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Abstract

Functionally graded materials (FGlda$ed on aluminum alloys, which are the subject
of thisthesis, are advanced metal matrix composites designed fatriegg) highemperature
operating conditions that offer superior performancstroictural componenue to gradual
spatial variation of mbanical and thermal properties these material§he motivationfor
investigatingthe thermal properties and thermal residual stresdegraded Ali matrix
composites reinforced witAlIFOF and SiC ceramicparticles stems fromthe automotive
industry's demand for innovative structural matefi@aisbrake discsGraded Al matrix
composites are competitive material choices for modern disakdue totheir high specific
strength high thermal conductivityand wearresistane A properly designed graded structure
of Al/ AIFOF and Al/SiC FGMscan help reduce procéssluced thermal residual stresses and
effectively dissipate heat generated during brake opef&igamoiceof two alternative ceramic
particles AIFOFf vs. SiC) for the reinforcement of an Al alloy matrasinspired by similar
studies carried out in the research laboratories of car manufacture@R(EIAT and Audi).

In this work stepvise graded (or layered)aluminum alloy matrix composite
AISi12+vAIFOF and AISi12vSiC, wherev = 10, 20, 30 vol.%wee preparedusingpowder
metallurgyThe powder mixtures &Si12 AIFOf and SiC used to obtain composite layers and
FGMswee prepared in a planetary ball nilbt pressingHP)and spark plasma sinteri(8PS)
weae usedas powder consolidatiaachniquesMicrostructural characterizatioves performed
using scanning electron microscopy (SEM) and microcomputay t¥mography (miciio
XCT). The thermal conductivitpf composite layers and FGMss evaluated using the laser
flash techniquevithin atemperature rangihat isrelevant to brakdisc application from RT
to 300°Q 500°C). The coefficient of thermal expansion (C'M&s determinedor a case study
of AlSi12+/SiC compositeBom dilatometry experiments f&®T to 500°C.Thermal residual
stressewere measured using neutron diffractigxdditionally, Taber linear abrasiomear tests
weae conducted to evaluate the tribological properties oAlBE 2+vAIFOF and AISi12vSiC
compositesaind compar¢hem withgrey cast iron, a standard material used in brake discs.

The optimization of the powder mixing and consolidation process parameters has yielded
compositdayers and FGMsf high relativedensity Overall, he samplesnanufactured by HP
weaeless porous than the S®8npleandthe AlSi12+vAIFOF compositesvae less porous than
AISi12+/SiC compositesThe thermal conductivity measurementswsdathat the ungraded
composites exhil@itl lower conductivity with increasing ceramic content for both
AISi12+wAlI O and AlSi124SiC composites-or AlSi12+vAIFOF composites, porosity and
interfacial thermal resistaneere identified aghe key factors reducing thermal conductivity. In
the case oRAISi12+vSiC compositesthe formation ofthin layers of oxides (&), and
interfacial thermal resistancege the main contributors to this reductionThe graded
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composites exhil@tinearly constant thermal conductiatyrosshe tested temperature ranges
achieving thermal conductivity that is at least twice that of conventional gray cast iron. This
renders them a promising candidate for use in brake disc applications.

Microi XCTi basedinite element (FE)nodels, representing the actual microstructure
including defects such as pomasd accounting for thermal conductance at the iimehmic
interface, were used ithe numerical simulationsNumerical simulations of thermal
conductivity showed excellent agreementtivtbxperimental data, with relative errors ranging
from 4% to 6%.Thermal residual stresses were found to be lower in graded composites
compared to ungraded ones, as confirmed by neutron diffraction measuremengrah
XCTi based=BEM modelspredicted residual stresses with an accuracy of less than 5% deviation
from the experimental data.

Dilatometric experiments revealed that the coefficient of thermal expansion (CTE) in
the direction parallel tthe pressinglirectionof graded composites was significantly lower than
that in the direction perpendicular tine pressinglirection Overall, the graded composites
demonstrated a favorable CTE, approximately 32% lower than that of the aluminum alloy
(AISi12) matrix, indicating enhanced thermal stability and suitability for applications requiring
minimal dimensional changes under vagytemperatre conditions.

This study successfully investigated the thermal properties, thermal residual stresses, and
tribological performance of gradatbil2 matrix composites reinforced wthFOF and SiC
particles, combining experimental and numerical approaches. The findings highlight the
potential of functionally graded composites as pigitiormance materials for automotive brake
discs, offering superior thermal conductivity, reduced residual stresses, enhanced thermal
stability. The agreement betwésgexperimental and nuemical results validates the robustness
of the proposediumericalmodels,helpng in further exploration and application of graded
composites in industrial settings.



Streszczenie

MateriaGy funkcjonalne gradientowe (FGM)
przedmiotem niniejszej rozprawy, SA zZaawanh:
zaprojektowanymi do pracy w warunkacbh d wy f spramgrcfhie temperatury
z a p e wefektyavpeth z | a demeanidvkonstrukcjid z i stogniovej przestrzensj zmianie
wGaFci woFci mechamiotymwpach ai dberzmiadamy ah . wGaF
termicznych naprrftez resztkowych gradi ent o\
wzmacnianych c¢zifs &§aBiC wynikarzazagotzebawams prz@urlys
motoryzacyjnego na innowacyjne m&ekanstrukcyjne do tarcz hamulcowybmpozyty
gradientowe na osnowie aluminiossvéf konkur ency j onpwoczesynlatarezr i a Gar
hamul cowych ze wzglrdu na ich wysokn wytrzyr
odpornofFL na zufycie. Odpowi edni 60FzANRC 0] ekt «
mofe ponmdc w zmniejszeniu termicznych magr restkowychpowst aj ncych w p
wytwarzania skutecznie rozpraszal ciepGo gener ov
alternatywnych c EOfeiSECK doevemoenieroanoryzey stopu ARilR |
zostaG zainspirowany podobnymi badani ami pr
producentéw samochodéw (np. CR FIAT i Audi).

W niniejszej pracy stopniowane (lub warstwowe) kompgmdientowe (FGM)
AlISi12+VvAFOF i AlSi12+VvSiC, gdzie v = 10, 20, 30 % obj., Goptaygotowane przyyciu
metody metalurgii proszk. Mieszaniny prosak AlSi12, AOF i SiC diyte do uzyskania warstw
kompozytowych i FGM przygotowano w planetarny@nie kulowym. Jako techniki
konsolidacji prostk zastosowano prasowanie na@o(HP) i spiekanie plaamo-iskrone
(SPS). Charakterystykikrostrukturali przeprowadzono za pomitgkaningowej mikroskopii
elektronowej (SEM) i rentgenowskiej mikrotomografii komputerowej o@dno
PrzewodnoFL <cieplna war s twznakzompp azyy tuotwyccihu it e
bGysku | aser owego wodgowiida wasunkem praeyozy @amaltowej , kt -
(odtemperatury pokojowej RIb 300°G5 0 0 AC) . Wsp: - Gczynni k rozsze
z 0 swyzndszony w ramastudium przypadkdiakompozytéw AlSi12+vSiam mole @ d a z

dylatometrycznyctv zakresie temperatur & do 500 AC. Ter masztkav@ e nap
zmierzonome t ad/if r ak cj i neutron- w. Dodat kowo pr zejy
Fci erwnewroz nakeemi uw cel u 0 ¢ dalogicznycl kgmpazytow F ¢ i t

AlISi12+VAFOF i AlSi12+vSiC oraz péwnania ich zeliwem szarym, standardowym maéeria
stosowanym seryjnyctiarczach hamulcowych.

Optymali zacja parametr-w proces-w miesza
uzyskanie warstw kompozytowy&brpozytoéw gradientowyah wy s o ki e | grstofc
Og-I nie m-wiinc, pr - bki wytworzone metodn H

kompozyty AlSi12+vARDF by mniej porowate fikompozyty AlSi12+vSiC. Pomiary
przewodngei cieplnej wykaga fe kompozyty bez gradientu@sku chemicznego wykaz@wa
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nit sz1przewodn§ lwraz ze wzrostem zawgitoceramiki zaéwno dla uldduAlSi12+vAFOF,

jak i AISi12+vSiC. W przypadku kompoayAlSil2+vAFOF, porowat§ Lmirdzyfazowy ofr
cieplnyzosg zi dentyfi kowane jako kluczowe czynni
przypadku kompozyt- -w Al Si 12+vSi C, OfpDrzeni ¢
mirdzyfazowy op-r <cieplny byGy g Gredukcy mi cz
pr zewodn o.Kompozgtygradiehtowsvy k a ywwp Gzy bt aGdnpuzewod)
cieplnn w badanych z avarrdcagdrha jt empejr ad wu k r ootsn
k onwe n c pliwmszdren @ czinigeb i eyminjart e r doaz&s@sowania w tarczach
hamulcowych.

W symul acjach numerycznych wykorzystano
przy czym siatki elementéw zbudowano na bazie obrazéw z mikrotomografii komputerowej

(micrdX CT) , reprezentujncych rzeczywistn mikro
modd ach MES przewodnoFci cieplnej uwzglrdnio
metabc e r a mi k a . Wy ni ki symul acj i numerycznych
zgodnoFL z danymi eksperymentalnymi, lg bGrda

model e termicznych naprrtez re¥xQTkmwayy c h W
konstruowaniu siatek element-w skozczonych
wyt worzonych mat er i adamladylenie od pamiaiw wykokaByatd zao F c i
pomoei dyfrakcij.i neutron-w byGo mniejsze nif
resztkowe sn nifsze w kompozytach gradientow
co potwierdzi Gy pomiary za pomocin dyfrakcj.i

Eksperymenty dyl atometryczne wykazaGy, f
(CTE) w kierunku r-wnolegGym do kierunku p
znacznie nifszy nif w kierunku prostopadGym
kompzyty gradientowe wykazaGy Kkorzystny wsp-
przypadku osnowae stopu aluminium AISi12 co ws kazuj e na zwirkszon
przydatnoFL do zastosowaz wymagaj ncych mi n
warunkal temperaturowych.

W niniejszej rozprawie zbadam&G a F c i wo Fc i termiczne, t er mi
powstajnince w prioceGafciwwotFuwar ztamiimol ogi czne
gradientowych na osnowie ze BFi®GICeimaAmedilyl 2 wzn
eksperymentalne i numeryczne. Wyniki zbagadkrgiaji potencj& funkcjonalnych
opracowanych komposyt gradientowych jako wysokowydajnych m@teriadla
samochodowych tarcz hamulcowwich, k a z udpskon& frzewodn§ tieplm, zmniejszone
napr énia resztkowe i Zlszomstabinof. t e r Ag ccdzmaif dw eksperyimdatalnych
zwynikami symulacji numeryczngotwierdzas k ut eegzmeogfFdnowanych model
byL pomocne w dalszych badaniach i zastosow
przemysGowych.
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CHAPTER 1

INTRODUCTION
Aluminum MetalMatrix Composites Sate ofthe art

Remar kabl e advancements in pwirtfloirmaancmp da
mat er iealgi, naritngul arly in metal matri x comp
extensively, revolutionizipgnd ndaursstercieotr ioofn
MMCs typically consi st of a met al as matri

reinforcem&Fnt TG, OBC, TRBitlBNhjgel ecti on of base
ceramic reinforcement materials depends on t

t he i ntendeTdheapspilgmrciaftiscomntphgsf tat enenechani c.
electrical properties betweenakehde hsdhe tiY#lIClyi c
cust onNnzoanbgl reme i a1 mabiasiecde sSMMQASl have atftomact ec

thewimegi neeri ndgutap ptt heiat i pmeperties of f or m;
wei,ghtd abymByrmeareAl all oys are reigsfuacrhc @ad Wi tC
AFOF, (B and Ti Centhameetanibec a/Jgomwrdo gerrtrioess on r

and fpagei f ghipijHo wever, i mprovements in ther ma
reali zed and depend omompwovediaditorhiabcutoirosn afn ctl
phase, porosity | evel s, and thel[6dl ilmn nA&achbi

reinforcement with ceramics does not necessa
Sii€Ceinforced al umi hutmhenat hé xmalo mpos diseihvwei ty

vol umeotnrtodcn tSi C [i8Alddeasesal |l y, researchers ha
of ceramics maast ereiianlfso,r chreaneentpr oved to be an
resistance of the Al nieeramicsinbagffboaettumgd

tough9helrsesse properties are influenced by the
as the interfacial bonding betwdgd@htehefoeinf
in recentbaesed dMMGst AHaacvteed attention in the f
Il n aluminum met al matri x co&BOp)siatneds s(iA MM
carbide (nisQye airref dhédmhentagdddi ti on of Si C to
alloys imptoeagthensiardne[sk@&h ardAdaravermtr r rlest a4
primarily to I mproved comAMMCsI vrei NnAKBF tetdh wa
06i C possesses excellent ther malpacnosn duc tciowif tf
CTE making them suitable for f hFlhmsagl aman aad e
e Xt enussievde laynt d rheb idluee <« eoc techrared d ubli wysh, resistan:
and e x cseppetd itofrnigeilgdt.,Me>]Jer t hel es s, the inherent
did not allow them to be tail orTehde fcoorn cpegrtt i
"Functionally Graded Materials" (FGMs, al so
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the 1 dea of gradual changesiitiloimsst. afr i aws pFGI

demonstrate superior functional perf osr mance
The concept of FGM was first i ntroduced by
materials as a new concept in the 1980s to

environment and to miniTRESgdec ¢emel@pitemessdudl
have shown that TRS can b[¢7,18]Thetvani &yi ordat
properties i n FGMs i powdEravwuwnetild]loynd med@load n tiE
f unc[@Olloint erature pertaining tae] F&GMs, mamu ft et
met h[old®s]has i ncreased significantly over the
to the need tmeclhrmdhe cst amdl tahme hi tecture of F
variations and applications of FGMs, such a
optoetenics, and [ 20AHarh,ou dghfides tcronecsegpppeatr s FC
straightforward, realizing their practical

scientific challenges for materi al designer
and modeling such FGMs i smicchradslternugcitnugr ed uaen dt o

