwoiglification, alloying additions and the

resultant properties like mechanical strength anraemperature as well as around the
service temperatures of about 473 K and the triioé and corrosive properties are critical

aspects for the Al-Si alloy processing and thepligptions.
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Chapter 3: Sample preparation and characterization

3.1 Sample preparation

The present chapter deals with the various sam@papation and characterization
techniques used in this thesis. This work is fodugse the production of Al-12Si (wt.%)
samples by SLM and, therefore, an extensive insighthe experimental details of the SLM
process is given here. For comparison purposeglsamwere also produced by copper mold
casting. Consequently, some experimental detadsitaihe casting procedure are also given.
This is followed by the methods used for phaseraimdostructural characterization, physical
and mechanical investigations, tribological andr@sion tests and finally by the welding
method used for joining the SLM parts.

3.1.1 Selective laser melting (SLM)

Spherical gas-atomized particles with size in twege 20 — 12@um and a nominal
composition Al-12S{wt.%) were used as starting material for the Sbidcpss. An SLM
250 HL device from SLM solutions with a build chaenlof 250 mm x 250 mm x 250 mm
was used for preparing the samples. The machiaqugpped with an Yb-YAG-laser with a
maximum power of 400 W and a beam diameter of ~u80 The SLM samples were
prepared on an Al substrate plate. The parametsgd for preparing the samples are:
scanning speed 1455 mm/s for the volume and 193& famthe contour, power 320 W for
the volume and the contour, layer thickness 50 pch78° rotating hatch style. High purity
argon gas was used during SLM processing in oaavtoid oxygen contamination. During
the building process, the oxygen level was constaneasured by two sensors and was
maintained below 200 ppm. The low concentratiomfgen is crucial as oxygen can react

with the melt leading to embrittlement of the pafkiO9al

Tensile bars were prepared on the substrate plaigy-nine tensile bars were
prepared each time with support structures plastadden the tensile bars and the substrate
plate in order to ensure good mechanical stalofithhe SLM parts and to guarantee adequate
heat dissipation during processing. The effect eofture was investigated by producing
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samples with different angle of inclinatiogr € 30, 45, 60, 75 and 90°) with respect to the
substrate plate. Heat treatment of the tensile Wasscarried out under Argon atmosphere for
6 h at different temperatures (473, 573, 623, 6@8 @23 K). In addition, hatch style
variation was performed to estimate its influencetexture and mechanical properti€sy(
3.1.D0).

R

%
Q

%

O
N

Y

Y ¥V Y VY Y VY Y Y // //

Single melt Double melt (DM) Single melt Checker board
(SNM) continuous (CB)
(SMC)

Fig. 3.1.1.The different hatch styles used in this work to leate the effects of texture and
mechanical properties.

3.1.2 Casting

Cylindrical Al-12Sibulk samples with 8 mm diameter and 100 mm lengénew
prepared by graphite mold casting in order to camplaeir microstructure and mechanical,
tribological and corrosion properties with thosaretterizing the SLM samples. The mold is
preheated to 673 K prior to casting, in order thetlthe cooling rate as well as to avoid any
residual porosity that may arise during the casfimgcess. The melting chamber was
constantly flushed under argon atmosphere to awxightion in the melt and liquid and was
heated to 973 K. For preparing tensile samplescalse samples were machined accordingly.

3.2. Sample characterization: Phase and microstiwetl analysis

3.2.1 X-ray diffraction

Structural analysis was performed by X-ray diffract(XRD) in reflection mode
using a D3290 PANalytical X’pert PRO with CazKadiation § = 0.17889 nm) in Bragg-

Brentano configuration. The diffractometer is eqa@ with a secondary graphite
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monochromator and a sample spinner and is opesaatealtage and current of 40 kV and 40
mA, respectively. The diffraction was carried outhwa step size oA(20) = 0.05° and a
typical counting time ranging between 15 and 6@rsgpep depending on the sample, where
higher counting times were used for samples witllsgrain sizes. The Rietveld method
was applied for the profile-fitting structure rediment in order to determine the structural
parameters and the amount of free residual Si usiieg WinPlotR software package
[R0i014.

3.2.2 Optical microscopy (OM)

Optical microscopy was carried out using a VHX-208@ital microscope from
Keyence. The microscope is capable of magnifyirgsédimples from 5 X until 2000 X using
different objective lenses and is equipped withudtdn camera which is connected to a
computer program with a VHX software, so that tmages can be directly recorded and can
be analyzed.

3.2.3 Scanning electron microscopy (SEM)

Microstructural analysis was performed using a higgolution Gemini 1530 (Zeiss)
SEM microscope with FEG-Schottky type source attdcolwith an energy dispersive X-ray
source (EDX) for elemental analysis. The EDX useSi@i) detector and QUANTAX
evaluation software from Bruker AXS. The microsture of the Al-12Si samples were
obtained using back scattered electrons, due tcclmmical contrast between the phases Al
and Si. However, for the fracture surfaces, wears@and corroded surface analysis,
secondary electrons were used to take the advambgke large depth of focus. The
operating parameters used are EHT — 5 kV, WD ~ fdand aperture — 60 / 120n. The
SEM images were used to determine the matrix ligamee £) of the Al matrix.'A* was
measured by superposing several random lines oSEM micrographs and its value was
estimated from the number of matrix region intetsgyer unit length of test lin&l’ and the
total length of the matrixL() asi= L/N ([Und854, [Scu09}). At least ten lines were drawn
in three different images and the average valuaken as the matrix ligament size. ‘The
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microstructural features (size and density of thpdgticles, dimple size etc.) characterizing
the different samples before and after tensilestestre quantified from the SEM images
using thelmage Jsoftware [mal3g. At least three different images were used fag th

measurements.
3.3 Characterization of physical and mechanical perties
3.3.1 Density

The density of the samples was calculated by tlohiAredes principle. The samples
were first weighed in air and then immersed inildkst water, kept in water for adequate
time before they were weighted again. A Mettlerebal AX205 analytical balance with the
smallest increment of 0.001 mg was employed forddmesity measurement. The instrument
takes care of the temperature effect during theitlemeasurement.

3.3.2 Microhardness

The microhardness measurements were carried ;g astomputer-controlled HMV
Shimadzu Vickers hardness testing machine whidgqgigpped with a diamond indenter in
the form of a pyramid with square base with an amdl136° between the opposite faces. A
load of 0.098 N was applied for 10 sec during eaelasurement. The length of the imprints
along the diagonal was used to calculate the hasdoéthe samples using a digital video
measuring system. For the microhardness indentateasurements, the samples were
embedded in an epoxy resin and the surface to l@sured were carefully grinded (until
4000 grit paper) and polished with diamond pastetige size < 0.25 um). The hardness
values observed is an average of more than 25 tai@ms in each sample.

3.3.3 Tensile test

The room temperature uni-axial tensile tests wenied out using an INSTRON
5869 testing facility under quasistatic loading hwia strain rate of 1x101/s. A laser
extensometer from Fiedler Optoelektronik GmbH, Gamy was used to measure the strain
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directly on the samples. The dimensions of thendylcal samples used for the tensile tests
are shown irFig. 3.3.1 where, d = 3 mm (gauge length); & 4 mm, Ly =17.5 mm, =21
mm, h_> 13 mm andl= 52 mm. At least three tensile samples were dasteach condition

to ensure the reproducibility of the results.

Proportionalstab: L, ~d,

Fig. 3.3.1.Schematics of the sample used for the tensile. tests

3.3.4 High temperature tensile test

The temperature of Al-12Si automobile componetkis pistons and crankshafts may
rise up to ~ 473 K during service conditions. Henbe Al-12Si SLM and cast samples were
tested under tensile conditions at different terapees (373, 423 and 573 K). The Al-12Si
SLM samples show structural changes when heatbiyattemperatures and, therefore, to
avoid any structural changes during the tensilestedbe samples were annealed at 573 K
before the mechanical tests. High temperatureléetestes were carried out using INSTRON
8502 with a strain rate of 1xf@/s. Cylindrical samples with the same proportisingwn in
Fig. 3.3.1were used: the diameter was 4 mm along the gaumggh and the diameter at the
grips was 5 mm. Other dimensions are adjusted dowpto the gauge length of the sample.

3.4 Tribological properties

3.4.1 Sliding wear test

Sliding wear tests were carried out according te ASTM G 99-05 AST104
standard at room temperature and in ambient atneosptonditions using a pin-on-disc test
device as shown iRig. 3.4.1 A disc of 45 mm diameter and 13 mm thickness nwdderd-
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faced stainless steel is used against the Al-128head pins of 9 mm in diameter and 12
mm in height, as shown iRig. 3.4.1 The edges of the pin were polished to 4000 @it

to have a plane parallel surface. The tests wearferpged continuously at a constant load of
10 N with a sliding speed of 1 m/s for 30 min.

The wear rate was evaluated By411§

= Ve
Qs - L ) 64])

S

whereQs is the wear ratd, s the sliding distance/s the sliding volume loss and the subscript
s indicates sliding. The volume loss was calculatexn the wear loss determined by
measuring the weight of the flat head pins befowk after tests. The sliding distance is given
by L, =2my¢,, wherers is theradius of the wear track (22.5 mmy,is the speed expressed

in rounds per minute@l50 rpm) ands is the time (30 min)Wear scars were analyzed using
SEM to evaluate the wear mechanisms operatingesetsamples.

Test specimen
Wear area

Friction pairs

Fig. 3.4.1. Pin-on-disc sample setup showing both test spectigpén) and counterface (disc)
[Kan12].

The sliding wear tests were carried out at Departroé Metallurgical and Materials
Engineering, Indian Institute of Technology — Majrandia with the help of Prof. M.
Kamaraj.
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3.4.2. Fretting wear test

Stroke length

I

Fig. 3.4.2.Schematic illustration of fretting weaRdy084.

Fretting wear is defined as the repeated cyclicddbing between two surfaces
(fretting) over a period, which will remove matérieom one or both surfaces that are in
contact between each other. Fretting wear teste warried out using an OPTIMOL SRV,
Germany device according to the ASTM-D5706-97 an8TK-D5707-97 standards
([ASTO74, [ASTO7H). A steel ball (G-Cr 15) with a diameter of 10 nsnimpended against
a disk type fretting wear test rig (Al-12Si) withpaint contact mode in this study as shown
in Fig. 3.4.2 The disc used in the present case is Al-12Si withameter of 10 mm and 25
mm in height. The fretting wear test can be cargatiwith different types of strategies, as
shown inFig. 3.4.3 However, a torsional contact with an angleaof 0° is used in the
present set of experiments. A pre-load of 5 N @1s3s applied over the ball against the Al-
12Si disc after which the test was carried outlagd of 10 N for 30 min with a frequency of
50 Hz and a half-amplitude of 1(®n.