Pr esehaeultyomoti ve industry i swistehe khingh nstwr e
rigid, l i ght wei ght, enhanced wear resistanc
compowemki ng under the conditions of extreme
and ther mal shocks is thesréeqgakeedmahb eri iganlt on
strength core which can effectively dissipat
Probl ems concerni ngg diesad <y sstsd rp ada ri eoFglillens ebrr taek

Due to the intensive heat generation during
Whil e cast irons offer excellent thermal <con
often results in increased componisrthswei glt
appl i cCaitrireemgicger ametakomposites are hirsaelde t o
di sc systmant e Hoavleveostl i méemainmgs facdrirt i @aanld t F
t her mal expansion between met al and ceramic
their interface.
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Conduction -

Convention and radiation -«—

Temperature
distribution

Figl.1 Hear transfer system in disc brajkstem.

| AMMCs t he Ahomat snexdédmrinotchael r nraanld ¢ o nwdu ¢ tei v
t he ceramicofrfeexrnsebt eamewear residxssppkecatnoan

it is essential to take advantage of the res
of its const itthveeenmtasl. bMoiraevavoer ,o0f such compc
funct iwhmealei thyeat must be dissipated as qui ck
temperature environments and offer excell en
brake pads. FGM composed of Al and Alercamrie [

for strengt hi sapnedr sqauli,c kwihtehatcedr ami ¢ on the ou
temper @aherensa.croscopic t heicemahmiconduatedi tma
determined by the properties and volume frac

|l ayer s; however, mi croscale factora euvogbi als

role in defining the ®Pompaedittye &9 govdrialalntp e
conductivity of the compositierrbalma&i ngr hingst p
applications due to degradation of potenti a
t her mal resistance remains a key barrier t

alumi num mat The membpasni sens of heat icreammier
interface can have a significant Aefcfoercdti nagn yt
the research presented iIin this thesis ai me
compoasnd esx pl oorset rtulcd umiadr parameters respons.i
observed during fabrication and experiment ¢
propemdwleys dbdvel oped FGMs.
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1.1. Manufacturingroutesfor Functionally GradedMateriak (FGM)

FGMs can be classified based on their cross section and the spatial distribution of their
constituents. According to the criossctional characteristics, FGMs are divided into two types:
thin FGMs and bulk FGMs. Thin FGMs are typically fabrioagedy techniques such as plasma
sprayingvapor depositionand other coating methods. In contrast, bulk FGMs are produced
through methods like centrifugal castipgwder metallurgyetc Depending on the spatial
distribution of the reinforcement, FGMs can also be categorizéa) asintinuous graded
materials, where the composition varies smoothly across the volu(bg disaiete (or stepwise
graded) materials, where changes occur in distinct layers.dfigtepga)showsa continuous
FGM in which the change in composition and/or microstructure occurs continuously with
position whileFig1.2 (b)is a schematic representatiomt@yered FGM, in which theaterial
microstructurechanges in a stepwise maniogiorm distinct layers.

Rich in reinforcement

\

. Y b

Rich in matrix

Figl.2 lllustrationof (a) continuous FGM and (b) layergdpwise) FGM.

The choice of processing route is of para
as it has aatilecty it mpapctecosely control t he
ul ti mately, the gr adAldt hporvogobetritd re sscteifhrt t phréauogead
casting, and powdemaimet hAfodrs rpgryprdaietd )t glmMev Ctsh e
represents one of the most effective Aand r e

depi citmgd.3, t her e i s a range of technique
includr mgusodsawmki ng, coimpta®@mMii ntga.,n arcad o mmo d a
gradation step of MMC s , with easy control 0
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[ 21.,U52]ngt PiMs ipossi ble to achieve graded pr o}
optimizing the compositioRor numbteanawd, gamas
component wil |l contain a higher ceramic rei
resistance. The other end will consist pri me
and effectiveg28pflanno dF GMsi ppRrddidewd evce di M | reinf
var witnogh Si C in eadhyleawsarGA(AFh &, f dyr 10 wt . %)
demonstrated enhanced metall ographic homogen
comparediltaoy eérv@d @AlWOe 20, 30, 40, 50 wt. %) c¢

e

Powder metallurgy

oo oo

3 . N . N . . N . . N
Stacking Compaction Sintering Special techniques
Powder stacking Cold isostatic Microwave
: Friction stir additive
Wet filtration Hot isostatic [
Centrifugal process o :
= Injection molding Hot pressing Wire and arc additive
Sequential slip casting .
! . = Extrusion Spark plasma
Wet powder spray
Vibrational stacking
N /.‘ /s

Fig.1.3 Classification diagram of powder metallurgy technigues.

PM techniques have proven todé®i hmalglhe yc Ise
reactions between the reinforcement and mat
di stribution of[ 2tAheo nrge idn ffdreciemg phafged i ng t e
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and short sintering cycles in SPS, combined
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1.2. Thermal residual stresses (TRS) in FGM

Significant stress in sintered components
mi smat ch of sotfh et hceorenfafli ceixepnatnsi ore. CJE)anhle tt We
reinforecd&igot sRA Rle.y char acitse rtihsattiecd tdefg r FoGaMs
resi dual stresansnr ¢ haer idtivineku inaettt eméiFoad ®isd | t h e

uex pefcrteeadtfurse ruct ural components under oper a
bessssed for the ther moReshdonatabtpeepest gragr
i ntoimaeeb anedveni csrtor esses, both of which ma

a mathMacirad r esi(daucdiR@asrter eduses $ti a bet ween diff
causebdy ewegl.di ng o noimatf oprere mil nags,tTihce sdee fsot rrneastsi eosn
variation over macroscopic distancasndt hhate e
detaedbdte by destrubbdbli eedtneRRBaguesc drei. g.resi du
develaping cooling from the sintering tempel
bet ween regiondsOrpfl att lee wg it &ad & é r Aa/ndgd tael runm i nneudm

Residustresses, resulting from variations
categomiccfecmciRa@ga ns uimi c ¢ ® ubchiR &r e s isdturaeli sceRs8
operate at the squrhbatiRGa sezgehevatlt edwhat!| wheé hathoc
grainst(esg. fidelsd o) cMitcoRo@admi sdtin gennes ated by
mi smatchconsbpaat fieexcpnaanisi on bebowkekenciieamt ¥i dual
polycrlyest widienfermr ent phasdg6Within a composit
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the cracking in the composite with an al umin

microstresses generated durnyi thathimg mkdt e
20C/ m[ a.8]

Pores can affect the TRS di st rciobnptolisonn ei.n
Re[f2O9he average TRS were  RQpeamposdt éorf abhei Ad
pressed and lktguie®zehatsthe average TRS value
the ceramic phase and tensile Iin the AI Si 12
its higher porosity, which can partially acc
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(a) (b)
Figl.5 (@) Moire” interference patterrevealingdisplacementgeneratedby cutting a notch in a
Al/ AIFOF gradedplatewith ma ciR 8[25] Thi s ifs gur@educed with perm
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enables the <calculation of r e sBawsiad e sstareaslsye
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constitutive reApoinfsiend ietfe R &#neenmdvhMIC &(|1u tmoldiezl e dw 8
to analyze the distributioniamddcmagiutrudeae dfa
in Al/SIi C] 8dmpeosultteshmbowmal Si C content | ed
strlemsssadditthheondi stri buttilmeatofi xSia€Cfpepatti ¢lhes a
gradient of gentdmhdIB Bshtersarduead st resFeys i n t
phase were experimentally measured via neutr
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compofsabireisyatceod vR_RMptriocreaslses can be enhanced |
fraction and Op@ahei aobe ®pactti o€l Adhhreaenbdamvres ani
wear resistan[cRE¥haicsasivtri ddd nanad riix c oA siI t es
and Si C demonstrated enhmmapedr tpiheyss,i ciard ¢ launddi |
(4. B/ACWL ti mat e tensil e streygtés imecleasasd 2
accompanied by high i rmptaidhte st rcehnagrtahc tsseard sh a «
composite materials suitable for wuse as |ig
composites reinforced with SiC particles e
rei nf orAdGrp 4. & tomparison of thermabnductivity in AlSi12/AFOfF composites

produced through squeeze casting and hot pressing mieitiedsssed ih 4 R¢ su kv s al ed

t hat Iixqpwsdezxeomposites possess enhanced therm
frictionampweasphneas dedhaodfbmposceas | iterature
with their researTadela2ut comes are | isted in

14. Functi onalimgt grxadedmp@dsi tSe < r ei
particles

Silicon carbide (SiC) contains both carbon and sil¢omsandhashigh hardness, low
thermal expansion, argbodresistance to wear andrrosion. When used ageinforcement
it improveghe densitytensile strength, hardness and wear resistance of AMERICEMMCs
reinforced with SiC patrticles are of great interest especially for the automotaectodic
componentsectordue to theirexcellenproperties such as high fatigue strength and thermal
conductivity (180200W/mK). The thermal conductivity of Al/SIC compositeshe critical
property for applications requiring efficient heat dissipation.

The use of SiQarticulatess a reinforcement il matrix presents certain challenges.
Among the many challenges, grain growth in the maitecfacial reactionand defects at the
phase boundrieare particularly significanthermal conductivity measured by Xenon Flash
Analysis (XFA) test showed that as the SiC content in the composite samples increased, the
thermal conductivity decreased to 61.5 W/mK. This reduction was attributed to the growing
number crystalline defects esially dislocations at the phase bound48ékIn composites
produced by powder metallurgy, poor interfacial bonding may result from incomplete sintering
and insufficient interfacial reactions. Conversely, excessive interfacial reactions at elevated
temperatures between aluminum and silicon cariidg contribute toundesirable phase
formationsuch as aluminum carbide ¥&F). In the case of aluminursilicon (AlSi) alloys and
silicon carbide (SiC), the presence of oxygen can result in the formation of undesirable oxides
such aluminum oxide (BEDf) and /or silicon dioxide (Si€) [4243] There are several studies
[44i 49] on Al/SIC composites fabricated by powder metallurgy, showing the degradation of
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overall thermal conductivity due to the formation of oxides and carbides between the interface
of Al and SiC by an interfacial reaction.

These new phases can be formed at grain boundarestal matrix and reinforcing
particles during processingt @omposites. These compounds are considered to be
thermodynamically unstable making the composite more susceptible to degradation of its
properties and negati vel despitenipeanmnor anhiobneof mew t e r i @
phase$50] A higher content of oxides or carbides plausibly leads to a reductiorowrethé
thermal conductivity of the composifghe oxide film that forms around aluminum particles
either at the AISIC interface and/or AISi during the sintering procesdikely due to the
presence of oxygen adsorbed onto the aluminum powder during its preparation. Although this
oxide layer acts as a barrier, hindering the formation ofimmeti@l bonds, it also serves to
protect the aluminum from further oxidation. At lower tergtures, the alumina formed is
typically amorphous, with a thickness nagdrom 0.5 to :im. When this critical thickness is
exceeded due to continued oxidation, the layer becomes unstable and transforms into the
crystalliner T AIFOf phase. This transition from amorphous to crystalin&lFOF generally
occurs when the temperature exceeds@0m typical sintering techniques suchHds and
SPSthe process is conducted under a vacuum atmosphere; however, this environment does not
fully reduce or eliminate the BF layer, which is confirmed by the obtained results of the
investigations presented in this thesis. This result proves findings reported in earlier
investigations usingP Sof Al SiC composites with low SiC contents [28] and also in high SiC
content[42]

Additionally, Al/SIC composites fabricated by powder metallurgy have shown a
degradation in overall thermal conductivity due to the formation laCrAdt the interface
between Al in the liquid or semiliquid form and SiC through an interfacial reaction, which
increases interfacial resistaj#33 The reaction governing&llf formation is expressed as:

4Al + 3SiCt  ADCF + 3Si.

However, this reaction shows the positive free Gibbs energy change of this reaction over
200 °C.Additional reaction between Al and Si on SiC particles can take place with a negative
free Gibbs energy change at 700 °C, according to the following rgzidtion

2Al +SiQ +CO+ ALOF + Si+C

The above reaction causes a simultaneous reduction in the amount of Al and an increase
in r7T AIFOF. The presence of carbon leads to significant consumption of Al and the formation
of undesirable ACF during densification. This reaction is accompanied by the formatidén of
AIFOF, resulting from the reduction of Si on SiC particles by Al in the presence of CO.
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To mitigate the negative effects of these interfacial reactions, various processing
techniques have been explored. For instance, vacuurpréssing (VHP) offers a viable
alternative, yielding superior thermal performance due to better control over interfacial reactions
compared to other methods like liquid infiltration and spark plasma sintering) [¢BPS
Additionally, the use of process control agents (PCA) during milling enhances the interfacial
bonding between Al and SiC particles, thereby improving thermal condysfyilMoreover,
sintering parameters, such as temperature and holding time, significantly affect composite
properties; shorter holding times lead to poor thermal conductivity due to the formation of
ADCF and pores, whereas prolonged sintering introducesFdey® that increases interfacial
thermal resistand®3] Studies have also shown thmtintaining a eutectic composition of 13
wt.% Si effectively inhibits ACf formation, improving thermal propertigk3] Highi frequency
induction sintering (HFIS) has been found to improve composite density and hardness while
preventing harmful ACF formation[54] Furthermore, explosive compaction has emerged as a
rapid densification technique that minimize&Q¥y formation, preserving thermal conductivity
[53] Increasing the sintering temperature reduces the volume fractictCpfaAtl Si phases,
further enhancing thermal conductivify5] Postoxidation treatment is another effective
approach to removing residual carbon, preventingCpFAformation during aluminum
infiltration, and increasing the thermal conductivity of treated samples by approximately 6.5%
compared to untreated ongs6] During the hot forging of Al/SIC composites, forging at
temperatures below aluminumdés melting point
thermal conductivity. Conversely, forging above the melting point yielded fully densified
composites witlsignificantly enhanced thermal conductivity. An interfacial reaction between
the aluminum matrix and SiC patrticles led to the formation of &G pAleaction layer, whose
thickness increased progressively with rising forging tempef@ilitdewever,n the unique
processing of Al/SIC composites in continuous stijdid ca existent state by SPS, the
measured thermal conductivity was higher with increasing the SiC contthglaigtiestvalue
(252 W/mK) was obtained for A0 vol.% SiC composé [50] The AlSi1l2 matrix composite
reinforced with 70 vol.% SiC particles of two sizes showed that the composite was free from
interfacial reactiocompounds The SiC acted as heterogeneous nucleation sitebd@i
phases in the matrix and the composite had a better thermal conductance than the unreinforced
matrix[58]

The particle size of SIiC in AMMCs is a crucial factor influencing their thermal
conductivity. Smaller particles tend to provide different thermal properties compared to larger
particles due to their impact on microstructure and interfacial characteflisigcal/SiC
composites with 50 vol.% SiC fabricated for the electronic packaging application showed that
coarse SIC particles result in higher CTE and higher thermal conductivity, while fine SiC
particles reduce CTE and T&9]
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In [60] SiC particulate preforms with significant different average particle sizes (170
and 16t m) were infiltrated with liquid aluminum. The study demonstrated that the overall
coefficient of thermal expansion (CTE) is mainly influenced by the corgumsiipactness, or
total particle volume fraction, while factors such as average particle size and particle size
distribution have minimal impact on the overall CTi& another study{61] smaller SiC
particles were found to increase interfacial thermal resistance due to a higher interfacial area per
unit volume, leading to a significant reduction in the overall thermal conductivity of the
composite. Therefore, to enhance the thermal cangty of Al/SiC composites with interfacial
thermal barriers, the use of larger reinforcement particle sizes is recompéhdedthey
reduce the extent of interfacial resistaadditionally, the introduction of an appropriate
amount of cerium into Al/SiC composites fabricated via a pressureless infiltration process could
effectively improve the interfacial conditions, thereby improving the thermal conductivity of the
Al/SIC composited62] The sintering process and the resulting porosity @reakfactors
influencing the thermal conductivity of Al/SIC compositéstering temperature, time, and
pressure affect the density and microstructure of the composites, whiclaffettringhermal
conductivity. The samples of Al/SiC composites with volume fragtimeramic reinforcement
above50%, prepared by vacuum pressure infiltratgihowed thatven small variations in
porosityranging from 2.5% to 4.5%an substantially reduce the thermal conductivity af SiC
dense composit¢g3] The presence of roughly 13% residual porsgtyificantlyreduces the
thermal conductivity of AlSi12/SiC composites produced via constant pressure infilé4fion
The dfects of varying SiC particle concentrations and the number of layers on Al2024/SiC
FGMs processdrypowder metallurgyere investigated jB5] The authors reported significant
improvements in bending strength, microhardness, and wear behavior. Additionally, they found
that the rate of intermetallic formation affected the pord&®} The wear behavior of
A356/SiC composites was compared with that of conventional grey cast iron (GCI), using a
brake shoe lining material as the counterpart pin to represent an automotive friction material.
[66]

Table 1.2 presentsa concisditeraturereviewof the last decadef research oAl/SiC
and AI/AIFOF FGM systemstheir processing parameters using powder metallurgy, and
characterizatiorof properties. The researchers have rigorously investigated the mechanical
properties€.g.,hardness, fracture toughnessmpressionensile,and flexural strengt) and
tribological properties of different composis@md numbes of layers in graded Al/SiC and
Al/ AIFOF compositesTheeffect of microstructuref composite layeos the thermal properties
and thermal residual stresses as¢fR&Ms has received little attention. Therefm thisthesis
the influence ofmicrostructureon thermal conductivity and TRS istepwisegraded
AlSi12 AIFOF andAlISil12SiC composites fabricated using &iRISPSwill beinvestigatednd
compared with the results obtained for ungradi&il2 AIFOF and AlSi12/SiC composites
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model s, which predict the effective [t92dr mal
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For evaluating effective ther mal expansi o
Schape8 yKulfrh&wdur n®&B5]are commonly applied. A «

model ing technidiumeensiianmrcdlud(i2al) tmiocr omec hani
(FEM) mo#®id rnitdh rmeeersi onal (3DRP.7FEaW e plpe eora cthe\s
to simulate thermal expansion behavior. Si mi

AMMCs has been addr[exs55,e3d4]in studies such as

Due to t he compositionaFGMsnd tshher ucoovah
approxi mati ons and model s used for tradit.i
Nevertheless, simple rules of mixtures (ROM)
properties of the 1 nddiivsitdruiablutc conmp 0 naernet ss,t ia nlc
These include model [s9 8&Juwwthh cas atslsas mési dite amo d € |
| ayers and provides an upper bound for the
[ 99]whi ch assumes heat flow is perpendicul ar
model s have been widely adop[tle0dd]exampleithe anal
effective TCGand CTE that are dependent on both temperature and positicmdantinuous
FGM of metal and ceramic are estimated ussigiple rule of mixturgd01]

FGMs have microstructures that gradually change due to the gradation in the volume
fraction of their constituent phasddicromechanical analyses of FGMs often depend on
estimations of the volume fraction and shape of the reinforcing phragesneral, material
property gradation istructuresan be modeled in two ways: (1) by assuming a predefined profile
for the variation of volume fraction, or (2) by employing micromechanical approaches to study
the behavior of thenhomogeneoumedium. Various homogeation techniqueemployed to
define the spatial distribution of the constituent phases, allowing for the evaluation of effective
material properties across the thickness of the FGM stracgpewer law function for FGM,
sigmoidal function for FGM, MdriTanaka scheme for FGMnd exponential function for
FGM. These techniques are discussed indefad#2) T her mal anal ysi s of FC
bwppropriately modeling the temperature di s
properties vary along this direction and the

1.Constant and | inear variation
Il n the castempermatonstdnstri buti on, I denti ceé
topry (@and boYtwesmrfaces. Conversely, for a | i

gradient was introducedbyanal¥si giheg tihi ckatr
direction t enpaenmeabpuree dvdadrjiaast i on

cw Q
¢ Q

Yoy Y (11)
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wheTzies t he temper at bt htehiacth)ménsys pe i qit a hed 0
through the c&ordinate direction

2.Heat conducti i mguaaswal i n one

The nonlinear temperature variation is typ
e g u a Due tothe assumption that material properties remain uniform along the plane of the
plate and vary only through the thickness, & d@ngensional heat conduction equation was
considered to be sufficient for performing the 2D thermal anplyisi® 4 The st ati c st

one di menesquwataill omewitt hout heat flux i s given
Q . Q"Ya 12
’chxU 04 (1.2)

wheT;&és temperature asU ashenmal omooatiupbDisvitiy
dire@tioodfn F(GM

3.Heat conducti oidienpwnatiaiceerali n t hr ee

Graded structures were evalwuated for their
povwkaw variation to the volume fraanddds of
heat e[qu@i]i on

Y, LTy TeY L TeyY

) P R 13
0% Yt Yis Yre " (13)

where q ighermalflux, — is rate of change in temperature with respect to trisedensity,

6 is specific heat at constant pressur®) iy artener mal conducti vity in
y, EGMTfr es prersteadystatel agalysis of FGMs, te#i hand side oEq.1.3 is set
to zero.

Extensive research has focused on thermal conductivity and residual stresses in FGMs,
especially in muitlayered structures, helping to improve and optimize their thermal
performanceTo compute effective thermal conductivity, several multiscale and numerical
methods have been developed to account for the graded microstrAchoudsscale modeling
approach was developed to predict the effective thermal conductivity' pihase graded
particulate composites by considering pairwise thermal interactions within a grad2@aRVvE
The method ensured the continuityladmogenized thermal fields using a transition function
and accurately captured tiermal profile across the graded regiora similar approactthe
results indicatkthat the effective thermal conductivity distributgreatly depends on Kapitza
thermal resistance, particle size, and degree of material guatigna seéltonsistent model
[107]
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FE based homogenization was also employed to estimate both the effective thermal
conductivity and the coefficient of thermal expansion (CTE) in FGMs with periodic ceramic
patterns [108] The accuracy of these predictions was validated through experimental
comparisons. In another study, a discrete element method (DEM) was used to investigate the
role of pores and gradient architecture in AB¢ composite§l09] This model's predictions
were validated against experimental measurements, demonstrating that thermal conductivity can
be significantly influenced by gradient architecture and infiltration characteristics.
Micromechanical modeling, particularly in &s@rbon FGM systems with throligiickness
gradation[110] This model accounted for temperaiudependent thermal properties and a
linearly varying transition zone, enabling accurate prediction of both effective thermal
conductivity and CTE. These results were validated against analytical solutions and experimental
data, reinforcing the model's réiigty for thermal response analysis in graded composites.

The evaluationof thermal residual stress has been extensively studiagh layered
structures and gradient designs aimed at estimatingnimizingstress. An early analytical
solution employed Laplace transforms to solve the heat diffusion equation in ug taykred
systems under specified boundary and initial conditions, and was later extended to handle eight
layered FGMs subjected to stepwise ifeamface heatingd11,112] Another analytical model
addressed transient heat conduction and the resulting thermal stresses in multilayered systems,
identifying optimal material compositions to reduce stress distrib(ilit8 The thermal
stress in AIAIFOF FGMs was further analyzed using a piecewise exponential gradqtibh)law
revealing that transient thermal stresses were lower i laydtedconfigurations than in
singlé layer plates. In the context of KIFOf systems, residual thermal stresses induced during
fabrication were investigated by comparing temperdependent and independent gradation
profiles. The study showed that a linear composition gradient from ceramic to metal yielded the
minimum residual stress, and that multilayer FGMs with more than 11 layers of constant
composition could replicate this lbstress stafé14] A thermoelastic numerical model applied

to Al/ SIC FGM systemused Mofianakaés theory to identify ofj

that minimized thermal stresses under service condjfit& For higher volume fraction of
ceramic this method was improved and presentfld 6] in whichemployednultiple design
frameworkand considered the volume fractiefiectto reduce the thermal residual stresses.
Further, a coupled thermomechanical finite element formulation was implemented in
ABAQUSE for metal/ceramic FGM plates under plane strain conditj@hg] Using useir

defined subroutines, this model was effectively handled spatially varying material properties and
enabled accurate prediction of both temperature fields and residual thermal stresses in FGMs.