The fretting wear volume was evaluated By (24|

V, =h?(3R, —h)/3 , G.4.9

whereV; is the volume lossh is depth of the fretting scar and the subscriptdicates
fretting. Ry is equal to T2 + h?) / 2h andT = (d; x d2)®°/ 2, whered; andd; are the principal
diameters of the wear surface that take into adcamoydeviation from perfect circular shape
of the fretting scar. The wear surfaces of the daspfter sliding and fretting wear tests
were characterized by OM and SEM.
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TORSIONAL Contact Loading LINE AR
CONTACTS SLIDING
c;j C;fia ‘f‘.’t—ia
; [
a=0° a="5° a=30° o= 90°

Slidihg Trajectories Within the C ontact Area

0.0 O

Morphology of the Wear Scars

Fig. 3.4.3.Different strategies that can be utilized in dting wear testBri00a].

The fretting wear tests were carried out at thesthf Mechanical and Automotive
Engineering, South China University of TechnoloGiina with the help of Prof. Z.Z. Wang.

3.5 Chemical properties
3.5.1 Corrosion behavior

Samples with dimension 3 mm x 3 mm x 2 mm were usedhe weight-loss
corrosion experiments. The samples were polishedy &C paper from 400 down to 4000
grit and subsequently polished usingu® and 0.25um diamond suspensions. The samples
were cleaned with ethanol and the initial weightvedi as the dimensions of the samples was
measured. The samples were then immersed in 0.@IMV and 1 M HN@ solutions. The
samples removed from the acidic solution every 24ubsequently rinsed with distilled
water and dried in hot air. The samples were themghted, and re-immersed in the acidic
solution again for additional 24 h. The corrosionducts were not removed intentionally at
any of the intermediate stages. They were removdy after the last measurement for
microscopic investigations. A Mettler Toledo AX2@®alytical balance with the smallest
increment of 0.01 mg was employed for all the weigteasurements. Three independent
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trials were conducted under similar conditions ah@ results presented here were
determined by statistical analysis over the thrgeements.

3.6 Welding properties

3.6.1 Continuous drive friction welding

Continuous drive friction welding (FW) is a clasksolid-state welding process that
utilizes the heat generated through mechanicatidricto fuse materials together. The
components used during the FW process can be ofséime or dissimilar materials
[Maa084.

Motor

Brake

Rotating Chuck
Non Rotating Chuck
Rotating Workpiece

. NonRotating Workpiece
5 | . Hydraulic Cylinder
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Fig. 3.6.1.Layout of a continuous drive friction welding pess Fah124

FW was carried out in a continuous drive frictiopdsing machine with 200 kN
capacity. In a continuous drive friction welding ttmed (Fig. 3.6.) one of the two
components is held stationary and the other compoBerotated at a constant speed. The
two components are brought together under an axedsureP; for a definite time called
friction time t;. The clutch is then separated from the drive, Hedrotary component is
brought to stop within the breaking time while tweial pressure on the stationary part is
increased to upset pressitefor a definite upset timg. The parameter sequence used in a
conventional continuous drive FW process is shawig. 3.6.2 Surface preparation of the
samples need considerable attention, since thé gtiength of the sample is influenced by
the surface impuritie§Yil95a], [Has87al).The surface of the sample faces was carefully
polished before welding to produce a smooth oxigee fsurface, but also to ensure
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perpendicularity, which is very important in achrgy sound welds. The important process

parameters used in the present study are summaniZedble 3.6.1

o Braking
Friction Time (t¢)
2
2 Upset Time
e
i Rotation Speed (s) Upset
 Pressure
Friction Pressure (Py) N\ i
Torque !
Shortening !
1
Welding Welding
3 Time Completed

Started

Fig. 3.6.2.Parameters for a continuous drive friction weldongcess $ah12§

Table 3.6.1Continuous drive friction welding process paramgetesed in this work.

Friction pressure 75 MPa
Upset pressure 100 MPa
Burn-off length 3 mm
Spindle speed 1000 rpm

The flash generated during the FW process was tbéemved by machining and

tensile samples were drilled from the FW rods.

The friction welding tests were carried out at Dépant of Metallurgical and
Materials Engineering, Indian Institute of Techrgple- Madras, India with the help of Prof.

G. Phanikumar.
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Chapter 4: Microstructure and mechanical propertie$ Al-12Si

produced by SLM: Effect of heat treatment

This chapter presents the results on the produaiioAl-12Si samples by SLM
followed by detailed phase analysis, microstrudtabearacterization and evaluation of the
mechanical properties through hardness and roonpeexture tensile tests and their
comparison with the corresponding cast sample. &fiect of annealing at different
temperatures on microstructure and resulting mecahmproperties of the SLM parts is
systematically discussed by analyzing size, mogapknd distribution of the phases as a
function of temperature. In addition, the high temgiure mechanical properties of the SLM
are presented. Finally, the variation of the hatigte during SLM processing and its effects
on texture and mechanical properties are discussed.

4.1 AI-12Si processing
4.1.1 Characterization of SLM parts

Fig. 4.1.1shows the OM, SEM and EDX images of the microstmecviewed along
the cross-section of the Al-12Si samples prepase8LltM with angle of inclinatiory = 90°
(i.e. perpendicular to the substrate plate). Therostructure is not uniform throughout the
material €ig. 4.1.1(a), but it displays the typical laser tracks of Slpkbcessing (fSul24,
[Thi134). The tracks consist of large regions with ciezutellular morphologyHig. 4.1.1(b-
c)) separated by thin boundaries with elongated coarnmorphology (dashed line kig.
4.1.1(c). Such a microstructure is significantly differemith respect to the corresponding
Al-12Si samples produced by casting. The cast sandiplays a continuous eutectic
structure of Al and Si along with dispersed primamAl (Fig. 4.1.9 characteristic of
hypoeutectic compositions, in accordance with Su®efia et al. JuaO6h for Al-12Si

alloys.

The boundaries ifrig. 4.1.1correspond to regions where two different lasecksa
are overlapped (i.e. the hatch overlaps), whichtleeefore melted two times. The cellular

structure in the track cores, which experiencemgles melting step, becomes finer as we
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move away from the re-melted boundaries. EDX composl analysis of the cellular
structure Fig. 4.1.1(d-) reveals that Si is preferentially located at tletlular boundaries,
which have thickness of about 200 nm. On the othed, the cellular morphology is rich in
Al and displays a size of about 500 — 1000 nm. Sutihe microstructure has been reported
for melt-spun AIl-12Si ribbonsHir07g] and can be ascribed to the high cooling rate
characterizing the SLM process.

1pm 1um 1 pm

Fig. 4.1.1.Microstructure of the Al-12Si samples prepared hivSvith angle of inclinationy= 90°
(i.e. perpendicular to the substrate plate): (a@rdM and (c and d) SEM micrographs, and (e and f)
EDX composition maps.

The formation of a cellular structure requires theesence of a minimum of
constitutional undercoolingSn033. The solute concentration in the liquid has to be
minimized and combined with an extremely high véioof the solidification front $in034.
However, during solidification of the Al-12Si, tls®lidifying front rejects Si into the liquid.
Hence, the solute concentration in the liquid aise the solidification front moves. In
addition, the solubility of Si in Al decreases witlecreasing temperatur&ds733. For
example, in case of the Al-Si eutectic composititwe, solubility of Si in Al is 1.65 wt.% at
the eutectic temperature (850 K), and it decre&se3.06 wt.% at 573 KHos733. The

solubility of Si in Al can be extended by using pessing routes involving high cooling rates
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([BIrO74], [Bos733, [Tod923, [Uzu01gd). Assuming that the solubility of Si in Al is
extended, the amount of Si rejected in the liqeidaeduced, consequently decreasing the
solute concentration in the liquid as well as tegrée of constitutional undercooling. Under
such circumstances, the formation of a cellulancstire is preferred and is observed in the
Al-12Si prepared by SLM. Since the process of ¢allgolidification in the present system is
kinetically favored,a-Al solidifies first in a cellular morphology as r@sult of the high
cooling rate and of the extended solubility of Bie residual Si is then segregates along the
cellular boundaries, as observed-ig. 4.1.1(d-f)

Fig. 4.1.2.0M micrograph of the Al-12Si samples prepared Isting.

The XRD pattern of the Al-12Si alloy prepared byMsI(Fig. 4.1.3(a) shows the
typical diffraction peaks of Al and Si. Howeveretmtensity of the Al (111) and (200) peaks
is reversed with respect to the same material mredliby casting, implying the presence of
texture in the SLM sample. In addition, the intepsif the Si peaks is rather weak, which
suggests that a reduced amount of “free” Si isqres the material. This can be attributed
primarily to the extended solid solubility of Si éaAl: cellular morphology resulting from
the high cooling rates observed during the SLM psscBen094. The Si peaks are broad,
which points to a reduced size of the Si phasesd lobservations have been corroborated by
Rietveld peak fitting analysisije694 carried out on the XRD pattern of the SLM sample.
The lattice parameter of Al is 4.0508 nm and theamh of free residual Si is ~ 1 wt.%. This
confirms that the solid solubility of Si in Al cdre extended by SLM processing, as already
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reported by other researchers in processes inghigh cooling rates {ir074, [Bos733,
[Tod923, [Uzu01g). Finally, the crystallite size of Al and Si wel@und to be 118 and 8 nm,
respectively, in agreement with the extremely bralifraction peaks observed iRig.
4.1.3(a) On the other hand, the cast sample displays alatde parameter of 4.0522 nm
and an amount of free residual Si of ~ 10 wt.%ggdreement with the limited solid solubility

of Si achievable by conventional castirsgppi11d

400
& Al (b)
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Fig. 4.1.3.(a) XRD patternsA = 0.17889 nm) and (b) room temperature tensiles tefsthe cast and
as-prepared SLM Al-12Si samples.