Despite these advancements, modeling FGMs with complex and irregular
microstructures remains an area open for furthegstigationsMostresearcheported in the
literature have focused on investigating compasit$GM with microstructures exhibiting
regular geometrical shapes of inclusidosiever, FGMs produced by powder metallaftgn
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exhibit intricate, complex microstructures with varying particle distributions and panasity

there is a limited work that explores matenads suchcomplex microstructures. To end this,
recently, a powerful nddestructive technique such asra¢y micrécomputed tomography
(micra XCT) was used to provide a 3D reconstruction of the composite microstructuré. A step
by step methodology for using micKCT in numerical modeling of material properties of
metal ceramic composite is presented1ib8] Microi XCT was also used to investigate the
porosity and particles distribution in MM@KL9] A FE analysis was combinedth micrd

XCT images capturing the actual material microstrutiwwemputeY o un g 6 s infdd0f u | u s
However, reports on using micKCT to evaluate thermal conductivity and thermal residual
stresses igontinuous or layered graded matermisduced by powder metallurgy are still
limited. Therefore, n this work 3D finite element modslof the thermal conductivity and
thermal residual stressam® developed based on microcomputdda¥ tomography (midio

XCT) images of actual material microstructuris. influence of porosity, thermal resistance,

and imperfect interfaces between th&i’R2matrix and ceramic reinforceme(®dFOF or SiC)
isintegrated into the numerical models o accurately predict the behavior of the composites and
FGMs.
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CHAPTER 2

MOTIVATION , GOALS andRESEARCHHYPOTHESES

2.1 Motivation
The motivation ther maudypr opertiopscand ther
grademdatAli X composi ABOsanmaei 8if Ce p @ @ rtailveh dyidhty

numeri cal simul ations r esulitneddu sftrroym ttoh es enaerec
Sstructur a@lor matheer i.lkrf slkckt a sdends c s e at di ssipation
automotive brake systems, should have a con
fridtiiglhn,govevi@btets i ggtoadmc epheerrfnoarlma mdve pr oduct i on
An automodicve dmekef the structur al el ement
intense friction, corr ofshieonefandiiemclye asdeud at
di ssipation capability of a brake disc durin

conditions and the intmBirmkiec dprsacme imgurséd § iachésmo
amount of me ¢ h anischacpreteined gpf béai mg ,vewposed t
destructive effects of high tempéig2ddsho&s anc
t hercmaalc k s i prgodiaglalhyeat r om t he ext ergrepaastof t h
iron.The useicefametakcomposites in brake discs ¢
due to the mismatch in ther mal expansi on cCoOc¢
arising both during fabr i cTahteisoen satrmnrde susnedse rc aonp
to form at the intewmBetsesf aihl[OHni ©ett wirme can

Fig2.1 Ford (F 250 grey cast iron brake disc failure due to thermal crafq@ig (T hi s ifd gur e
reproduced with permission from EIlsevier

Studies have demongtrarndtedtt hat ohbembdeakeéh
di sc material can substantially enhlaOmbcjes t he
hel ppsmptrbohwee ar resi stance on the outer surfac
di ssipation of the gradldwsweait@mt wé @ mp ari edh
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matesuahsaur®@@ini hyheusaad omo.tFuve hendoserythe
me tadr &miMc b r askely eadislcer mal cr a[fckdTahlg e aWwe aor
an FGM bmakests#@irmagt h, rigidity and quick di :
i's present on the outer surfaces to Mheist i
Almat r i x composites rreNME aome e d e swii g he dc efrarmi ¢
appl i wupt itamGHD5 APhreoperties of the AMMCs can
antdhe prioodssiendgae fied umaclla ns tarhefpsescefso rTnhaenrceef or e,

thorough understanding of their ther mal and
isssenti al

2.2 Goals objectivesand research hypotheses

The materi al s fabricated and AiRQfvaensdt i gat
Al Si 1PayveCeg o(sh GMs)t h wa getaeaptemefOrand vSoilQu me
fracThemadmcus i s on t heanttdherrmeall ocecMdEataiby istt
their i mpact on brake disc performance. Whil
not the pri maaryk,f oictusi sofaltsha sexamined gi ven
materials Twobcakemdé¢Osgsdd&r €, which are col
aut omotisagp pANMMGti ons, are selectimdtlBG&Ms he r e
for a comparative analysis of therpraétdecoaduc
mat e Al aHissstudy seeks to answer the question of whether the composites and FGMs
produced by HP and SPS exhibit significant differences in their thermal properthesy ieuadi
residual stresses.

This di s geir tf atl fl mimnydoagd s

1. To fabhiklcAEFANd Al SlidydrSedf FIciMgh rel ati v
using powder metallurgy.

2. To experi menh(etlhleyr meav a |cQogiden c €ismd uhcheedr ma |
resi dueadanfitwed®si stance of At EAEKamdTf act L
Al Si 1RGEMssC ng HP and. SPS techniques

3. Toexamimenf| o&rheeent eri nd HP&S®®nidg utehe mat er
mi cr os tomtulcd rumeel camairuacd @éisnddtuncgesdi dual nstres
both FGMs.

4. To deveiXoQb ammsFekdMo msf doterhiteh e r ma | conducti vity
resi dual osft didesdsi P@GMi nhe actcoahtmaterial m
i mperfect interfaces
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T hseg o avli $ | be accompl i shed stphercaughd itadltgeedcubidviads

2.2.1Experimentalobjectives

Materials processing

a)t or eppiar er ad mp ¢ @ imtp ¢Ad SHARFand AVSSIWIL @ he
ceramicv=e0ont 20%uSiOnglot wonative shaoateri n;
pressing (HP) and spark plasma sinterin

b)t or eppleG&EMd s aonfp| A/IAEIFa A d ASISCdmRs iodtwiond ayer s
/10 oV 2%, vol . % and 20/30 vol. % of ce
|l ayers (10dfR2&r 8Mi ooorleimHPram®medP ) using

c)t @r epraerfeer enc &Il 816AIRBFy | aing Si C wusing HP
det ertrmheamsmiec hani calpranpgerttiee snadf t he cons

Materials characterization
a)to characterize the micrositngcestaebhobgt |
mi cr o(S Epapnydr Xy Tmioenpat ed t(hoi neok@dr)a;p hy

a)to measure the ther mal di ffusivity and
pl as ma saimptlumrgerdafd eds camgioB GdMee t emper at u
of 132000t A€t er mi nealt hedondisdti mi t

b)t o meagpupoe éisrsdurcheed ma | resi duashhee s ar easés
ceramic phases of drhde RuBMsnagd ende ud o mmo sdiit
(ND)

c)texamine t heofwetamteehse i agivied uced by HP ai

2.2.2.Modelingobjectives

1. to dev eMnoopdfeatrhFeEr ma | cuosni dnugc ttiXn@iTt mii ma gpe st
creat eofmefsihristwehi elhemebh gsh @€ pmietcumbs ttr ue
producgd FGM

2. to deafFel mepdelt hfeameasli d u al sAtlrSeisls2e smaitnr i txh
cerami AFOphhras 8i C) of the FGMs usithg FE |
mi dXCol i mages

3. twalitdaet epredi ctive capability of t he a
measur emelmy snetit T&ndi f heaméai oaonducti vi
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2.2.3 Research hypotheses

Aft
ar e

1.

er conducting a thot eu dffeaulrleywiemwg ofesdar @
formul at ed

The average ther malmenr e@ad i daunadl csetirraess sne s rhian
Al SIAEK¥Aand Al SFGMYE SacCe | ocwoerrr etshpabh® dtilhmeg t h e
ungraded .composites

.The agn size of the met a&lonmMatcrtii ¥ iARgm od f fAd

and Al Si 12/ Si C composites and FGMs.

.Thé or mati oneroffaci adurdongp oauuanmtsar it figetr ma h e

conductihei pyuorngurcaeddled composites and FGMs

The useiXCfilbas eced of i miotdee | s| earhd mtws f or t he
of ther mal conductivity armrAdOrehdr AaSi A 8% 50
composites and FGMs, provided that t he t
appropriately selected to represent the r
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CHAPTER 3

METHODOLOGY

The overarching methodological approach implemented in this thesis encompasses a
series of interconnected research activities. These activities include materials processing,
characterization, modeling and simulations, which are collectively essenthlefang the
goalsof the thesis.Generalmethodology for the research waskshown in Fig3.1. A
compehensivechain of the i nt err el at ed proeessiigharackerizabdh o c k s
mo d e | enablgsotthe determination of the pivotal impacts of the proposed FGMs on the
thermalconductivity and processingducedthermalresidual stresses under investigation.

Materials processing by powder metallurgy

Preparation of powder mixtures

}

Fabrication of FGMs

Hot Pressing (HP) Spark Plasma Sintering (SPS)

Microstructure characterization < > Measurement of properties

Scanning Electron Microscopy (SEM) Thermal residual stresses by Neutron

1
1
1
1
]
1
]
1
]
1
1
1
1
]
Diffraction (ND) :
1
]
1
1
1
1
]
1
]
1
1
1
1
]

Micro-XCT Thermal Conductivity (TC) by
_ Laser flash method
( Modelling and simulation by micro-XCT Wear
based FEM

Thermal Residual Stresses (TRS)

Thermal Conductivity (TC)

Fig3.1 Generaimethodology for the research work

3.1 Materials and processing

3.1.1 Materials

The wo materials selected in this studyuaigradedandstepwise gradédSil12/AIFOF
and AlSi12/SiC compositeShe AlSil2alloywaschoseras the matrix materibecause it offers
excellent specifimechanical strength, lighteight and good corrosion resistance compared to
pure Al which make this material appealing for the automotive indi28) A commercial
powder of AISi1l2 (NewMetKoch, average padiztd.6{ m, purity99.99%) was used in the
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fabrication of thaungradedcomposite layend layered FGM3he composition of the raw

AlSi powder, approximately 12.1 wt.% Si and 87.9 wt.% Al, closely matches that of the standard
commercial AlISil12 alloy (ENA€4200).The SEM imagand EDS spectrunof the AlSi12

powder ar@resented irfFig.3.2.

1.70M Al Ka
1.53M
1.36M
1.19M
1.02Mm

0.85M

Counts

0.68M

0.51M

0.34M
O1MI 5 Kat LS‘ Kat
A A -

GDON&D 13 26 39 5.2 6.5

Energy (keV)
(b)
Fig32(@a) SEM iimapg pAlbRidlazs, (fDovrdreas fe®drSdismpgct r um

Theeramic reinforcements used in the pro
FGMsy powderwaned ahil uu(@Be)x i @les o knownanads sallu nei
car bi dlehgsSea Cc)er ami ¢ materials artempeéenmdl er i t
and imeactive withsThey aé¢onmamoaen ahéoyurface r
stiffness, strength anal lweys, rmmaskisn@ntclteemfsu
brake dis¢ lapaiwdaer pnshe theFOmand c®inducdrn aym
are quite &FEf28eWhnkKli SeC, =ARUOTHMWE MmKf or e, t h
of these two ceramic materials witobndakei vit
of the reinforcing phase on t he ASHLZARMA I con
and AlISi12/SiC)

Fig33 shows SEM i madagesceiowfedt hceo mme AEQF a | p 0O\
(Goodfell ow, a&viBr,agarpdryt 90l &9k)zand Si C ( G
s i10em, pur i tus eod9 .i9m. ¥ihiei sa veearakge particle size
measur ed usi ng a Mal vern Mastersizer 3000
Hydr oMV2000 expansion unit.

Yoy pppygy

* measured irhouse on AIOF and SiCsinters.
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N e e

Fig3.3 SEM images dfe asl receiveaderamic powdera)AIFOF, (b) SiC

The samples thicknesses of the siagler, twblayer, and thrééayer materials were 1
mm, 2 mm, and 3 mm, respectivdiie twa layerFGMscamprisedtwo composite layers of
equal thickness witfl) 0 and 10 vol%, (ii) 10 and 20 vol%, (iii) 20 and 30 vaPb of ceramic
phaseAIFOF or SiC) The threélayer-GM comprisedhreecomposite layers of equal thickness
with 10, 20,and 30 vol% of ceramigarticlegA FOf o I1SiC)embedded in the AlSi12 matrix
as shown schematicallyFig 3.4. In the following sections, the sample notation A, B, C, D, E,
F,andG shown inFig.3.4 will beused An indication of the ceramic reinforcement used in each
case will also be provided.

36



Ungradedcomposites

10% vol. ceramic + 90% vol. AlSil2

SampleA SampleB SampleC

Twor layer FGMs

10% vol. ceramic + 90% vol. AlSil12

100% vol. AlSi12 10% vol. ceramic + 90% vol. AlSil2

SampleD SampleE SampleF

Thred layer FGM

109% vol. ceramic + 90% vol. AlSi12

SampleG

Fig.3.4 Schematic representation of the layé&i12/AIFOfF and AlSi12/SiC materialsstudiedin this
thesis, along with their notatioBamples A, B, @reungraded composite samphgth 10%, 20%, and
30 vol% of A FOf or SiC SamplesD, E, F are FGMmade of two composite layarish 0/10vol%,
10/20vol.% and 20/30volb of AIFOF or SiCcontent Sample G is a threlayer FGMcontaining10,
20, and 30 vol.% oAlFOF or SiC.

3.1.2 Processing

3. 1.RPr.elparation of powder mi xtures

The starting pwders wereeigledin the specified proportiorand placed in eontainer
insidea glove box (s¢@g.3.5) in order to avoid contamination and oxidatidrhe 250 ml
containers withpowder mixturesand @10 mmtungsten carbidgrinding balls were then
mountedin a planetary balmill Pulverisette 5 Fritsch (sE®.3.6). To achieve a uniform
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di stribution of ceramic particles within the

process was conducted, and the following set
of 100 r pm, a ball to powdreg twiemghof rathout
interval of 15 minutes, andoaeéaSumienwmiailnmaé¢a
and maintain powder integrity, the powders \
at mosphere bef otraet emidflfiengt.i vTleo dfiascpielrisi on an
containers were partially filled (half full)
process, residual heptane was removed by dry

Fig 3.6 Pulverisette 5 Fritsch planetary ball |
starting powders (IPPT PAN) used to obtain powder mixturdBPT PAN)

3. 1.2.rtering

The powder mixturesvere compactedand sinteredusing twoalternativepowder
metallurgy techniques, hot pressing (&t)spark plasma sintering (SHSjor to sintering by
HP the green body was formiy cold pressingsing unaxial manual pres3AREN, PLR
25/25 (Fig.3.7) under a pressure of 100 MA&e greencompacts werhien carefully stacked
in the HP dieto form a single FGM sample Hot pressingvas performed in a Thermal
Technology LLCHP2Q 4560 FP34 hot press IPPT PAN (seeFig3.8 (@). In parallel, the
sintering of thgpowder blendsvas carried out by SPS using the FCT Systeme Gevidéat
the FraunhoférlFAM in Dresden (s€€ig.3.8 (b)). The HP and SPS processes were carried ou
in a vacuum atmosphere usgrgphite mold Once the pressure was releasedsah®les were
allowed to cool in the die case until they reached room temperature (RT).
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(a) Thermal Technology LLC hptess (IPPT PAN (b) FCT Systeme Gmb#ievicefor spark plasma
sintering EraunhoferIFAM, Dresden)

Fig.3.8 The equipment used for the compacting and sintering of the composites and FGMs.

Experimental trials were conducted to identify optimal processing conditions that yield
composite materials witirelative densjtnot less thai®96%.Due to the substantial differences
in the meltingpoints of AISi12AIFOFf, and SiC, the procegmrameters were varied for the
fabrication of AISi12AIFOfF and AlISi12/SiCcomposites and FGMs. Tpeocess parameters
for HP and SPSarelisted inTable3.1 anddepicted inFig.3.9 andFig.3.10.

39



Table3.1 Process parameters for sintering of AISNZ) and AlSi12/SiC composites and FGMs

hot pressingHP)and spark plasma sinteri(®PS)

Material AISi12/Al O AlSi12/SiC
Process HP SPS HP SPS
Sinteringtemperature°C) 560 502 560 547
Heating rate°C/min) 5 70 5 70
Sintering pressure (MPa) 30 40 30 40
Dwell time (min) 180 10 180 10

To ensure optimal compaction while avoiding equipment damage, the process
parameters wer@refullychosen andinei tuned During the rapid SPS process, the dwelling
time was shortened and the sintering pressure increased relative to the hot pressing (HP)
conditions to prevent overheating and melting of the AlSil2 matéoalthe AlSil2/SiC
compositg, considering the high melting temperature of SiC (above 283D2%])a sintering
temperature of 547 °C was chosen to ensure effective bonding between AlSi12 and SiC. In the
case of pure SiC sintering, a temperature of 2285 °C was applied, with a holding time of 45

minutes under pressuot40 MPato achieve better densification.

— Spark Plasma Sintering (SPS)---Hot Pressing (HP)

700
600 502°C Dwell (180mins) o1 560°C
g 500 1 XDl (10 mi?lsa' """""""""" \
5 ’ . . \
% 400 ,,/ Heating rate &/min \\
S 300 HHeat g/rla@O"C/min \\
£
200 \
)
~ \
100 '
0 Natural Cooling Natural Cooling®

Time

Fig3.9 The process parametersiHth and SPSof AlISi12/AIFOfF composites and FGMs
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— Spark Plasma Sintering (SPS) Hot Pressing (HP)

700
-547°C -
Dwell (180m
—_— 600 m mins) well ( n9 _x
£ 500
= Heating rate 8/min
% 400
2300 Heat\ng rat&’°C/min
&
200
K
100
0 Natural Cooling Natural Cooling
Time

Fig.3.10 The process parametersHib? and SPSf AlSi12/SiCcomposites and FGMs

3.2 Densitymeasurement

The relative density of composite samples fabricated via HP and SPS was calculated as
the ratio of the experimentally measured density to the theoretical density, expressed as

Measured density

0 \iF%—d—e—H—s{—n— 31
% Rel ati eor e i‘hc%P@densit (1)

The density of composite sampless evaluated using the Archimedes methbd
theoretical density of the composites was defined fogitleavolume contents, using the
density of AlSi12 = 2.656 g/émalculated assuming the densitAl and Si equak.7 g/cnd,
2.33 g/cm, respectively. The density of®@§, and SiC was equal95 g/cni and 321 g/cn?®,
respectively, adbtained fromthe experimental measurements AL,Os; and SiC sintersThe
immersion liquid was distillated water at a temperature @ 2Rith a density of 0.9978 g/ém

3.3 Microstructure characterization

One of the general scientific goals of this thesis is to explore the impact of material,
microstructure on (ijhermal conductivity(ii) processirignduced thermal residual stresses
through experiments and microstructubmsed numerical modeling. The effect of
microstructure on the thermal conductivatyd thermal residual stresses @asnined by: (i)
considering two different types of ceramic reinforceiddfF and SiC, (ii) optimizing the
sintering parameters (e gntering temperatursintering presurerate of heatingdwell tim@,
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(ii) varying the volume fraction tife ceramic reinforcement ithe composite layers, aifs)
employing two variants of sintering techniques (HP and SPS).

Characterization of the microstructure of the fabricated compasite FGMswas
performedoy {) SEManalysis, an(ii) microi XCT scanning. MiciiocXCT scanningvas usetb
reconstruct the 3D microstructuretbe materials. Thmicroi XCT images were then used to
build finite elemenimestesfor the FEM simulations.

3.3.1 Scanning Electron Microscopy (SEM) analysis

To analyzehe microstructure of the Al$2/ AIFOF and AlS12/SiC compositesaand
FGMs by SEMthe samples were cut using a wire cutter atqoaeter of the diameter and
along the thickness dfie layer. Next, the samples were ground and poliskeBi¢.3.11).
Finally, the microstructure was analyzed using the ZEISS Crossbegste3bHig.3.12) with
a secondary electron detector and 5kV voltage.

HP samples—
ue ‘)w;: }d;. 2% ‘A

40‘4 Ii

»
e Mg,

SPS sample
Fig3.11P o | i bFh edBrPABISiI12/AIFOF)sa mp | e Fig3.12ZEISS Crossbeam 35&M
foSEM anal ysi s systenfIPPT PAN)

3.3.2 Microi XCT analysis

The Nanotom M (Phoenix/GE) system w#kzed to conduct Kray micré computed
tomography (miciioKCT), a technique proven to deliver higesolution images for métal
ceramic composite materiflld8] The micrd XCT experiments oa GE Phoenix Nanotom M
devicgFig.3.13) werecarried outat the Materials Center Leoben (Austrid)e applied voltage
was 160 kV, the current was 135 mA, the voxel size was optimized with respect to image contrast
and was set to about 1 x 1 x 1 InfRor the 1f m voxel size the source to target distance was 2.3
mm. It wascrucial to capture the contours between the AlSil2 grains and the ceramic grains
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accurately for the FE mesh generation.ekamplesegmented XCT data of AISIiV/SHC (¢ =
10, 20, 30 vaho) compositeare shown irFig.3.14. White color represents the Sl12matrix

and blackcolorrepresents the ceramic inclusions (SiC).sHneple dimensiongere 1 x 1 x 1
mmn.

\
I

Fig.3.13 GE Phoenix Nanotom Nbmographused fomicroi XCT scanning (MCL Leoben)
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10vol % SiC+ 90vol % AlSil12

20vol% SiC+ 80vol % AISi12

30vol% SiC+ 70 vobo AlSil12

Fig.3.14 Example of ssgmentednicral XCT datafor AISi12+SiC { = 10, 20, 30 vdk) composites

3.4 Thermal conductivity measurement

The ther mal chbabduicompesdtyd emGssh lec wls datee d
producmeasdehdei ty, thaendaspdaddaurcd mBREAB] o

_ 5 © 3.2)

wherel is the thermal conductivity in W/mHKuis the density in g/ci6 is the specific heat
in J/gK, andD is thethermaldiffusivity in mnd/s.

The flash method (also known as Parker's mefi@d)} which became an ASTM

standard (E1461)128] was used to measure thermal diffusivity. For this purpose, a modern
laser flash instrument Netzsch LFA 459.3.15) a t Fr auh ADMf B mwassused for
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noni contact measurement of thermal diffusivity on samples of approximately i mm

thicknessThe sampl es were placed in the sample c¢ch
Throughout the experiment, a brief Iight pul
undersi de of the sampl e. An infraaceed dadret ebt
opposite surface over ti me, all owing the ca

Schematic of the flash methods s h BigBri6. Rensear chl2%ub@@&psate th
175AC is appropriate for the t ampeanmadtlur3el ]r e a
our study, t her mal di ffusivity measuriement s
300 AC forAROfbempbSite/ and in thBO®ehm@Befatut
Al Si 12/ Si G caonmpaorsgiotre captvneors pthheer eent i re brake o
range.

Specific heat can be determined using a ¢
taken sequenti al Isyamenn diwtoi csmasmp | telse utnedsetr s a mp
reference sample with known properties. Pr o
absorption and emission coefficient®s) ocfanbot
be calfaulmbeb £ dewp negsasieadn on t hid 7TAS AMhEX2 X2

LY 0 ®» 0 . 25

0 - = ; ~ o .

Y U w ? U 32)
wherTeé s voltage increase of the detector

increase on the bawgki sia@mreerody tdre tstaenps &@mp | & |
pul seViamplIV,ficaits$$onhé adewuibisea i didg/ritehheer ence
sampl e.

Thepeci ftiapiadoe, & tJ /okighke) st ar tAil SgAFFawd e rSs C
were measardif fusi emt i al DsScCa n2n0i 4n gFfla bR ba & miiex e
t hearbrmmyl s i $rlaamih b Adre s.d elnt) was me aeauwartad ef ara ntghe
ilOA C tPhdomdaLur edakpek SAE®a e adirve rwbfyi e d
compawi sbla t er aft L3FrdA tiBasAE}F A nAll SiIS1;E/omposi tes,
the speci fic hweatalccaipraactmetdyh ev ameu@&sSSIiAEFaddt a f C
SilCsi ngultdeos( MOM)t.ur e

It should be added that the act)wvrmbouagsof st
esti matNe® f @or btehe | arge¥ , sNlrO@d & ogi z#zehse (s>mal .l 5
(< 09 Tmese estimates are obtained by cal ctl
the precision of the i1 nstruments wused for
di ffusivity measur ement s.
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IR Detector

Tcmpcmturcl I I

Top
IncreaseN(T)

Surface

Sample

Thickness

10% vol. ceramic + 90% vol. AlSil2

Initial / "\Qottom

A P
AA A A .
Temperature (T,) W T T T Surface

Instantaneous pulse

Fig.3.15 Thermal diffusivity measurement usi Fig.3.16 Schematic of the flash method.
Netzsch LFA 457 (FraunhdféfAM Dresdei.

3.5 Coefficient ofthermalexpansion(CTE)measurement

The dilatometricexperimentgcontinuous three cycles of heating and cooling with
intermediate holding for 30 mins) were performed using a thiemaehanical analysis
equipment (Netzsch DIL 402 Expedis Classic dilatometerffi¢s2&7). Thetestgpecimens
were rectangular bars of about 15x5x3 (seeFig.3.18). A total offive specimens were used,
each with a different compositioRor each test, the specimens were set upright on a quartz
platform, with a movable measuring probe gently applied on top, exerting a minimal constant
force of approximately 7 kPa. As the specimens were heated and cooled at a controlled rate of 3
K/min, their thermal expansion was monitored by a linear position transducer. The furnace
enclosed both the specimen stage and the probe, and a continuous flow of nitrogen gas (100
ml/min) was maintained throughout the experiment. The temperature of the specisen wa
recorded using a thermocouple placed near the sahmglelata collected consisted of curves
showing the percent linear change (PLC) as a function of temperature. Using the standard
Netzsch data analysis software, these curves were analyzed to determine the coefficient of thermal
expansion for the tested coogitesThe coefficiergof thermal expansioweremeasuredor
the temperature range of 26 to 500°C, takingareferencéemperatureas 25°C (RT).The
CTE measurements were performed on thealigAlSi12+SiC sample's

1. UngradedcompositealSil2+SiC (= 10, 20, 30 vol.%)

2. Thred layer FGMAISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%3idongitudinal
direction

3. Threé layer FGMAISi12+10%SiC/AlSi12+20%SiC/AlISi12+30%3Jidransverse direction

1Due to a limited research st#ythe authorat FraunhoférlFAM in Dresden and budgetary
constraintsthe CTE measurements of the AISi&2,0; composites and FGMs were not conducted.
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The direction parall el t o ongituwingpdirectos i agd di hec

direction perpendicubdarectokFig3id.i §seal |l ed a

Longitudinal | Transverse
direction I direction
I

"

=

3mm[

-
——

- o |
;)% [~ 15mm

Fig3.17N e t D eld2 Expedislassic dilatometer use Fig3.18Di me nse f ogh & e ismr
for the measurement of CTEFRtaunhofer IFAM usedto measureéhe CTE.
Dresden.

All the composite samples were cycled thrice instantaneouslyg@s@ to 500°C to detect
any early effect of thermal cycling

The coefficient of linear thermal expansion (CTE) at a specific temperature T can be
determined by evaluati ng &LOTe=LETH BQregadve ioits t h e
original length Emeasured at room temperature

CTE=— —*— (3.3)

The instantaneous measuring uncertdimtyhe range 060 °C to 500°C wasestimatedo vary

from +0.4 x 10°K (82% error) to+0.07 x 10°%K (&0.4% error) for a sample length of 3 mm
andanapplied smoothing range®T = 50 K.To assess the reliability of the CTE measurements,
a silica sample (99.9%) was evaluatesgteratures ranging from 25 to 300 °C. The measured
CTE values were found to be in close agreement with the establestadarditvalues for silica
[133]

3.6 Thermal residual strss measurement

Microscopic residual stresses induced in ungradedgraded AISi12AIFOF and
AISi12/SiC composites after cooling from the sintering temperetiR@ wee mainly caused

by the mismatch of the coefficients of thermal expansion (CTE) of the phase materials (see.