The relative densities of the samples, measureatdeiie tensile tests, were found to
be 99.5 % + 0.1 % for the SLM samples and 99 %54% .for the cast sampleSig. 4.1.3(b)
shows the room temperature tensile stress-straueswf the Al-12Si specimens prepared by
SLM and by casting. The yield strength (0.2% olfs#tthe cast sample is ~ 60 MPa, in
accordance with the results of Soumyajit et 8bij11$ The strength of the cast sample
increases with increasing strain up to about 20@ M¥here fracture occurs at ~ 9.5 % strain.
The SLM samples display yield and tensile strengthasbout 260 and 380 MPa, which are
respectively four and two times higher than theregponding values of the cast material.
Such an increase of strength occurs at the expemsles fracture strain, which is only ~ 3%;
therefore significantly decreased compared to thst sample. Such high strength and
decreased ductility of the SLM samples may be latted to the following factors:1)
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presence of texture, as observed Hm. 4.1.3(a)or (2) microstructural effects (e.g.
morphology, size and distribution of the Al andpbiases). In the following, the effect of

these factors will be analyzed and discussed aildet

4.1.2 Effect of texture

The presence of texture in the SLM samples can dmibed to the additive
manufacturing processing that takes place laydagr and to the resulting cooling
conditions. The (200) and (111) planesiefl are the planes showing texture in the Al-12Si
prepared by SLMKig. 4.1.3(a). The (111) plane is more densely packed thaij2b@). The
columnar grains tend to orient towards the (20@ne] since the [100] direction is usually
parallel to the long axis of the columnar graingii744. Moreover, the [100] direction is
perpendicular to the mold wal5[iw083 and all other crystallographic axes are randomly
oriented around the [100] direction. Hence, prefaad orientation along the [100] direction,
commonly known as fiber textures, is generally o=@ when the material solidifies as
columnar grains {{Hu744g, [Suw083). In contrast, columnar growth along the [111]
direction would require the growth to be againg ghane, which makes such orientations

difficult, especially for high cooling rates.

The texture in the SLM samples along the tensielilog direction can be altered by
changing the scanning stratedgy1[134 or by building the samples with certain angleshe
substrate plategral2d. The latter strategy is used in this work. Fas,thensile specimens
were prepared by SLM with an inclination angtevarying between 90 and 30° (sE@.
4.1.4(a). The samples built with different angles of inctioa were investigated by XRD
(Fig. 4.1.4(b) and the extent of texture of the Al (111) andQRplanes was quantified in the

different samples using the texture coefficientjahhs given by Mar11g

| (hky
_ I, (hKI)
T.(hkl) = > 1 (hKI) (4.1.1)

@/ N){” Io(hkl)}
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whereT(hkl) is the texture coefficient of the (hkl) planeas the measured intensitly, is the
standard intensity from reference aNdis the number of diffraction peak$. is close to
unity for a randomly distributed powder samplesijlevic departs from unity when the (hkl)
plane is preferentially orienteéig. 4.1.4(c)shows the texture coefficients of the (111) and
(200) planes as a function of the inclination angl&he texture coefficient of both the (111)
and (200) planes tends to approach unity with desong ) from 90 to 30°. This indicates that

the texture along the tensile direction can beedaby properly changing the inclination

angley.
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Fig. 4.1.4.(a) Inclination anglg’between SLM specimens and substrate plate, (b) B&Erns 4 =
0.17889 nm) for the Al-12Si samples prepared by Swikh y varying between 90 and 30°, (c)
texture coefficient of the Al (111) and (200) plarguantified using:q. (4.1.1)and (d) yield strength
(0.2% offset) of the SLM samples as a functiory.of

53



Chapter 4: Microstructure and mechanical propert@#sAl-12Si produced by SLM: Effect of heat treatime

In order to analyze the effect of texture on thechamical properties of the SLM
samples, the samples built with different inclipatangles were tested at room temperature
under tensile loading. The yield strength (0.2%etif of the samples ranges between 255 £ 5
to 260 + 5 MPaKig. 4.1.4(d), which indicates that the effect of texture oa strength of the
samples is negligible and can be ruled out.

4.1.3 Effect of heat treatment

In order to evaluate the effect of the microstrueton the mechanical behavior of the
samples, the SLM specimens produced with inclimaimgle y = 90° were isothermally
annealed for 6 h at temperatures between 473 aBK72he XRD patterns of the heat-
treated samples are shownHim. 4.1.5(a)and the corresponding structural data obtained by
Rietveld structure refinement are presented-im 4.1.5(b-c) The results reveal that the
crystallite sizes of Al and Si increases from 118 & nm for the as-prepared SLM material
to 218 and 142 nm for the SLM samples annealed2dt K (Fig. 4.1.5(b). The lattice
parameter ofa-Al (Fig. 4.1.5(c) increases from 4.05079 nm for the as-prepared SLM
samples to 4.05225 nm for the sample heat-treatetR@d K. Similar results have been
reported by Bose et alBps7334, who observed for rapidly solidified Al-Si ribbenthe
increase of the lattice parameter with increasimgealing temperature. At the same time, the
amount of free Si increases from about 1 wt.% lfer as-prepared SLM samples to 8 wt.%
for the material annealed at 723 K. This indicdted Si is rejected from the Al lattice with
increasing annealing temperature and explains treesponding increase of the lattice
parameter ofi-Al.

The mechanical properties of the annealed sample® wivestigated by room
temperature tensile testSif. 4.1.6(a) and the results are summarized=ig. 4.1.6(b) The
yield and fracture strengths of the material deswsawith increasing the annealing
temperature. For example, the yield strength deese&rom 260 MPa for the as-prepared
SLM samples to 95 MPa for the samples heat-treat@@3 K. In contrast, the fracture strain
remarkably increases in the same temperature ffamige~ 3 to 15 %. Such a variation in the
mechanical properties arises from the changeseimtierostructure of the material, as it will
be explained later.
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The effect of annealing on the microstructurete LM samples is shown Fg.
4.1.7. The OM Fig. 4.1.7(a-d)and SEM Fig. 4.1.7(e-h) micrographs reveal that, compared
to the as-prepared SLM materigfi§. 4.1.), the microstructure becomes coarser with
increasing the annealing temperature from 473 ®K,2orroborating the results from XRD
(Fig. 4.1.9. More specifically, the Si particles tend to aggerate along the cellular
boundaries and hatch overlaps, and their size gommsnuously with increasing annealing
temperature. Size and distribution of the Si pkesian the SLM samplesy(= 90°) as a

function of the annealing temperature was quautifox both hatch overlaps and track cores

by image analysis of the OM and SEM micrographs.

Fig. 4.1.7.0M and SEM micrographs of the SLM samples:(90°) isothermally annealed for 6 h at
(aand e) 473, (b and f) 573, (c and g) 673 arah(dh) 723 K.

The results, summarized ifig. 4.1.§ shows that the average size of the Si particles
increases exponentially with increasing the anngakmperature in both hatch overlaps and
track cores. However, the size of the particlethe hatch overlaps is constantly larger than
in the track cores. Another peculiar aspect charamg the heat-treated samples is the
heterogeneous distribution of the Si particles. @n®unt of Si particles along the hatch
overlaps varies from 7 particlgsi’ for the sample annealed at 473 K to 0.3 partiche$/
for the 723 K heat-treated sampleq. 4.1.§. Away from the hatch overlaps, in the track
cores, the density of Si particle decreases insdn@e temperature range from 3 to 0.1

particlesim?. The decrease of the particle density with indrepannealing temperature can
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be easily understood by considering the growthhef particle size as the result of the
agglomeration of smaller particles. On the othendhahe reason for the heterogeneous
distribution of the particles is less clear butistmost likely due to the double melting

characterizing the hatch overlaps, which represantadditional, localized heat treatment,
which would provide further potential for growthdaagglomeration of the Si particles with

respect to the track cores.
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Fig. 4.1.8.Size, density and distribution of the Si partidi@sthe SLM parts = 90°) as a function of
the annealing temperature quantified for both hatetrlaps and track cores by image analysis of the
OM and SEM micrographs.

With this in mind, it is possible to describe sclagically the microstructure evolution
of the SLM samples during annealirfgd. 4.1.9. As discussed earlier, the as-prepared SLM
material displays a microstructure consisting giesgaturated Al with cellular morphology
along with Si-rich areas in the cellular boundarfesd features inFig. 4.1.9. At low
annealing temperatures (473 and 573 K), Si is tegerom the supersaturated Al to form
small Si particles. At this stage, the Si-rich gkl boundaries do not disappear completely.
With increasing the annealing temperature, the éfigles grow, their number decreases
significantly and finally the cellular boundarieseano longer visible. The density and the
size of the Si particles are larger along the hatarlaps than in the track cores, leading to a
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composite-type microstructure consisting of safAl regions reinforced with small Si
particles (i.e. the track cores) surrounded bysaweth a higher density of larger Si particles

(i.e. the hatch overlaps).

Temperature

Fig. 4.1.9. Schematic description of the microstructure evolutiof the SLM samples during
annealing. Red features represent Si-rich areas.

The analysis of the microstructures shownFig. 4.1.7 permits to rationalize the
fracture morphology of the different sampl€sy. 4.1.10shows the fracture surface of the
cast, as-prepared SLM/E 90°) and heat-treated (723 K) samples after ré@mperature
tensile tests. The fracture surface of the castpsesr{ig. 4.1.10(8) is rather irregular and
does not apparently results from the eutectic msicugtural features. The surface displays
dimples Eig. 4.1.10(b), typical of a ductile behavior, along with cledvand fractured Si
particles (indicated by arrows kfg. 4.1.10(b-c). On the other hand, the fracture surface of
the as-prepared SLM samplgsg. 4.1.10(d) shows a step-like morphology that resembles
the microstructure observed ifg. 4.1.1 Most likely, the fracture propagates through the
hatch overlaps where the density and size of thideb6i phase is higher. The size of the
dimples is significantly decreased in the as-prepaLM sample Kig. 4.1.10(e) with

respect to the cast material.

No Si particles are observed, even at high magnibos Fig. 4.1.10(e),
corroborating the results from XRD, where the allé size of the Si phase is in the nano-

regime and the amount of residual free Si is onlywt.%. The fracture surface of the heat-
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treated sampled={g. 4.1.10(g) also displays a step-like morphology. The averstge size

is ~ 84um, which corresponds to the size of the laser gasid suggests that the excess Si
along the hatch overlaps acts as preferential $itedailure. The dimple size of the heat
treated sample is aboutn (Fig. 4.1.10(h), therefore larger than the as-prepared SLM
samples (0.4um). Fractured Si particles are often observed at @éhds of the dimples
(marked by arrows ifrig. 4.1.10(i) and no decohesion of the Si particle from therimas

observed, indicating good bonding between the Arpnand the Si particles.

Fig. 4.1.10.Fracture morphology of the (a — ¢) cast, (d —sPpeepared SLM = 90°) and (g — i)
heat-treated (723 K) samples after room temperatmsale tests.

Fig. 4.1.11presents the schematic illustration showing tlaelcipropagation path. As
discussed earlier, the hatch overlaps with elorpktegitudinal morphologyHig. 4.1.) act
as soft spots for crack initiation and propagatieeding to the observed stepped fracture
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morphology Fig. 4.1.10. In addition, with increasing the annealing terapare, the Si
particles tend to agglomerate along the hatch apsrand their amount is two times higher
than the coresHjg. 4.1.7 and Fig. 4.1)8This result in crack initiation and propagataong
the hatch overlaps leading to stepped fracture hadogies observed ir(g. 4.1.10.