Table 3.2). Especially, theecamic phase&lFOF and SiC)in the investigated compositasd
FGMsare susceptible to unexpected cracking whbjeced to local tensile stress fields
Therefore, ivageasonable to determine the residual stressesn theAlSil2matrix and the
ceramic phas@lIFOf andSiC.
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Table3.2 Thermal expansion coefficients of the AlSi12 matrixt@deinforcements ADf and SiC.

AlSi12 AIFOF SiC
CTE (1/deg) 23.7x10F (%) 6.5x10° (*) 4.0x10° (**)

* measured irhouse on AlSi12 andIFOF sinters, ** data from the powder producer

Neutron diffraction (ND) offers several advantages otheresidual stresaeasuring
techniquesincluding a significant penetration depéaching up to a few hundred millimeters
(e.g., 100 mm for Alj134] Additionally, ND offers good resolution and enables three
dimensional (3D) mapping of the internal migtesses within a materi@iven these
advantageblD was gedo evaluate the thermal residual stre@¥eS)present irthe ungraded
AISi12/AIFOF and AlSi12/SiCbulk composites, as wal the thredayer FGMseachof which
hada thickness of approximately 3 mm

The residual stresses were measured using the pulse overlapf flighe
diffractometer POLDI at the Swiss continuous spallation newwnonce SINGat the Paul
Scherrerlnstitute PSI inVilligen [135,136]as shown irFig3.19. The measurements were
carried out at five central points on circular disc specimens, each about 35 mm in diameter and
1 mm thick. At each point, data were collected in three mutually perpendicular directions: one
normal to the surface (radia) and two withinthe plane of the specimen (aikkaland
transverdg/). The gauge volume used for these measurements was 5 mms3, ensuring precise
assessment of t h eThesmeasweremerdasnweré capiedoopt dufowvinge s .
samples:

(1) AlSi12+AIFOF (v= 10, 20, 30 vcho)i composites.

(i) AlSi12+SiC (= 10, 20, 30 véh)i composites.

(i)  Eachindividuallayer in the thrédayer FGM sample of AISiNAFOF (v= 10, 20, 30
vol.%).

(iv)  Eachindividual layer in the thrédayer FGM sample of AISia&SiC (= 10, 20, 30
vol.%).

(v) Powder measurements to obtain stfess reference values.

In order to preserve the residual stress state present after the sintering process, the
samples intended for neutron diffraction experiments did not undergo any subsequent
machining or mechanical processing steps.
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Fig3.19 Mounting of samples for the measurement of residual stresses using neutron diffraction (ND)
at PaulScherrer Institute (PSI), VilligeBwitzerland.

By fitting Gaussian functions to the Bragg peakseireciprocal gspace, their precise
positions were obtained. Wil=2dsifh alengsidesthel ue s ,
equation d = P/qg, the strain in the material was determined as follows:

Q Q n
- T n— P (3.4

wheQ®ies the unstrained interplanar distanc
from the neutron diffraction AR¥Fas8miEMetnhs o
corresponding Bragg peak position in the rec
data obtained from Qheepmwdsesur emdasotemphansar
directions (axial , ntarren $vheer <o r a redppmrirdmadg) sB,rf
those directions, respectively.

Strain measurement orientations using ne
direatriceossFgd20. i n

Diffraction beam Fa lied
S Diffraction beam Fapplled i
‘ A I Diffraction beam
Gauge volume ™ /O
Sample O o
F  -— Doooo— v
applied O e
4 Sl 4 qli =
Slit it E‘ “\ O
\ ‘ \ Incident/,/\
lacid / Incident "\ l neutron beam t
ncident neutron beam
neutron beam
Axial Transverse Radial

Fig320Measur ement directions for neutron.diffract.i
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Once the deformations in the tested materialsleterminedrom Eq. 34, the thermal

residual stresses can bmametyal cul ated using th
" ,'O — P - - - (3.5
p ¢ P
,, s @9
p ¢ P
; ,'O — P - - - 3.7)
P ¢ P

3.7 Wear test

Materiak choicefor brake discss significantly affectdaly their ability to withstand high
friction and minimize abrasive wear at the contact surface of the disc to the brake pad. One
significant issue encountered during higgeed braking is the formation of scratches appearing
on the contact surface. Thisdige to the abrasive particles getting between the brake pad and
the disc. This phenomenon necessitates the of investigating the tribological behavior of these
materials to accurately assess their wear resistance.

As mentioned irSection2.2, this thesis focuses on the thermal propeaimesthermal
residual stressetthe AlISi12/AIFOF and AlSi12/SiC FGMs, and the wear behavior is not the
main focus here. However, sitlteresistance to frictional wear is an important issue for brake
disc materials, some preliminary wear analysis of the fabricated NFf2ind AISi12/SiC
FGMswasperformedTo investigate the wear behavior of the outer surface of the FGM samples,
a dry sliding wear test was performed usingi arildcylindricalpin. Thislinear abrasive wear
test was selected becafselarger contact surfameathanin a conventional balbni disc test
which is more suitable for the intended application to brake @ilsesneasured wear resistance
was comparet a reference material sample prepared from a serial Brembdisrake

Theiopifh at wear test was performed using a
a 0.635 cm di aile eCGalfilbarta deen,d Tpa meFig3ALPd ost r i e
to the wear test, the surfaces of the sampl
mounted in a special clamp to restrain any 1
pin on thd&ig328d mplBee f(osreee each subsequent measu
the cieampée (ceramic piigni wasampodpapdred Tvhe hy
for the wear Table33tT hape!| slkadwpriessure was equa
constant during thendteaedstpilnmec althsies aofs tahpep rfolxat
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pressure exerted on bhpn8KéThpadsd riokepaesgndher
determined based on the sample di mensions an

Applied Load

j

~—— Weight

Stroke-length
adjusting unit

Sample Flatend pin

\ I‘/Recipmcnting direction
W

Fig3.21 Taber Linear AbrasérModel 5750 Fig3.22 Scheme athe pini oni flat wear séup.
(IPPT PAN)

Table3.3 The parametersf the pini oni flat wear test using Taber Linear Abraser model.5750

Type of Stroke length Frequency Testing time  Total sliding Normal
movement (mm) (cycles/min) (hrs) distancgmm)  force(N)
Reciprocating 254 60 2 365,760 19.61

Theaw rate was uisintingeaalkslTyhes da If utahteeeds@aenpil e
masngeasbeédre and aft ermatsheses steavd @rhree psrpeesce nfti sc |
ra@G®wRi)def i ned as foll ows:

S WR Vol ume | Osmsrr?’/N 38)
SIliding distance rﬂ) Nor n '
where the volume | oss is calculated.from the

I n addition to evalwuating the specific w
anal yzedi hgntSEMy tiohe wear meichgnispmstrbrsemnogpy
analysis was also performed to determine the
wear track surface.
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3.8 Numerical modelling and simulation

The ther mal conductivity and tvABFarhder mal
Al Sivali2ees (10, 29, cdnpwdli Bv&stse del ed using the f
met hod (FEM) for Dbot h MiaPp parnoda cshP S esqaumprleess . meTs
perform numerical simul ati onsbas®lde soen ntehseh a
mi crostructure of t me commpeuiready sXt omogiim@d y f «
XCT) The procesd¢$E omasbukedrdi ag sE@GMoweamati cal |y
Fig323. Theirst step shows the FGMiragmploemowgs @ |
scanthhseegc,ond step shows ctalpd usa qirgé AL O HL N ddt
Om The third stemgrathaveri aé iX®ET® hs aragncso.© Th e
step shows the meshed data used for the mode

FGM sample Segmented XCT data Meshing of Meshed data for
graded material numericalsimulations

Fig323Wor kfl ow schematic for FGM microstructure re
process.iing stages

Mi dXG6T enabl ed t he direct rembaso sturct ¢ tou

capturing the size, shape, and sTphaet i rad s ualrtriar
di git adXCTmidcatoa were then utilized to create
replditchaet esampl es 6 mi crostructur e, usi ng t he

Scanl P/ ScangFIEt d(.Si mpr[eltvBaBii,e Wiw)oldh d $sildn enensi onal
representative vol ume ecloempeonsti t(eRWH)c rtomsatr urcey
the Al Si 12 matrix an@fcer &8mCy. réghef onodemendt
accurately reflecortdespgalcd uaealproptoerti @ins
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Meshes consi dteitm gehieédmeadbs cwand gendr ated
XCT data for ac.Fig324d teo wst ettt leaehleddmdan tosn wi t h ad
smoot hifngr adacroawredines t ndctt ih@en mi,c rwdhsithnecwc el rene n
|l ead toepreoentation of the Jotwalcucampodyi f

t her mal prtolpeermmeasle i uahd stresses in composite
model i ng, It i s essential to have a precise
intricatéeedettaebsoantdhe microstructural arch
simulation results and i AsBighmpsopetbytbenmal
el ement mesh can severely compromise the ac
context of ther mal resi dual stress simulat:i
appearance of Sspuomn®uat sumemeotchead egtraaini b
mi crostructur al features. Theaslecud tat e 9 ownc
rendering the model predictions unreliable

care must be taken during mesh generation,
resul ts.

Color

SN |

Fig324Exemplaryf i ni t emegkamead mo i XOhei ma greldSst 2Vdh .
AROFcomposi t e n(ia)r ocsu brigct jeu recmela eednseanl @ at eedheusi ng
Scanl P/ FE software

Anot her I mporépnésdrnatcitrog time true micros
volume fraction BXQTi nodnti eoerf f esitmy e miwaryo t o e
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comparing the ceramic voadmmeetthacvolomwme nr ¢ e
the finite elements assigned to the ceramic

This <can bbye caosnspeasrsiendy t he vol ume fracti ot
composite with the volume occupied by the fi
t hat coamsp ossuintnedabiez4eTh e nvol ume HMBOfarcd | $ING  ddr Ay
from t hXCTmiacnmal yses c¢cl osely match the nomina
only minor deviations.

Table34Quanti fi ed

cer amiltemddEeulnmse cf anascttrido@iise d masasng

AlSi12+wAlI O (v=vol%) AlSi12+SiC (v= vol%)

v=10 v=20 v=30 v=10 v=20 v=30
Ceramicvolume fraction in 9.89 2111 2978 1031 2045 30.90
microi XCT based FE medRo]

Selecting an appropriate RVE is a key <c¢h
Sever al techniques fPporsedels3s®adswidnent it dheRVE f
descthbedihe following approacdi avaso fpAtolpe s\
finite el ement ( FE) mesh was <constructed t
mi crostructure obsenx@M itrmaiumgd, Sé&rvs amidn gni tch
fractions of the composite were accurately
model , were then determined. Subsequently, s
t he same phasnedec otilyed :agd Ii oml at ed Young' s modu
with that obt ai ned Tfhreons mahHd elsdr gmeers hme shha t m
identified as the appropriate size for the F

Usitnlpebove apprheeacRVE was defined with di
el emmatshong vol ume o0fOn%0 vio x50 K EC5Hi Grmalge c wa
represented by one cubi & fAi nsiitnei | elre naepnptr oafc

applicairtiagyn<TofarX¥ 1d®y ilBiaxgdl! i n,
AbaB@4424d! culhee &t anxd

3.8.1 Thermal conductivity

The
10,

gener at ediXCilo
Fig3.25s hows t he

the FE model
t her msalearsessi dual

calbkaful tah e otnh er méa hlelcSOvAEIH+a h d v AVSS iCh A +
vORIUuNYyod aadengh odsnm d e BvGavise

p ewiftolnene 8E model
mcmner of the microstr&dtldrg of
me sAN SnroEd [hdledeper. t REM
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Ei ghade hexahedral heat transfer el ements
f oimonde tetrahedlameheat weranempltoyed for the
solve the linear Fourier HhHeiamerosindmalk i & omaigm

n _ WY (39)

whemfiekefit uxjs effective t hg¥hal "Yconductivity

The temperature on the two opposite faces
one of the faclksoe ihs2003sumed t bebeet.Nge.= f ace
100. The remai ni ngc hsapreacchtyeernibzee dhdcabatwecest at

30% vol. ceramic + 70%

vol. AlSi12

20% vol. ceramic + 80%

vol. AlSi12

10% vol. ceramic + 90%

vol. AlSi12

Fig325Tetr amesh amodelil afy etr h & GiMh g e @ exXrCGaTt ei dnafgreosm unsii cnre
Scanl P/ FE software

The effectivéhermal conductivity can be expressdd43

N 0 3.10

5N Y (310

wheirLd s t he tlheen gd fhR cosfmeé hisectriocs™dl “Yanea,s (t he

t emper at urbeetdefetne beh aetthhd atyep | ayerqi ef t hbhe

overall heat flux obtained by ot d&dreateilnegmetr
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Equations3.107 3.11 wereused for all the elements to calculatehatflux and the effective
thermal conductivity.The thermal conductivities of the constituent materials, measured
experimentally at room temperature, are proviadable3.5.

With the steady state heat transfer conditithressE model wasnplemenedto compute
the heat flux in each element. Floe cubic element modelhere all the elements are of same
volume the average heax iscalculated as a sum of the heatdtix all elements divided by
the number of elementg asshownin the Eq.(3.12).

f
= (3.12)

where n is the njputhbebhef ce mptohher it v a& adfq ¢
angli n jtehlee ment .

Foretr adleamean twhmet el vol ume of evetrlye el em
average heat fl ux 1 sf ocramuclual:ated from the f ol

(313

whelries t he jvdleumedaltarfaeteh e r madq & hagixn jtthe ment .
The aver ame nhetahte fA(idurkeicadk meescst i on of i Be mod

considered in order to resemble the experi me
Table35Ther mal condoaahs$ vmatueersitalfs tuhseed in the numer
Processingoute Thermal conductivity(W/mK)
AlSi12 Al O SiC Pores(Air)
Hot pressing (HP) 204.8* 33.0* T 0.025
Spark plasmsintering (SPS)  188.0* T 240* 0.025

*me a s uirheodu sien o AFOpd 1IBd 12i,C sinter s.

3.8.2 Porosity

Porosity has a significant detrimental effect on the effective thermal condaictivity
strengthof metal matrix compositeBores or voids act as barriers to heat flow, reducing the
crosssectional area available for heat conduction. This results in a lower effective thermal
conductivity compared to a fully dense AlSil2/8nposite[144] The size, shape, and
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distribution of the pores also influence thermal conductivity, with larger and more
interconnected pores having a greater eflel§] Analytical models like the Hasselinan
Johnson, Maxwell modeind their modifications account for the effect of porosity by treating
pores as a second phase with very low thermal cond{t4i€i46]n order to study the effect

of porosity on the effective thermal conductivity of the composite layers and the FGMs, the
porosities obtained from the experimental measurementdHOF, SiC, ungraded AlSi12+

AIFOF composites and AlSi1ZSiC (= 10, 20, 30 vdk) compositewere implemented in the

finite element models. THeE meshes were generated from the mK@I scans of the actual
microstructure ofhe compositesGenerally, miciacomputed tomography can be used for the
identification of pores, but in the case of nanopores, voxel size is a limiting factor in identifying
the location of pores in segmented XCT data. Therefore, in numerical modeling, matrix
elements were selecteshdomlywith the total volume of the porosity calculated fiiw

relative densities derived from the measured and theoretical densities of the corresponding
compositedt was assumed that pores were evenly dispersed throughout the AlSi12 matrix and
filled with air, with assumed thermatonductivity of 0.025 W/mK[147] One of the
assumptions that poregerepresentonly in the AISil2 matrix, which was used in the finite
element modeling of thermal conductivityassupportedby the pore volume distribution
obtained by the gasisorption metho(il48] The results are discussed in deta8dation4.1

3.8.3 Interfacial thermal conductance

The i mperfect interface between metal anc
significantly influenceAti tshefifriceéen vaced hlee tm
ceramic, there exists an interfacial t her ma
resi stance at interfaces can odoumake pgeviof @d¢
contact, the resulting resistance is ter med
cont act beitsve par dpahrmds ersesi st ance stild]l exi st
referred to as "ther mal boundary resistance
interf aome pthwemon scatteri n[gldanpe tedremitmiomg ct hpea
t her mal conductance at t he mi croscopic sca
chall enges, necessitating the u$s80pf sophist

The analytical estimati dphaéetmat eheamal w
by Ma[x8ubdlilngif mehd theory and has been frequen
thereafter. These studies are based on the
and the mhagss el pamsdEilddyvyaebhbhedooncept of intel
barrier resistance, fround yimg Maxxevel d&cisalf ot
bet ween Al and Si C particles 1 MWL mMi[BASY 0ol ume
an alternative approach, t he interfaci al t
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t heoretical and analyticaBi rmomedlstS5@2ind stbhen

modi fications account for the I TR by introd
model s predict a reduction in the e&ftfheeati ve
analytical scheme include the differential
Brugglensi3g steheor eti cal frameworks provide a n
thermal conductance without relying on compl
assumptions and | imitations. Numer i cal stuo
demaonastted that increasing | TR between the me
the overall effective thé&dmadab4¢onductivity o

The calcul ations, based on the phonon inc
by the phonon, were performed using [I55 0 mod e

and the diffuse mikma@iTbbdsenodal c {IDaMM)ons est
thermal resistance bet weenABf)uy miarsb sme(WAE ja sA h c

and silicon carbide '{ti"@tjK/ WBa sderel hAeMM16 e r an g
the inter taodalt®)h hceaermlghtenisat e d
- (B ” (I) ” a)
0els & - 2 : (314)
q ) ) )

whed eshe speci f i’ stheea td@adshienap brd ngdlrh ev esludcsictr i p
NQéandi wxkenote the incident side (i.e., matri
respectivel y.

Usitnhge.314 t he interfaci ) bbewemahAIDbBDLRLT
was calculated Ta k i 1 g ,=3950 kg/m®>, @ =7 03@/s, t henterfacial t !
conduciQance FBk18x1OW/mK.Similarlyt he i nter facial ther
bet ween Al #ad®| auwlda 1Sd ¢3100ekg/ifmag@d =and8 5 Imds
[158] which givesQ 7 =1.06x10W/m*K. For both casethe matrix wasassumed as
pure Al, and the following valuegre adopted’ =2656 kg/nifto 3040 m/s[157] &

899 J/kg.K;

| # hFeBs i mulsahieomnterfaci al t herpnad s ebse ndairc t .
eadimpy ement eEdF irtshcéobnatqaucst b et we.enme ttawo asnudr fcaecr ea
must bebyledsisniegdni ng the suttaketdIdsgsasntdaara c
simul ations, this functionality [ildRgBROViI ded
di splays yellow marks that visually i1indicate
( AfFor Si C) p h a stehse, wripeeptree ssepnetciinfgi cweaqaopnptlaicetd pr
withinE.Abaqus

57



Fig326AbaB&FE model tihehuetrfatiay contact sFObet ween A
reinforcement .

3.8.4 Thermal residual stress

Resi dual stressesolairngsi saitgagdleurofingHR hand S
ungraded FOkRkRBd1 24 Ali 12/ Si C composites, as wel
numerical models built upon recon$XQTucdtaetda ,r e
foll owing the appBo&8ch detailed in Section

I n the numerical simulations, the ceramic
materi al s, whereas the Al Si lidl maticx maaerra

The materi al properties empl oylabtk36 wmi tthh et hcea |
plasticity paraemedgl&sstfioor ndiddel3VIddishtZeald i fnr o1
Re[f159]

Table36El acseamsandt sher mal e X p a nfsli Soima Ccroi exhceai ncdi neinct s o f
reinf oA Oeanmedh &aSipd i ed in the FEM analysis.

Materi al con Al Si 12 AlO Si C
E( GPa) 7 @ 38% 4 19"
Poi ssonds r a 0.8%5% 0. 2% 0. %5
CTE1/ deg) 23. 7*W10 6. 5'H% 0 4. 0'h*L 0

*me as uithed sien on AXDFSIi h2 eamd oV itdlpeb twilye r ,p rzodddupcteerd
frogmo]

To simulate the cooling pr ocG®)s wirtohm n5 OtOl
mol d, boundary conditions were established w
of 30 MBao(fadOSAMPwacfapplied on the top surf
of 500AC. Subsequently, while maintaining f
and the tempe®0AQ uroe rvweapsr esseetntt o h2e cool ing ph
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the bottom were released to simulate sampl e
i ncorporated into the finite element model t
each el ement.

Table3.7EIl aipt ast i ¢ properties of thel 1lAH%E]i 12 matri x

Stres§MPa] 300 310 330 350 360 370 375 379 382
Plastic strain 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Il n the cubic el ement model, the average t
averaging the stressaswafm@ih aicmoss all el eme
” é_ (3'15)

whemies the number, afftehnel sbenpss.emgphdand i "t he
el ement .

F otrhtee t r aehleedmean th emoadveelr age t her mal resi dual
t hkeq 1 8.

(3.16)

whelries t he jveoleumeeptafbechd so mesesefj sandi " t he
el ement .
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RESULTSfor AlISi12/AIFOF COMPOSITESand FGMs

4.1 Density measurements and porosity

The degsitthe compadri edPs anmplescL Sdet €ir mg ned
t hfer c hi me d gsseSencett3hpdhch e r é & 6 sevsvket er mi ned by t a
rati omedsdbdedi t yomp sshitpd e t o t he. hBeoretiticab
dengnetagur eyd, dreensultt i ngndad ep art AlyiABdso snpfloys | t e s
consolidat edarbeys HPdabled. SR &

Table4lDensiti es aAHSp@AtORbosmpiaseist eosf consol i dated by

HP SPS

Theor {MeasL Rel a Poro|MeasuRel atPor o:
Materi al densii dens dens [ ]| dens dens [ %]

[gFcn [ gl [ %] [ gFc1 [ %]

Al Si 12

Al Si 12+ ABDF
Al Si 12+ 2BDf
Al Si 12+ BBDf

. 65 .65 99. . 049 .65 99.
. 78 .77 99. . 32 .77 99.
.91 .91 99. .18 .90 99.
. 05 .03 99. . 39 .97 97.

.09
. 57
.42
. 48

w N NN
o 00 O ©
o O O O
N N NN
o o0~ ©
N O O O

=
o
o1

©

9.8

[

99.9499.90 99.68 99.42 99.57

[N

o

o
[(e]
©
(e}
=

97.51

Relative density [%)]
[(e]
(&)

[o¢]
ol

DMNNNIN
MAMNNNN

O

(0]
o

AlSi12 AlISi12+10 vol.%A0OF  AlSil12+20 vol.%A0F  AlSi12+30 vol.%A0F
@HP OSPS

FigdlRel ati ve Ald SINElRE¢ 0o mp ofsalireiscat ed. by HP and SPS

The relative densities of % eKfexceamdelide s
99. 6%, while the SPS samples had silsiagnipt leys | «
(skEgtl).This is due to the preci sfDSC oapntalnyisziesd
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the Al Si 12 powder c ¢ mfnbemefds dResnlceeels el Bgt pon
sinteempgrature of Aapporroxtimeijt@®ty pbél®ews t he
t hresholdd aphrfoerncadtieveofdemnise fwictap @ wint mel t i ng

On t he othheersihnatnedr,i ntg temperature in the
signifowanttfhan t haitn odr dere tHOP AdpWwWawitd® apelwtdienm g
much ISiPBeat i afOr ACémin compar eHli gthoe rHFPh e(as i AQ,
causes a higher temperature gradient during
through the ceAd ea troHes & thtet rmaan £freralhegi ns at
and progresses outwar d, Additteimahniahllell w, hme IStPiSn gp
applied a higher pressure of 40 MPa compared
of the SPS sampl es%AFOFWwerld, s 2i0g htalnyd [13c0wevro |t
corresponding compo.gihtes amp 6 & v ofOd(¥HDHBAI )t,h ec oHuPI
not achieve a density comparable tditghatr of
amount of céhlaemserntent eghhnrdanpiedpasure to temp
credtoi ds between the denseHg#b(@acRkhedacerasmidt
rel ative densi tays rsencbmgvirieHionmoentl &ye ,9ried 540ty & h e
FGBwemepr oxi mafterl yb ®t9h 7HP .and SPS sampl es

To assesipotbei napnwi thin the sintefOpd powc
powders were cthhgeaac aemiez @d Mesmisrug ement s carr
the AutoSorbi Q Quantachrome analyzpowdermrs.fi
The total pore volumes per unit massc¢cl megasur
tohe instrument' s Thhlem2 Net)ablay,e tphesteoat &Id mar
t he matpmpirxoxiisnat el y {1 nvAHMmElhda sger.e aTtheirs tfhianndi n g
assumpdde nntunnee mocd &Il i ng of t Heremlctd @prch2adt i vi
porwespr i marily presentHPi)n the AI Si 12 matri X

Tabled2Nanopore volume and me ®©np opnodreer ss iazse tdhgea eAlnd inlez
adsorpti.on analysis

Sample Total pore volumegcny/g) Average pore diameténm)
AlSi12 (HP) 0.078 4.40
Al O 0.015 5.82

4.2 Microstructure analysis

The microstructure of AISi121FOF composites and FGMs veaslyzed using scanning
electron microscopy (SEM) and micamputedXi raytomographyrficroi XCT) asdescribed
in Section 3.3 Additionally, Energy Dispersivé rdy Spectroscopy (EDS) was employed to
analyze the chemical composition of wneeinforced aluminum alloy (AISilZ)o facilitate
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comprehensive observation, samples were sectioned both parallel and perpendicular to the
gradient directionMicroscopic examination was performed with the primary objective of
evaluating the overall quality of the microstructiey areas of focus includéx interface

quality (assessing the integrity of the bond between the metallic and ceramic phdstsjtand
identification (detect and characterize various microstructural imperfections, such as residual
porosity, cracks, grain sieéc). These detts were of particular interest due to their potential
negative impact on the thermal conductivity and their influence dheéhmalresidual stresses
induced during the processing. A comprehensive evaluation of tlisectesof the gradient
materialwas performed to assess the continuity of connections between adjacent composite
layersexamining the transition zones between gradient material compositions.