Temperature

Fig. 4.1.11.Schematic illustration of the crack propagatiorhpaibng the hatch overlaps of the SLM
samples, where the density of the Si particlesgkdr in than the track cores.

4.1.4 Strength modeling

The prediction of the mechanical behavior of maleris an essential prerequisite in
order to design and optimize their properties toetmspecific requirements. For this,
microstructural features, such as size, morpholgy distribution of the different phases,
are typically used to correlate the microstructwith the observed mechanical properties.
Among these features, the crystallite size is ohéhe most important factors used to
describe the strength of materials.

Strengthening induced by grain refinement is aaatiffe approach for improving the
mechanical performance of materials. The increalset@ngth o resulting from grain
refinement can be expressed by the semi-empiriefitPetch (HP) relationship Afm834,
[Muk064d) as

l\.)fH

o=0,+kd , (4.1.2)
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where o is the frictional stress resisting the motion @acationsk is the Hall-Petch slope
associated to the resistance for the dislocatiovement from one grain to another, aht
the average crystallite siz8¢n094 The size-induced strengthening results frompiteup

of dislocations at grain boundaries and from ttsstance of the dislocations to slip transfer
([Arm834, [Muk064).
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Fig. 4.1.12.(a) Yield strength as a function of the Al crybtalsize () and matrix ligament sizel)
for SLM samples annealed at different temperatares (b) correlation between crystallite size and
matrix ligament size.

Fig. 4.1.12(ajshows the variation of the yield strength as afion of 1/(d)"? for the
SLM samples annealed at different temperatures. Sihength increases linearly with
decreasing the crystallite size of Al (i.e. withcomasing the annealing temperature), in
agreement with the expected Hall-Petch behaviderdstingly, a similar behavior is also
observed when the strength is plotted against th&rixnligament sized, which, in the
present case, represents the average matrix disbestewveen the Si particles. However, while
d varies in the nm rangel is in thepm regime. Therefore, strengthening of the material
apparently occurs at different length scales. Iddethe obstacles to the dislocation
movement represented by the large number of graimdaries at small crystallite sizes (i.e.
for low annealing temperatures) may combine withl#rge number of small Si particles at a

larger length scale~{g. 4.1.7. In addition, the growth af andA during the heat treatment is
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most likely interdependent. This is corroboratedh®yresults irFig. 4.1.12(b) which shows
a good correlation between the Al crystallite sitend the matrix ligament sizé for the
different annealing temperatures. This offers tlesspility to model the strength of the

samples by using two easily accessible microstratharameters describing different length
scales of the material.

4.1.5 High temperature tensile tests

Al-Si alloys are generally used when the wear tasee is of utmost interest and the
thermal expansion/contraction of the material loalset minimized at the service temperature
([Lee99a], [Lee00g] such as in applications for engine componentsere the service
temperature ranges between 373 and 473Hk({4a], [Alulla). Hence, it is necessary to
know the behavior of these materials in such teatpee conditions. Accordingly, the Al-
12Si SLM samples were tested under uniaxial teesifelitions at 373, 423 and 473 K.
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Fig. 4.1.13(a) Tensile test curves of the SLM Al-12Si samglesealed at 573 K carried out at 273,
373, 423 and 473 K and (b) corresponding mechadaial.

The results shown in the previous sections indittaéé microstructural changes take
place in the Al-12Si SLM samples during annealihgigh temperatures. Therefore, in order

to achieve a stable microstructure and to avoidrastcuctural changes during the high-
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temperatures tensile tests, the SLM samples weaneaded at 573 K (i.e. above the testing
temperatures 373 — 473 K) before the mechanicts.tes

Fig. 4.1.13(ashows the tensile curves for the Al-12Si SLM samamnnealed at 573
K tested at 273, 373, 423 and 473 K, and the cooreing mechanical data are summarized
in Fig. 4.1.13(b) The ultimate tensile strength of the samplestabaty decreases from 207
to 122 MPa for the samples tested at temperatui@K2and 473 K, respectively. In contrast,
the yield strength of the same samples shows ainadrgduction from 138 to 114 MPa. The
softening of matrix along with grain growth withcreasing test temperature leads to a less
pronounced strain hardening behaviohpl11d. However, the fracture strain shows only a
limited increase from 3.8% to 4.5% for the samplested between 273 and 473 K,
suggesting that the SLM Al-12Si components at theirvice temperatures lose their strength

without much change in their fracture strain.

Fig. 4.1.14 Fracture morphology after tensile tests of the SAM2Si samples annealed at 573 K
tested at (a) 273, (b) 373, (c) 423 and (d) 473 K.
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Fig. 4.1.15.(a) Variation of dimples size as a function of thasile test temperature and (b) yield
strength vs. dimples size for the Al-12Si SLM sasspl

Fig. 4.1.14shows the fracture morphology of the samples atfter tensile tests
carried out at various temperatures. The Al dimpddeady observed after the tests
performed at room temperaturdsg. 4.1.1() become larger for the tests carried out at high
temperatures, in agreement with the high temperatoechanical tests of other Al-based
alloys [Cho114. This can be ascribed to the softening of themalrix at high temperatures,
as suggested by the tensile curvesim 4.1.13 The size of the dimples increases linearly
with increasing the test temperatuFeg( 4.1.15(d). Interestingly, a linear correlation is also
observed when the strength of the samples is plagainst the dimples size in the form of
the Hall-Petch relationshig={g. 4.1.15(b). The variation of the dimples size observed here
can be ascribed to the grain coarsening of theixnagsulting from the additional thermal
energy supplied during testing.

4.2 Hatch style variation and its influence on meahical properties

As discussed irsection 2.2.2the hatch style is defined as the design or paite
which the hatches are oriented within and betwherlayers. Thijs et alThi1l34 have used
the hatch styles shown iig. 4.2.1to vary the texture in their AISilOMg samples.the
case of the Al-12Si alloy, it has been observedrim 4.1.1(Section 4.1.) that the hatch
overlaps act as preferential sites for Si segregaind that the concentration of Si along the
overlaps is two times higher than in the track sofeg. 4.1.9. In addition, the overlaps
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show an elongated morphology, which is differenvnfr the core, where a cellular
morphology is observed~{g. 4.1.). The results suggest that the hatch style may pla
significant role for affecting the mechanical prapes of the Al-12Si SLM samples.
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Fig. 4.2.1.Hatch styles adopted by Thijs et alh[134 to vary the texture of the AISi10Mg samples
processed by SLM.
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Fig. 4.2.2.The hatch styles used in the present study.

In this section, four different hatch styles aredu¢-ig. 4.2.3. The four hatch styles
are termed: (1) single melt (SNM), which is thensiaxd hatch style used for the production
of the Al-12Si SLM samples investigated in the poeg and following sections, where the
powder particles are melted in a straight line iash(2) double melt (DM) style, which uses
the single straight line melting style followed agother straight line melt perpendicular to

the former; (3) single melt continuous (SMC), whiaklts the powder particles continuously
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till the single layer is complete following a U-gdeal pattern; (4) checker board (CB) hatch
style refers to the melt sequence with a singlerladivided into several small squares and
between the squares single melt hatch style witferdnt orientations used. The XRD
patterns of the Al-12Si SLM samples produced wiié different hatch styles are presented
in Fig. 4.2.3(a)revealing that the various hatch styles leadfferént levels of texture of Al.
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Fig. 4.2.3.(a) XRD patterns A = 0.17889 nm) of the Al-12Si SLM specimens prodlecsing
different hatch styles and (b) corresponding textooefficient of the Al (111) and (200) planes
guantified using=q. (4.1.1)

The texture coefficients of the (111) and (200)phMdnes evaluated usirigy. 4.1.1are
shown inFig. 4.2.3as a function of hatch styles. The texture coeffits show a significant
variation with the change of hath style, in accomato the report of Thijs et alllji134.
However, there are no reports about the influencéhe hatch style on the mechanical
properties of the SLM part&.ig. 4.2.4shows the variation of the room temperature tensil
mechanical properties of the Al-12Si SLM samples &snction of the hatch style. No clear
correlation is observed between the texture caefficand tensile properties (compéigs.
4.2.3(b) and 4.2.4(h) The sample with CB hatch style displays the égjhyield and
ultimate strengths and the largest fracture staiong the tested materials. For example, the
yield and ultimate strengths increase from 240 a88 MPa for the specimens with the
standard SNM hatch style to 290 and 460 MPa forGBesamples and the fracture strain
increases from 2.8 to 4.5%. On the other handsaingples with hatch styles SNM, SMC and
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DM show similar strength levels, with a marginaihcreased fracture strain for the DM

sample. In order to understand the reasons folntpeoved mechanical properties dfet

samples with CB hatch style, their microstructugtobe and after fracture is investigated.
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Fig. 4.2.5shows the OM and SEM images of the fracture sarédter the tensile tests

of the samples with hatch styles SNM and CB. TheMSsBample shows the typical

microstructure consisting of regular melt tracksy( 4.2.5(a). The fracture surface of this

sample displays a step-like morphology (indicatgdhe red lines irFig. 4.2.5(b). On the

contrary, the sample with CB hatch style showslatively complicated microstructure with

the melt tracks running in a non-sequential waig.(4.2.5(d). This microstructure leads to a

complex fracture surfacéig. 4.2.5(e-f), with no signs of the step-like features obserfezd

the SNM sample.

The microstructure and the morphology of the freetsurface help to rationalize the

crack propagation path in the SLM samples prodweithl different hatch styles-ig. 4.2.6

shows the schematic illustration of the possib&ckrpropagation paths in the SLM samples

produced with single melt (SNM) and checker boa@B)( hatch styles. The fracture
propagates step-likeFig. 4.2.5 (b-¢) in the SNM samples; on the other hand, the CB
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samples show a more irregular fracture surfacesmbsing the morphology of the melt
trucks (comparé&igs. 4.2.5(d) and (f)

Fig. 4.2.5.(a) OM image of Al-12Si SLM sample produced udihg single melt (SNM) hatch style,
(b-c) SEM micrograph of the fracture surfaces (éxt lines indicate the fracture propagation paths),
(d) OM images of Al-12Si sample produced usingthecker board (CB) hatch style and (e-f) SEM
micrograph of the fracture surface.

Single melt (SNM) Checker board (CB)

Fig. 4.2.6.Schematics illustrating the crack propagation paththe Al-12Si SLM samples produced
with single melt and checker board hatch styles.
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Chapter 5: Tribological and corrosion properties é-12Si
processed by SLM

5.1 Tribological properties of Al-12Si evaluated by diding and fretting wear tests

The service life of an engineering component depeordl several factors, such as
environmental conditions, service temperature d{¢/id96g, [Kral2d). Also, the
tribological properties have an influential effeah the durability of the components,
especially in automotive applications like pistooginder heads etc.Kji0O7g], [Che08)). It
has been reported by several authors that the rgeatance of the components are directly
related to the hardness of the materi&h(744, [Jeoc03§ [Moo74d) and that the wear
resistance of materials, such as Al-Si alloys, lsaenhanced by several methods, including
grain refinement, surface coatings and alloyingitamid ([Jeo01§ [Mak12d). The presence
of hard Si particles in the Al-Si alloys leads tgerior wear resistance and the amount, size,
morphology and distribution have a remarkable inpan the tribological properties
([Cla793, [Pra87§ [Pra983 [EImO74, [Las10]).

The present section deals with the tribologicalparties of the Al-12Si produced by
SLM. Sliding and fretting wear tests were carried on as-prepared and annealed Al-12Si
SLM samples and the results are compared withaheesmaterial produced by casting. The
sliding wear rates are also compared with the datalable in literature in order to fully
evaluate the wear resistance of the SLM samples.Widar mechanisms are analyzed from
the worn surface of both sliding and fretting weasts and the factors affecting the
tribological properties of the SLM samples are dssed.

5.1.1 Sliding wear

The sliding wear rate, Vickers hardness and sizéh@fSi particles of the Al-12Si
samples prepared by SLM are showririg. 5.1.1as a function of the annealing temperature
along with the corresponding values of the as-6&d42Si material. The wear rate is at the

minimum for the as-prepared SLM sample (300 K) #meh it increases with increasing
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annealing temperature, following an exponentiahfaery similar to the behavior shown by
the size of the Si particles in the same tempesatmge.
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Fig. 5.1.1.Sliding wear rate ), average size of the Si particle®)@nd the Vickers hardnes®)(
for the Al-12Si cast, as-prepared SLM (300 K) ahiSamples annealed at different temperatures.

Fig. 5.1.2presents the wear tracks observed by SEM for #st and as-prepared
SLM materials and for the SLM samples annealed78t&nd 723 K after the sliding wear
tests. The red arrows in the SEM images mark idengldirection. The cast sample shows a
very irregular surface morphology-ig. 5.1.2(a). During the sliding wear test, the pin
induces a large strain level in the soft Al mat&ixhe contact surfaces. Due to such a strain,
surface and sub-surface cracks are formiachf3$ The cracks lead to the delamination of
the surface, as observed lng. 5.1.2(a) and hence to significant material removal. In
addition, oxidation of the surface was also obsgrizg EDX composition analysis (not
shown here) along with plastic deformation dueh traction of the pin surface on the hard
steel counter discJuh73} The sliding of the pin against the disc promogtesstrong
temperature rise at the surface of the pin, leatbnipe preferential oxidation of the surface
([Suh733 [Ragl3d [DwilOd]). The abrasion of the pin surface is marked lgyphesence
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of ploughing grooves, as observed-ig. 5.1.2(a) These finding indicate that the wear of the
Al-12Si cast sample is mainly due to the followingechanisms: abrasive component,
delamination and oxidative weai ({[I914], [Sub92]).

.

fin i} by 3
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i Abrasive grooves (

i
v ; el

Fig. 5.1.2.SEM images of the wear tracks after the slidingteats for the Al-12Si samples: (a)
cast, (b) as-prepared SLM and SLM annealed at7@)ahd (d) 723 K.

The wear tracks of the as-prepared SLM samplelarers inFig. 5.1.2(b) The wear
tracks are shallow compared to the wear track®®fichst sample=(g. 5.1.2(a), indicating
that reduced wear occurs in this sample. The waedace also shows the presence of oxide
particles and delamination cracks but no significdelamination of the layers is observed.
This is because the delamination cracks cannosftvam to a delamination layer due to the
higher hardness of the as-prepared SLM sample caupa the cast counterpart.
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Selective oxidation is also observed along the wanrace of the as-prepared SLM
sample Fig. 5.1.2(b). The presence of oxygen along the wear trackgestg that the
oxidative wear mechanism is prevailing in this seEmp@\s the oxides are generally harder
than the matrix, they may improve the wear rescsaof the Al alloys Dwil0g. However,
both the cast and as-prepared SLM samples showrdsence of oxidation; therefore, the
individual contribution of the oxides on the wea&rformance can be neglected in the present
context. Consequently, the major wear mechanisrasabipg in the as-prepared SLM sample
are abrasive component and oxidation weau{ld, [Sub923 [Zha97]).

The wear tracks of SLM sample annealed at 578iK. (5.1.2(c) show deep abrasive
grooves due to ploughing caused by the hard stagiter disc. Such wear morphology is
very different compared to the as-prepared SLM nadtécompareFigs. 5.1.2(b) and
5.1.2(c), suggesting different wear mechanisms operatinthése two samples. Unlike the
cast specimen, the SLM sample annealed at 573 Wsshwre pronounced abrasive grooves
and plastic deformation. However, in contrast t® #s-prepared SLM material, no distinct
delamination cracks are observed, owing to thee#sad hardness and increased ductility of
the heat-treated sample. With further increasehefannealing temperature to 723 K, the
specimens show more plastic deformatibiy(5.1.2(d), corroborating the wear rate data in
Fig. 5.1.1 In addition, removal of Si particles from the mpahas also been observed during
sliding wear Fig. 5.1.2(d).

5.1.2 Fretting wear

The fretting wear results for the Al-12Si sampes shown irfFig. 5.1.3as a function
of the size of the Si particles. The amount of mateemoved (wear volume) is least for the
as-prepared SLM sample. The fretting wear volunces@mses with increasing the Si size (and
consequently with increasing the annealing tempeegatomparé-igs. 5.1.1 and 5.1)3This
behavior is remarkably similar to the trend obsdr¥er the corresponding sliding wear
volume (also shown ifrig. 5.1.3. In contrast both the fretting and sliding weatuwnes for

the cast material do not follow the tendency shbwithe SLM samples.
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Fig. 5.1.4shows the OM images of the Al-12Si samples afttihg tests along with
the corresponding depth profiles. As a resultshef tubbing of the steel ball, all samples
display approximately circular wear scars with dheiptreasing from the edges to the center.
This is due to the degree of volume loss being higthe center and gradually decreasing to
zero towards the edges, which is characteristi¢Herfretting wear tests4ful114, [EIl024d],
[Got04]). The average diameter and the depth of the wear for the as-prepared SLM
sample are 770 + 50 ym and 25 = 1 pum, respecti(elys. 5.1.4(a) and 5.1.4(b)
Delamination of the surface along with abrasive mesgis as material removal mechanism

for this material.
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Fig. 5.1.3.Fretting (@) and sliding ®) wear volumes for the cast and SLM Al-12Si specisnas a
function of the average Si particle size.

The wear scar of the cast sampteg( 5.1.4(c) shows traces of plastic deformation
and delamination especially at the center of theatged area. The diameter and the depth of
the wear scar for the cast sample are 1220 + 50apan57 + 2 umHKigs. 5.1.4(c) and
5.1.4(d); therefore, larger than the wear scar observedhe as-prepared SLM material.
This indicates that more material is removed in ¢hst material, corroborating the results
shown inFig. 5.1.3
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Fig. 5.1.4.0M images of the fretting wear scars and correspgndepth profiles for the Al-12Si
samples: (a,b) as-prepared SLM, (c,d) cast andeM annealed at 723 K.

Different regions in the wear scar show differergaw mechanisms: adhesive wear
predominantly occurs at the center of the wear §eanu11g, [ElI024]) along with traces of
severe plastic deformationT({n994, [Got044, [Yoolld), whereas along the edges the
main wear mechanism is found to be abrasive wetlr soime delamination cracks. This is in

agreement with the mechanism proposed by Elleuct. ¢£ll02&], where material loss and
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the elimination of the wear surface during thetingt wear process is aided by the increased
adhesion between the plastically deformed matanédlthe steel ball. The increased adhesive
tendency leads to mass transfer from the wear carthue to both adhesive wear and

delamination.

The wear scar of the SLM sample annealed at 72Figs(5.1.4(e) and 5.1.4)1)
shows deeper depth of penetration (89 + 2 um) dsawéncreased diameter of the wear scar
(1550 + 30 um) compared to the cast and as-pre@rbtisamples, indicating reduced wear
resistance. The wear mechanism observed in theakthesample is similar to the one
operating in the cast material: plastic deformataal adhesive wear along the center and
abrasive wear and delamination along the edgehefwear scar {[Im994, [Got044,
[Yool113).

5.1.3 Wear rate evaluation and comparison

The volume loss during sliding wears[ can be expressed by the Archard equation as
[Arc534

V= kWL, : (5.1.)
H
wherek is the wear coefficien\Vthe applied load, s the sliding distance artd the hardness
of the material. The volume los%, which is proportional to the wear ra (cf. Eq.
(3.4.1), is inversely proportional to the hardness of thaterial. The current system also
obeysEq. (5.1.1) the wear rate of the SLM samples increases watirehsing the hardness
(Fig. 5.1.2. This is a direct consequence of the microstnectvolution during heating of
the present SLM samples: the hardness decreadesnaiieasing the size of the Si particles
as a result of the annealing treatmenp(5.1.5. In addition, the hardness decreases and,
therefore, the wear rate of the SLM samples ine@®asth decreasing the average density of
the Si particles Kig. 5.1.5, in agreement with previous works reporting thtia¢ good
dispersion of the hard particles in the matrix &&al improved wear propertie<(jm084,
[Man074, [Tha01g). The same conclusions can be drawn for theifigetvear €ig. 5.1.3.
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Fig. 5.1.6.Wear rates of Al-Si alloys produced by differentheiques as a function of the Si content
([1] — [Rag134 [2] — [Sri09d, 3 - [Pra98d, and [4] - [Tor944).

Fig. 5.1.6 compares the wear rates of the AI-Si alloys produby different
techniques, as a function of the Si conteRta(f13§, [Sri094, [Pra98%, [Tor944d). Similar
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wear testing parameters are chosen, aiding fordilect comparison with the present
materials, except for the spray-formed Al-Si samplth Si content between 13 and 22
wt.% [Ragl3§, where the sliding speed is 0.3 m/s. Despitedlogver sliding speed with
respect to the present work (1 m/s) and the laggeontent, the wear rates of these samples
are higher than the as-prepared SLM sample.

Prasad et al.Hra98% have estimated the wear rate of Al-23.5Si allpysduced by
gravity and pressure die-casting. The wear rathefAl-23.5Si sample produced by gravity
casting (indicated by an arrow ifig. 5.1.6 is ~ 50 % higher than the present as-prepared
SLM sample, whereas the sample produced by predsen@asting shows a similar wear rate

even though the Si content is about 2 times larger.

Torabian et al. Tor944 have studied the sliding wear of binary Al-Siogt with Si
content ranging from 2 to 20 wt.% produced by ctalbting. As expected, the wear rate of
the chill-cast materials decreases with increasineghard Si phasé-(g. 5.1.9. Like SLM,
the chill casting technique can also achieve hgybling rates Tor984. As a result, the wear
rate of the chill-cast Al-12.5Si alloy is similay that of the as-prepared Al-12Si SLM alloy.
Except for the alloys produced by chill castifignf984, all the other Al-Si alloys compared
herewith (Ragl13} [Sri094, [Pra98% [Tor94d) have higher wear rates than the as-
prepared SLM material. This indicates that the ostnuctural refinement achievable by
SLM processing not only leads to a significant mgteening of the Al-12Si alloy, but
induces remarkable tribological properties.

5.2 Corrosion behavior of Al-12Si SLM samples undsmgidic environment

The industrial applications of Al-based alloys anedespread, ranging from
automobile, aerospace and marine to building amsteoction Mar074. In some of these
applications, Al-based alloys are exposed to ace&heironments Jlusl1ld. Hence, the
knowledge on the corrosion resistance of Al-baséys in acidic conditions becomes a
prerequisite. Previous studies showed that Al-badlegls are passive in halide-free aqueous
electrolytes with pH values between ~ 4.0 and B551{13%, [Hol144). In this pH range, the
Al-based alloys generally form a stable passivgOAllayer. The oxide film is self-healing
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and any mechanical abrasion or damage of the sufilat does not lead to the corrosion of
the underlying alloy Ken01g4. However, aluminum suffers sever corrosion indmilitric
acid environments. The corrosion rate of Al in HN® of the order of 4.0 mm/y in the
concentration range of 20-40 % HRl@t room temperaturéVjusllgd. This section deals
with the corrosion of as-prepared Al-12Si SLM, SliMat-treated and cast samples in
diluted HNG; solutions followed by a detailed investigatiortioé corroded surfaces.

5.2.1 Weight-loss tests

In order to determine the corrosion rate of theg@epared Al-12Si SLM samples and
the SLM materials annealed at 473, 573, 623, 6B723 K for 6 h, weight-loss tests in
nitric acid solutions of three different concentyas (0.01, 0.1 and 1 M HN{pwere carried
out. Reference Al-12Si samples produced by coneraticasting were also tested. The
weight-loss curves for the as-prepared SLM specémam a function of the HNO
concentration are shown fifig. 5.2.1(a)

6 —©0—SLM —®—473K —€—673K
(b) —#—cast —&— 573K 723K

@ 1 M HNO, (pH = 0)

Weight loss (mg/cm®)
Weight loss (mg/cmz)

0.1 M HNO, (pH = 1)

0.01 M HNO, (pH = 2)

0 3 6 9 12 15
Time (days) Time (days)

Fig. 5.2.1.(a) Weight-loss curves for the as-prepared SLM sesngs a function of the immersion
time for three different HN@concentrations (0.01, 0.1 and 1 M). (b) Weightlpdots for the as-
prepared SLM, cast and SLM heat-treated sampladasction of time for the 1 M HN{gsolution.

The samples show a weight-loss of 0.31 + 0.04 mg/&r@9 + 0.11 mg/cfand 5.72
+ 0.15 mg/crifor 0.01, 0.1 and 1 M HN§) respectively, after 14 days of immersidtig(
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5.2.1(a), indicating that the weight-loss of the as-prepgaSLM specimens increases by
about four times for every one order of magnitudereéase of the nitric acid concentration.
The weight-loss curves of the as-prepared SLM sasnple non-linear for all the tested

concentrations: the corrosion rates are initialjtlfin 3 days) high and then they decrease
with increasing immersion time. While for the mali@ute electrolytes, i.e. 0.01 and 0.1 M

HNOg;, the corrosion rate remains more or less consafiet 3 days, in the 1 M HNO

electrolyte the corrosion rate increases agaim afiproximately 10 days.

In order to evaluate the weight-loss, the sampleewperiodically removed from the
acidic solution. This might affect the corrosiormpess and, consequently, the corrosion rate.
To clarify this aspect, three as-prepared SLM sampVere kept continuously in a 1 M
HNO; solution for 14 days. The weight-loss was found¢o5.49 + 0.21 mg/cmwhich is
similar to the value observed when the same prasesserrupted periodically (5.72 + 0.15
mg/cnf). This demonstrates that the periodic interruptibthe corrosion tests has a minimal

effect on the weight-loss.

Fig. 5.2.1(b)shows the weight-loss curves for the as-prepardd,3iast and SLM
heat-treated specimens in 1 M HpN®olution. The weight-loss curve for the as-pregare
SLM and the cast specimens are very similar, suggeshat the corrosion behavior
exhibited by these materials is comparable, eveagh the initial microstructures of these
samples are different (cellular for the as-prepased! material and eutectic for the cast
sample — seéSection 4.1.). The weight-loss gradually increases with inciggasthe
annealing temperature for the SLM samples; a wdags of 10.68 + 0.26 mg/dmis
observed for the material heat-treated at 723 Kchvis two times the weight-loss observed
for the SLM sample in the as-prepared condition.

Fig. 5.2.2shows the cross-section of the as-prepared SLMlesnexposed for 14
days to acidic solutions with three different HNEncentrations. The corroded surfaces of
the as-prepared SLM material display a porous-ldedlular structure with pore size
increasing with increasing HNoncentration. This suggests that preferentialosion of

Al or Si occurs in these samples. Comparing thactiire observed irFig. 5.2.2to the
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cellular microstructure shown ifig. 4.1.1 it can be ascertained that the remaining phase in
the corroded materials is Si and that Al is corcbdat under the acidic environment.

Fig. 5.2.2 Microstructure of the Al-12Si as-prepared SLM sagsmfter 14 days of immersion in (a-
) 0.01 M HNQ (pH = 2), (d-f) 0.1 M HNQ@ (pH = 1) and (g-i) 1 M HN©@(pH = 0) solutions.

Fig. 5.2.3shows the corroded surfaces of the Al-12Si SLMtemated at 673 K
(Figs. 5.2.3(a-9) and cast Kigs. 5.2.3(d-f) samples after 14 days of immersion in 1 M
HNOs;. As shown inFig. 5.2.2 the as-prepared SLM sample shows a porous aellula
structure after corrosion resulting from the selectcorrosion of Al. However, the SLM
heat-treated samples undergo a microstructurakfoemation (seeSection 4.1.B3 from
cellular to composite-like microstructure, consigtiof Si particles dispersed in the Al
matrix. The SLM sample annealed at 673 K showswenage Si particle size of ~ 0.656 +
0.17 um (Section 4.1.3 Figs. 5.2.3(a-cshow Si particles in the same size range (~ 0.65
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um). The Si particles are isolated and are weakbched to the surface of the samples as a
result of the dissolution of the surrounding Al mpat Corrosion of the Al matrix is not
uniform and proceeds via a multitude of local disson events leading to the formation of
pitting-like features. Those pits are clearly visiln the low magnification image shown in
Fig. 5.2.4 It can be observed that the pits are formed tjnout the surface of the sample.
However, the size distribution of the pits is nanform, displaying diameters of the pits
ranging from 5 to 5Qum.

400 nm

Fig. 5.2.3 Microstructure of the Al-12Si (a-c) SLM heat-treditt 673 K and (d-f) cast samples after
14 days of immersion in 1 M HNolution.

Fig. 5.2.4.Corroded surface of the Al-12Si SLM specimen argetadt 673 K after 14 days of
immersion in 1 M HN@ solution.
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The corroded surface of the cast sampig.(5.2.3(d-f) is in the form of an array of
closely spaced Si platelets with length in the eah§ — 4Qum resulting from corrosion of Al
from the eutectic microstructure. It is interestitgg note that the corroded surface of the
SLM, SLM heat-treated and cast samples are contplatidferent. Therefore, in the
following section the corrosion mechanism actinghiese samples is analyzed.

5.2.2 Corrosion mechanism

In Al-based alloys, the corrosion is generally lasa [JLIO70. The dissolution

mechanism of Al in HN@is related to the following reactionsgro6g:

Al+HO <> AlOHys+H +¢€ , (5.2.1)
AlOHqs+ 5SHO + H <> APF*-6H0 + 26 , (5.2.2)
Al** + 6H,O <> [AIOH]* + H' , (5.2.3)

[AIOH]?* + NO* <> [AIOHNO3]" , (5.2.4)

The rate-controlling step in the metal dissolutieaction is the reaction between the hydrate
cation and the nitrate anion showrg. 5.2.4Mus114. The soluble ions formed due ).
5.2.4increase the metal dissolution rate, which isretion of the HNQ@ concentration.

Fig. 5.2.5shows the Pourbaix diagrams for Al and S {1964 The concentrations of
HNO; used in the present study (0.01, 0.1 and 1 M)espond to pH values of 2, 1 and O,
respectively. At these pH levels, the Pourbaix iats suggest the dissolution of Al in the
form of AP* ions Fig. 5.2.5(a). This dissolution reaction leads to the reacibown inEq.
5.2.3 On the contrary, the most favored state for §i®, which may act as a passive film
blocking further oxidation of the Si atomBig. 5.2.5(b). Hence, in the AI-Si system, the
contact with HNQ leads to selective corrosion in the form of Alsdikition and to the
formation of a passive Sidayer. This explains why in in the present stuay Al rich phase

corrodes out, while the Si rich phase remains intac
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Fig. 5.2.5.Pourbaix diagrams for (a) Aluminum and (b) Silicehowing the regions of corrosion,
immunity and passivation (afteP pu963).

Fig. 5.2.6 shows again the weight-loss curve for the as-pezgheBLM sample

immersed in 0.1 M HN@over the period of 14 days. As already observelian 5.2.1(a)

the corrosion rate is not constant throughout #heldys period. Instead, it shows a higher

corrosion rate in the initial period of~ 3 daysrfesponding to region — | iRig. 5.2.§ and a

reduced corrosion rate for the rest of the periedion — I1). Similar behavior is observed for
the cast samples and SLM specimens heat-treatel¥3atand 573 KKig. 5.2.1(b). In
contrast, this behavior is not observed for the Sadvhples heat-treated at 673 and 723 K.
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Fig. 5.2.6 Weight-loss curve for the as-prepared Al-12Si Slavhples for 0.1 M HN@ showing the
different rates of corrosion as a function of thmenersion time.
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This behavior can be explained with the help ofgbkematic illustrations shown in
Fig. 5.2.7 As a result of the rapid solidification duringlesgive laser melting, the as-
prepared SLM material has a cellular microstructoasisting of a supersaturated primary
Al-rich phase with residual Si segregated at thiulee boundaries (se8ection 4.1.). In
accordance with the Pourbaix diagrams presentedealioe Al atoms from the Al-rich phase
are expected to dissolve in the electrolyte a¥ #ins, while the Si atoms are oxidized to
SiO,, which remains on the sample surface. As showridn 5.2.2 the cellular boundaries
(now Si/SiQ) are mechanically stable and remain attachedesd@mple surface. Hence, the
continuous boundary network of Si prevails durihg torrosion processig. 5.2.7. This
phenomenon is observed in the first 3 days of dmeosion process (region — | ifig. 5.2.6.

Si network

\
Si particles SLM HNO,
pits \\ :: = ‘_:‘ 7_/_'-'-3{_ = -/
\o-..... 00 g0 00%00 o0, __—___él_3i—_—él_3+_ ::______
: SLM HT
Si platelets ] Cast
\Iulmlull\nI|:Iu\\llrII\\Il\\\II.Ill\\I\l\I\IHII\\IHIIU\IHM:\I:“:\'ﬁ
Cast

Fig. 5.2.7.Schematic illustrations showing the corrosion barawm Al-12Si as-prepared SLM, heat-
treated SLM and the cast samples under acidic @mvient.

Once that the first layer of the Al-rich phase &snoved from the surface of the
material, the presence of the continuous Si netwariders the access of the HNO
electrolyte to the subsequent layers. This restiieiccess may limit the transport rate of Al
away from the corroding interface and towards thé of the electrolyte, consequently
decreasing the corrosion rate, as observed in melidOn the other hand, the heat-treated
SLM samples, especially the materials annealedatahd 723 K, do not show a significant
variation of the corrosion rate with the immersiime. In these samples, Si is present as
isolated particles within the Al matrix6éction 4.1.8 Again, during corrosion in HN§the
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Al atoms are oxidized to Al ions and are removed from the surface of the samgithough
the Si particles are not dissolved in the electehue to passivation by SiCthey are no
longer interconnected as in the as-prepared SLMmadtand thus are easily detached from
the surface once the surrounding Al matrix is coew Fig. 5.2.7. This process is
continuous and, hence, corrosion takes place ainatant rate during the testing period,
leading to pits throughout the samples surfaces levident fromFig. 5.2.1(b)that the
corrosion rate of the SLM samples increases witlre@msing the annealing temperature.
According toChapter 4 Si is gradually rejected from the supersatura&kedith increasing
annealing temperature to form small Si particled, et the same time, the Si cellular
boundaries also transform into Si particles. Theigaate morphology of free Si in the heat-
treated samples explains well the increase of tmeosion rate with annealing temperature:
as the annealing temperature increases, the ambénee Si in the form of isolated particles
increases and their detachment due to the corraditme surrounding Al matrix contributes

to the weight loss.

Contrary to the heat-treated SLM samples, the oagerial shows a very similar
weight-loss curve with respect to the as-prepaidd Samples. The cast samples display a
eutectic microstructure=(g. 4.1.2 with a larger amount of free Si and, consequentith a
smaller Si content in the Al-rich phase comparedh® as-prepared SLM samples. This
indicates that the connectivity of the free Si glay more important role for affecting the
corrosion rate than the solubility of Si in Al. Treéore, a similar two-stage mechanism as
proposed for the as-prepared SLM material may led ts explain the corrosion features of
the cast samples. In the region — |, the remova#llaékes place selectively from the surface
of the sample. In the region — Il, the access ofG4db Al is restricted by the Si platelets
(Fig. 5.2.7, leading to the observed decrease of corrosien ra
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Chapter 6: Friction welding of Al-12Si parts proded by SLM

SLM allows for the production of objects with im@te shapes and complex
geometries that would be extremely difficult or msgible to fabricate through conventional
subtractive manufacturing techniqué8r[06g]. However, the major drawback for the wide
application of SLM as an industrial processing eoigtthe limited size of the products. This
is a direct consequence of the limited dimensidnh® available building chambers, which
allow for the production of samples with volumesabbut 0.02 m[Str133. A possible way
to overcome this problem would be the use of thklvwe processes to join the small SLM
objects to form parts with no dimensional limitaiso The present chapter deals with the
possibility of welding Al-12Si parts produced by8L

The yield strength of the Al-12Si alloy processgdSi M is four times higher than
yield strength of a conventionally cast Al-12Siogll Such high-strength alloys cannot
accommodate the stresses that arise during thenfuglding processes, which may lead to
the formation of crackshal0lj. To avoid such solidification related problemsl|id-state
welding can be utilized. This method does not presssues related to solidification
cracking, liquation cracking, segregation and fdiora of brittle eutectics/intermetallics
([Khal0g, [Cro71d). In addition, solid-state welding results indigrained microstructures
with superior mechanical properties compared tactherentional fusion weld processes and
in a narrow heat affected zone and low residuassts in the weldmentK{jal04,
[Ven044, [Kim054]).

Among the solid-state joining processes, frictiorelding (FW) has drawn
considerable attention due to economic consideratand high productivityllhal0l. In
this process, heat is generated by the convergiareohanical energy into thermal energy at
the interfaces of the parts, rotated under press$uretion time and pressure, upset time and
pressure, and rotation speed are the main parasrtéedrgovern the FW process. Compared
with other welding techniques, friction welding plsys advantages such as high materials
saving, short joining time and possibility of matidissimilar joints (Kat944d, [Maa073,
[Yil95a], [Shil0g, [Rot13], [Ana09g). Accordingly, this chapter focuses on the focii
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welding of Al-12Si parts produced by SLM followeg the structural and microstructural
characterizations. The mechanical properties ofwk&led samples are analyzed through
hardness measurements and room temperature t¢esite followed by detailed fracture
surface analysis. Factors leading to failure durthg tensile tests are discussed and
compared with the corresponding welded parts prediy casting.

6.1 Structural analysis

Fig. 6.1.1(a) shows a typical image of a friction welded Al-12fint with
symmetrical and smooth flash at the joint, indicgtiadequate heat generation, plastic
deformation and expulsion of oxide scales and ottmmtaminants during the welding
process ($Ji124, [WLIO8a]).

Fig. 6.1.1.(a) Typical image of a friction welded Al-12Simiwith symmetrical and smooth flash at
the joint. (b) Examples of tensile specimens maahimom the welded samples.

The XRD patterns of the base metal for the sammiegared by casting and SLM are
shown inFig. 6.1.2along with the patterns of the weld zones. Theattion peaks of Al and
Si are observed in all cases with differences @rtpeak intensities and widths. The SLM-
base metal shows a reversed intensity of the ALYEhd (200) peaks with respect to the
same material produced by casting, indicating tfesgnce of texture in the SLM sample
(Section 4.1.. The XRD pattern of the SLM—-weld zone still shotegture of the Al (111)
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and (200) peaks; however, this effect is much pEesounced than in the SLM—base metal.
The intensity of the Si peaks increases and th&thwdecreases in the SLM-weld zone
compared to the SLM—base metal. This suggestgytia@t growth occurs in the weld zone.
The XRD pattern of the cast—weld zone also shomwdasi texture of the Al (111) and (200)

peaks as observed for the SLM-weld zone.
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Fig. 6.1.2.XRD patterns4 = 0.17889 nm) of the base metal and weld zonéh®cast and SLM Al-
12Si samples.

These observations are corroborated by Rietveldilgrotting analysis Rie694
carried out on the XRD patterns of the differentmgles. The lattice parameter of Al
increases from 4.0508 nm for the SLM—base metdl@622 nm for the SLM-weld zone. As
a result, the amount of free residual Si incredses ~ 1 to ~ 10.5 wt.% after welding. The
crystallite sizes of Al and Si are 118 and 8 nmtfeg SLM—base metal and 190 and 80 nm
for the SLM—weld zone. On the contrary, the castebaetal shows an Al lattice parameter
of 4.0522 nm and an amount of free residual Si aD-wt.%,. The lattice parameter of Al
and the amount of free Si do not significantly af@nn the cast-weld zone. The above
results indicate that the weld zones of both SLM aast samples show similar amount of

free residual Si and texture.
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Fig. 6.1.3.0M and SEM micrographs, and EDX composition mapd tor Al and green for Si) for
the Al-12Si samples: (a-d) cast-base metal, (eab}-eveld zone, (i-I) SLM-base metal and (m-p)
SLM-weld zone.

The OM and SEM micrographs of the base metal arld nene of the cast and SLM
samples are presented fing. 6.1.3along with the corresponding EDX composition maps
(red for Al and green for Si). The cast—base meigplays a eutectic microstructure of Al
and Si along with dispersed primanyAl (Figs. 6.1.3(a) — 6.1.3())) characteristic of
hypoeutectic compositionS$[1406% On the other hand, the weld zone shows a finefiped
microstructure of Si particles uniformly dispersadhe Al matrix Figs. 6.1.3(e) — 6.1.3(h)

Such a microstructure is characteristic for thedvegines processed by FWiH{a104.

The SLM-base metal shows two types of morpholo¢fiess. 6.1.3()) — 6.1.3())
regions with circular cellular morphology which aseparated by thin boundaries with
elongated columnar morpholog$gdction 4.1.). The weld zone of the SLM sample shows a
noticeable change in the size and shape of the w#kén compared with the base metal. The
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elongated columnar morphology is absent and therostiacture consists of small Si
particles uniformly distributed in the Al matrikigs. 6.1.3(m) — 6.1.3(p)

200 200

(a) Average - 0.831 £0.04 pm (b) Average - 0.278 £ 0.01 pm|
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Fig. 6.1.4.Si particle size distribution in the weld zongaf cast and (b) SLM samples.

Both the weld zones of the cast and SLM samplesvsgioong similarities in their
morphology but they display different sizes of Bigparticles. This is evident by analyzing
the size distribution of the Si particles in theldveones of the cast and SLM samplegy(
6.1.4). The cast—weld zone shows Si particles with sa®ing between 0.1 and 2 um and
average size 0.831 £ 0.04 um. On the other hardStliM—weld zone exhibits a narrower
distribution of Si particles with size ranging been 0.1 pm and 0.6 pm. The average size of
the Si particles is 0.278 + 0.01 um, therefore nahan the size observed in the weld zone
of the cast sample. The observation of such finga#ticles in the FW SLM sample may be
attributed to the refined microstructure of thegpéibase metal.

6.2 Microhardness measurement

The Vickers microhardness profile along the wetérnface for the FW cast and SLM
samples is shown iRig. 6.2.1 The difference in hardness along the weld interfamarked
by a red dashed line iAig. 6.2.) can be clearly observed. The microhardness psofire
nearly symmetrical with respect to the weld inteefdor both FW cast and SLM samples.
However, the mechanisms operating in the sampteslifferent. In the case of the FW cast

sample, the hardness at the weld interface is HV2o1, which is significantly higher than
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that characterizing the base metal ~ 580y The hardness remains rather constant for
approximately 0.5 — 0.75 mm on both sides of thddweterface. The hardness then
drastically decreases at about 1 mm from the iatesfreaching a steady state of ~ 5& bV
This is in accordance with what was observed fdareotFW Al-based alloys [at944,
[Yil95Db], [Shi00g). On the contrary, the FW SLM samples show hasdred ~ 81 H\o; at

the weld interface, which is lower than the baséamg@- 95 H\07). The hardness remains
steady for almost 0.4 mm on both sides of the fatex Moving further away from the weld

interface, the hardness increases gradually tdre&5 H\ o1
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Fig. 6.2.1.Vickers microhardness profile measured acrossvitld interface of the Al-12Si cast and
SLM samples.

The hardness of the SLM-weld zone is ~ 9lMhigher than the hardness observed
at the weld interface of the FW cast sample. Tars loe attributed to the dimensions of the Si
particles in the weld zones, which are ~0u28 for the FW SLM sample and ~ 0.84n for
the FW cast material. The hardness at the weldfate is normally higher than the base
metal [Yil95a], as observed in the FW cast sample, due to tHmement of the
microstructure in the weldmenfiy. 6.2.). In contrast, the hardness of the FW SLM sample

at the weld interface is lower than the base mé&taimilar behavior has been reported by
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Khalid Rafi et al.[Khal0f for FW of AA7075-T6 alloy, where the hardnesstbé weld
zone decreases due to dissolution or coarsenindpeofstrengthening precipitates. In the
present case, the high hardness of the SLM-basad imelue to the supersaturated Al matrix
with a large content of Si (~ 11 wt.%). In additighe Al and Si phases have a very fine
crystallite size of 118 and 8 nm, respectively.tthe weld zone, the amount of Si in Al
decreases to ~ 1.5 wt.% with a relatively coargstatlite size of Al and Si (190 and 90 nm).
Moreover, the morphology of Si changes from a cwdus Si network for the SLM—base
metal to homogeneously distributed Si particleg@éweldment. Such distinct changes in the
microstructure result in the contrasting hardneeélp with respect to the FW cast material.

6.3 Tensile properties

The mechanical properties of the FW materials hbeen investigated by room
temperature tensile testSig. 6.3.). The tensile specimens were prepared form theledel
samples ensuring that the center of the weldmem®gponds to the center of the tensile
bars (comparé&igs. 6.1.1(a) and 6.1.1)b)The FW cast sample shows higher yield strength
than in the as-cast condition but reduced fracttrain (~ 2%). Moreover, the cast FW
sample fails in the weld zone (not shown here)gesating that the weld zone is harder and
more brittle than the base metal, in agreement thithhardness data kig. 6.2.1 The yield
strength of the FW SLM sample is ~ 215 MPa, whghk 45 MPa lower than in the as-SLM
condition. However, the welded sample shows extrdiectility with a fracture strain of
about ~ 10% compared with the as-SLM material (~).3%he fracture of the FW SLM
specimen occurs in the base metal and not in tie zeme, corroborating again the hardness
results inFig. 6.2.1

Fig. 6.3.2shows the fracture morphology of the FW cast antlSamples after
room temperature tensile tests. The fracture serfat the FW cast specimerkigs.
6.3.2(a,b) shows dimples in the Al phase and cleavage altheg brittle Si particles
(indicated by arrows ifrigs. 6.3.2(a,l)) This is similar to the fracture surface of trsecast
material Gection 4.1.%1 On the other hand, the fracture surface of thié $LM sample

(Figs. 6.3.2(c,d) shows the presence of dimples with average size .46 + 0.09 pm,
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which is very similar to that observed for as-prepaSLM samples under similar testing
conditions Gection 4.1.%
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Fig. 6.3.1.Room temperature tensile curves of the cast amd §tecimens tested in the as-prepared
and welded conditions.

Fig. 6.3.2.Fracture morphology of the FW cast (a — b) and MW (c — d) samples after room
temperature tensile tests.
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These findings demonstrate that solid-state fiictieelding can be successfully used
to join materials produced by SLM and helps to sigantly improve their ductility. This
offers the possibility to overcome the problemlad timited dimensions of the SLM parts in
order to produce objects with no dimensional litnitas.
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In this work, Al-12Si samples with an extremelydisupersaturated Al-rich cellular
structure along with residual Si at the cellulauhdaries have been produced by SLM. The
Al and Si phases show remarkably small crystaflites of about 118 and 8 nm. The as-
prepared SLM samples display yield and tensilengties of about 260 and 380 MPa, which
are respectively four and two times higher thandbeesponding values of the cast material.
However, the fracture strain is only ~ 3 %; therefasignificantly reduced compared to the
cast sample (~ 9.5 %). In order to clarify the naadbal behavior of the SLM parts, the
effect of texture and microstructural features (ommlogy, size and distribution of the Al and
Si phases) have been analyzed in detail.

The texture was varied by producing SLM sample$ wit inclination angle between
specimens and substrate plate varying between €03@A. Tensile tests reveal a yield
strength ranging between 255 and 260 MPa, whiclcatels that the effect of texture on the
strength of the samples is negligible. In ordeevaluate the effect of the microstructure on
the mechanical behavior of the samples, the SLMispns were isothermally annealed at
temperatures between 473 and 723 K. The microstreidiecomes coarser with increasing
the annealing temperature. Si is rejected from shpersaturated Al to form small Si
particles. The size of the particles increases eepbally, whereas their number decreases.
The evolution of the microstructure is not homogrrsethroughout the samples: number and
size of the Si particles in the hatch overlapscarestantly larger than in the track cores. This
finally leads to a composite-type microstructur@sisting of softa-Al regions surrounded

by areas with a higher density of larger Si pagtcl

The variation of the microstructure has a signiiicanfluence on the mechanical
properties of the SLM parts. The yield strengthrdases from 260 MPa for the as-prepared
SLM samples to 95 MPa for the samples with the smsrmicrostructure. In contrast, the
fracture strain remarkably increases from ~ 3 t®d5This demonstrate that the mechanical
behavior of the Al-12Si SLM samples can be tunethwia wide range of strength and

ductility by properly varying their microstructurén addition, the strength of the samples
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was successfully described using the crystallitd #ie matrix ligament sizes, which are
microstructural parameters describing differengtérscales of the material.

The high temperature tensile tests reveal that tahyield and ultimate strength of
the samples annealed at SLM 573 K decrease witkasing the test temperature due to the
softening of the Al matrix. However, no significacttanges are observed for the ductility of
the sample with increasing the test temperature.

The Al-12Si SLM specimens were produced with défgrhatch styles. This leads to
different texture levels in these samples. In addjtthe change in hatch style alters the
microstructure due to the variation in the Si dmttion and morphology, resulting in the
variation of the tensile properties. The fractuweface shows different crack propagation
paths for the single melt and checked board sampgleggesting that the hatch style is
another variable that can be effectively utilizedtune the tensile properties of the Al-12Si

samples.

The tribological properties of the SLM specimensrevéested using sliding and
fretting wear tests. In both the tests, the asqme SLM sample shows better wear
resistance than the cast and SLM heat-treated samphe sliding wear in the as-prepared
SLM samples is due to the abrasive component amthtion wear. In contrast, the SLM
heat-treated samples show deep abrasive groovespaiticle pull out and delamination,
leading to accelerated wear rates. In addition,pitesent results show that Si particle size
and the particle distribution plays a dictatingeral tuning the hardness of the material and in
turn the tribological properties.

The acidic corrosion tests of the Al-12Si as-pregaLM samples show a two-stage
corrosion behavior mechanism with increased casrosate for the initial three days. After
three days the corrosion rate decreases becausedbss of the HNOsolution to the Al
phase is restricted by the continuous Si skelefba.weight-loss for the as-prepared Al-12Si
SLM specimen is 5.72 + 0.15 mg/€in 1 M HNO; solution after 14 days and it is similar to
the corresponding Al-12Si cast sample. Even tholbgtin the cast and as-prepared SLM
samples have different microstructure with difféerenorphology of the Si phase, the
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accesses of the HNGsolution to Al is restricted effectively by the Bhase, leading to
similar corrosion rates. On the other hand, theosion rate of the SLM samples increases
with increasing the annealing temperature. The Savhple annealed to 723 K shows a
weight-loss of 10.68 + 0.26 mg/émwhich is twice the as-prepared specimen. This
accelerated weight-loss is due to the presencsatdted Si particles to their removal from
the surrounding Al matrix, indicating that the naistructure plays a key role in deciding the

corrosion behavior of the SLM samples.

With the aim of increasing the application spectromthe SLM parts, friction
welding was used to join the Al-12Si SLM parts. sthanalysis reveals that the amount of
free Si significantly increases in the SLM—weld eaompared with the base metal. This is
accompanied by the increase of the crystallite sizéhe Al and Si phases. Microstructural
investigations of the SLM—weld zone show a prone@dnchange in the dimension and shape
of the cells when compared with the base metalcthemnar morphology characterizing the
base metal is absent in the SLM-weld zone and tieeostructure consists of small Si
particles uniformly distributed in the Al matrixuh a microstructure leads to a reduced
hardness in the SLM—weld zone compared to the basl. This is in contrast to the
hardness profile of the corresponding friction veeldcast material, which displays the
typical behavior of friction welded Al-based alloyshere the hardness of the weld zone is

significantly higher than the base metal.

The microstructural variations in the weld zoneéalso a remarkable effect on the
mechanical properties of the materials. The terissés reveal that the yield strength of the
welded SLM sample is ~ 215 MPa, which is ~ 45 M&aer than in the as-SLM condition.
However, the ductility increased from ~ 3% in tleSLM condition to ~ 10% after friction
welding. The cast samples display an opposite hehathe friction welded cast sample
shows higher yield strength (~ 50 MPa) than in akecast condition but reduced fracture
strain (~ 2%) compared with the as-cast counterpaf.5%). These findings demonstrate
that solid-state friction welding can be succes$gfused to join materials produced by SLM
and helps to significantly improve their ductilitVhis offers the possibility to overcome the
problem of the limited dimensions of the SLM pairisorder to produce objects with no

dimensional limitations.
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The above results demonstrate the importance ofmibeostructure in deciding the
mechanical, tribological and corrosion propertieshe Al-12Si SLM material. Both the size
and the distribution of the Si particles are vanportant and the properties of the samples
can be tuned in a controlled way both in-situ (ayying the hatch style) and ex-situ (through
annealing treatments). One can also consider chgntie microstructure of the SLM
samples in-situ by SLM processing at high tempeestuThe knowledge gained from the
present work can be effectively utilized to procesiser Al-alloys, including het-treatable
alloys of immediate commercial interest like thexxxand 6xxx series. In addition, the
controlled microstructure-property correlation b&tSLM parts can be successfully used for
the development of novel high-strength Al-basedyallfor application in the aerospace and

automotive sectors.
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