4.2.1 Microstructure analysis of unreinforced AlSi1l2 samples sintered by HP and SPS

SEM analysis was performed on unreinforced AlSi12 samples sintered by HP and SPS to
examine differences in themicrostructure The analysis revealed significant variations in the
grain sizes &l and Si in the unreinforced AlSi12 matrix sintered by HP andssi@éSd4.2).

The observed differencestire microstructure athe AlSi1l2 (HP) and AISi1gSPS) samples
were due to different process conditions, the heating, mtesthe maximum sintering
temperature being the most important fac{oeterto Fig.3.9 andFig.3.10).

Additionally, the interface between silicon (Si) and aluminum (Al) graimgraded
AlSi12samplevas examineih highi magnificationrSEMobservationThe results showed that
a weli defined and smooth interface between the Si and Al grains was observed in pure AlSi12
sintered by HRFig4.3).

() (b)
Fig4.2 SEM images of AlSi12 alloy samples consolidated via (a) HP and (b) SPS without ceramic

reinforcement
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Fig4.3 Microstructure of hatpressed AlSil2 showing Si and Al grain bound@ei®sandthe
corresponding EDS mapping (right)

4.2.2 Microstructure analysis of AlSi12/RDF composites and FGMs

The SEM micrographsof the single layer composites fabricdtgtiP and SPSare
presentedin Fig4.4 ac and Fig4.5 aic, respectivelyAll of the micrographseveal a
homogeneousnicrostructure characterized by an even distribution of ceramic grains (light
phase) within the AlSi12 matrix (dark phase). The interface between the ceramic and metallic
phasess smoothindicating good bondingrthe SEM images on the right side of Figs 4.4 and
4.5 show nearly perfect adhesion. This adhesion is used as aqoertfsdt assumption at the
interfaces for modeling purposétwever, the observation also uncovered the presence of
occasional voids between the densely padked graingsed-ig4.5 (c)), which lead to a lower
sintered densitgnd material propertiesf the SPSsampledn particular, some protrusions are
visible on the surface, which are attributed to scratches &dSHe matrix due to polishing
during sample preparation for SEM analysismicropores or voids or cracks were observed in
the microstructure othe HP samples. However, the experiment on finding the volume
distribution of nanometric pores by the gas adsorption method showed that there exists certain
volume of nanopores in the AlSi12 matmo(e details are provided $ection4.1).

The seamless transition between the composite layers sikagvhéra d, which occurs
during the sintering of the FGMs, accounts for the development of a metallurgical bond. This
bond ensures structural integrity between layihisastepwise graeht of the ceramic AIFOF)
content inthe continuous matrix (AlSil12)
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10 pm
(; —

, 0pm ¥ 2 pm

— mm ¢

(c) AlSi12+30 vol.9AIFO
Fig4.4 Microstructures of the etched surface ofi pmssed (HP) AISILAIFOF composites(a)
AlSi12+10 vol.9%AIFOF, (b) AlSi12+20 vol.CAlFOF, (c) AlSi12+30 vol.%IFOF.
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10 pm =
(c) AISi12+30 vol.°AIFOF

Fig4.5 Microstructures of the etched surface AIBKIROF composites produced by SR$AISiI12+10
vol.%AIFOF, (b) AlISi12+20 vol.°AIFOF, (c) AlSi12+30 vol.%lFOF.
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(a) 2i layer FGMAISi12+20 vol.%
AIFOF/ AlSi12+30 vol.% AIFOF)
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~
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2] AlSi12+20% vol. ALO;

(b) 2i layer FGMAISi12+10 vol.%
AIFOF/ AlSi12+20 vol.%AIFOF)

AlSil2

¢ AISil2+10%vol. ALO;

Y '

10 pm

a "

AlSi12+10% vol. Al,O4

~ )

A 20 um
(c) 2 layer FGMAISI12 AlSi12+10 vol % d) 3'layer FGMAISi12 10/20/30 vol.%
AIFOF) AIFOF)

Fig4.6 SEM micrographs of the interlayer regionth@éHPi consolidated AISIYAIFOF composite
(a) (c)showthe microstructure divoi layer FGMsand (d) the microstructure tife thred layer FGM.
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4.3 Thermal conductivity of AlISi12AIFOF composites and FGMs

4.3.1 Experimental evaluation of thermal conductivity

Thermal conductivity was determined from the measured thermal diffusivity, specific
heatcapacityand the density of the fabricatedgradeccompositelayers and the FGMs. The
detailed methodology sesentedh Section3.4. The thermal conductivityf the AlSil2sinter
wasmeasurediusing the flash method over the temperature rdmmge RT to 300 °C A
noticeable discrepanayas observed in the thermal conductivity measurements at room
temperature (RT) betwepuareAlSil2 sintered by HP (204.8 W/mK) and pure AlSil2 sintered
by SPS (188.0 W/mK). As illustratedrig 4.7, this difference is particularly significant at RT
but diminishes progressively, disappearing entirely as the temperature exceeds 250°C.

>
S T e,
g 200
5 ' O B g
2g190f o0 0
= §180
qg) 170 £ ®--- AlSi12 Experimental (HP)
= 160 f O-- AlSi12 Experimental (SPS)

150 A

0 50 100 150 200 250 300 350

Temperature°C]

Fig4.7 Temperaturedependent thermal conductivity of unreinforced AlSid2solidatedia HP and
SPS, measured between RT and 300 °C.

The discrepancy in thermal conductivity betwteerHPsamples anthe SPS samples
of AlSil2can be attributed to the followimgasons:

1. Larger grain siZdse SEM analysis revealed ttta HPi sinteredAlSil2samplesad
a larger average grain size (2.80 um) compared®B3rwamEé¢l.69 um) (refdfig4.2). The
grain size measuremeptocedure followed th&ASTM E112 standarfl28] Larger grains
produced by HP have higher intrinsic thermal conducthaty finer grain$160] In addition,
finer grains in the SPS samples necessarily produce more grain boundaries, resulting in increased
grain boundary resistance, which in turn reduces thermal conductivity.

2. Smoother interfacial boflds interfaces betweeN and Si grains inthe HPi
consolidatedAlSil2 samplesare smooth andfree of defects or padseeFig4.3). This
contributes toenhancing interfacial bond strength, which in turn increases the thermal
conductivity of the samp|&61]
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It is noteworthythat theporositesof both AlSil2samplesire comparabi® . @45 the HP
sampleand0.098%for theSPS samplas detailed ifiable4.1). This observation indicates that
porosity is not the primary factor contributing to the observed discrepancy in thermal
conductivity between the two AlSi12 sampdes illustrated iRig.4.7.

Table 4.3hows the thermal conductivity measurenmaritee AlSi12/AIFOfF composite
samples and the FGMsoduced by HP and SR&th differentAIFOf volume fractions. These
measurements were obtained using the flash method over the temperatiiremaRg¢25°C)
to 300°C.

Table4.3 Thermal conductivityl | measurements of AISI# O compositeand FGMsreinforced with
different volume fractisof alumina sampleéA (AISi12+109% O ), sample B (AISi12+20860 ),
sample C (AlSi12+308b O ), sample Dtai layer=GM: 100%AISi12/AlISi12+10% O ), sample E
(twoi layerFGM: AlSi12+10%l O / AlSi12+20%\ O ), sample F (tvitayer FGM:

AlSi12+209%\l O /AISi12+30%Al O ), sample G (thrédayer FGM:

AlSi12+10%Al O /AISi12+20%Al O /AISi12+30%Al O ).

Ther mal c ol Bsuacmpil[VeismiK] o f

. Twid ayer Thrieay

Single | aye ( FGM) ( FGM)

T[ AC Sampl Sampl Sampl Sampl SamgEl SampFl Samgl ¢
25 169. ¢ 138.7 123.¢ 180.¢ 162.°: 136. ] 147.0
50 167. 2 138.°% 122.49 181.17 160.C 136. ] 146. 7
100 166. : 134.¢ 119. 7 178.(C 159. 2 133. 1 143.5
150 165.C 134.°% 118.94 176.¢ 157.¢ 132. 4 142.7
200 163. ¢ 131.¢ 116.4 175.2 155.(0C 129. ¢ 140. 4
250 164. 2 129.°¢ 113.¢ 175.C 155.¢ 127. ] 138.1
300 163. ¢ 129.¢ 112.7 175.%t 154.°: 126. & 137.5

Ther mal cofRSamplpd/ smK] o f

Single laye Twid ayer Thrilkeay

( FGM) ( FGM)

T [A Sampl Sampl Sampl Sampl Sampl Sampl Sampl ¢
25 141.: 118. 1 95. 4 165. C 133.C 110. 4§ 119. 8
50 142. 72 119. ¢ 97.1 166. C 133.% 110. 4 118.9
100 144.%t 120. ¢ 97.9 165. (C 134.¢ 110. 1 119. 3
150 144. ¢ 120. ¢ 97 . 4 168.ft 138.C 110. ¢ 117. 8
200 146. 2 120.°:¢ 96. 8 169.1 138.1 109. ¢ 116. 4
250 147.% 120.( 96 . 4 170.C 139.2 109. ¢ 117. 3
300 148. ¢ 120. ¢ 94 . 8 171.%: 140.7% 108. 1 116. 4
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As the volume fraction &IFOF increases, the thermal conductivity of the composite
samples A, B, and C decrea$éss trend is consistent for both HP and SPS samples across the
entire temperature range, with a more pronounced effect at lower tempdssefiesl.8) It
alsoshows that the thermal conductivity of samples sintered via HP is consistently higher than
that of their SPSamplesThis disparity can be attributed to two factors: (i) the lower thermal
conductivity of the AI32 matrix material in SPS compared to HP (as showigi.7), and
(ii) the higher porosity of SPS samples relative to HP samples, as indicditlif. It should
also be noted frorkig 4.8 that the graded composites fabricated by hot pressing exhibit nearly
stable thermal conductivity throughout the temperature range from room temperature to 300°C.

180 ¢
MO170F QB B
§ 160 £ 9 ® & R B d
=07 o ® ¢ é :
£140f &8 3
ERECE: @ o % %
2 1204 % ...... - B & & 4 ¢
c_(é 110 £E - T ETTr e @ ................ @
c E
g 100 g & . . e 8 2
S 90§
80 F——— e
0 50 100 150 200 250 300
Temperatur¢°C]
0 AlSi12+10 vol.% AOF (HP) ® AlSi12+10 vol.% AOF (SPS)
O AISi12+20 vol.% AOF (HP) ¢ AlSi12+20 vol.% AOF (SPS)
O AlSi12+30 vol.% AOF (HP) W AISi12+30 vol.% AOF (SPS)

Fig4.8 Results of thermalonductivity measurementstoé single layecompositesamples with 10, 20,
and 30% ofAIFOFf (samples A, B, and Cig. 3.4 fabricated by HP and SPS in temperature réioge
RT to 300°C

The trendobservedn singlélayer composites (samples A, B, and C) is also seen in the
twoi layer FGMgsamples D, E, and FHing. 3.9 sintered by HP and SPS, as showfign4.9
Importantly, the twblayer sampteD (100%AISi12/AISi12+10%IFOF) fabricatedby HP and
SPSmanifestedhe highest thermal conductivities among all the tegg8tl2/AIFOF samples.
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O AISi12+20/30 vol.% AfOF (HP) W AISi12+20/30 vol.% AfOF (SPS)

Fig4.9 Results of thermal conductivity measurements dflayer FGMs (sample, Bample E, and
sampleF in Fig.3.4) fabricated by HP and SPS in the temperature range from RT 16.300

A key observation was made for the tHeger FGM sample Gaving compositions
of 10, 20 and 30 vol.% AIFOF, produced using both HP and SPS methods, when compared to
the twd layer sample F, whiaontained 20 and 3@0l% AIFOf. Throughout the entire
temperature range tested, the thtager FGM demonstrated a consistently greater thermal
conductivity than the twidayer FGMsed-ig4.10).

¥ 160
S 150% gege. .
= a0k Eﬁl ........... Eﬁl ............... E}} .............. Ef} .............. g@
N e
5 191 ® ® ?
3 1201 8@ L ® W ® &
g 110f &9 ® ® ¢ ® ®
TEU 100 +
o B e T B
= 0 50 100 150 200 250 300
Temperature°C]
OAISi12+20/30 vol.% AIOF (Twd layer HP) @ AISi12+20/30 vol.% AIOF (Twd layer SPS)

OAISi12+10/20/30 vol.% AFOF (Threé layer HP) MAISi12+10/20/30 vol.% AFOF (Threé layer SPS

Fig4.10 Comparison of thermal conductivity measurements for thidawer FGM gampler) and the
thred layer FGM (sample G kig.3.4) fabricated by HP and SPS over the temperature range from RT
to 300 °C.
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4.3.2 Analytical estimation of thermal conductivity

Numerous analytical and empirical models have been proposed to predict the
macroscopic thermal conductivity properties of hieerogeaous medium, knowing the
thermal conductivity and volume fraction of the constituents. These are known as effective
medium theoriesEMT) or effective medium approximations (EMA)chbelong to the class
of meaiifield theoriesThese include the Maxwell model [85], the Rayleigh model [162], the
Lewi$ Nielsen model [88], the Woodsiddéesmer model [163], Bruggeman's gendealtige
medium theory [164], the Hashiahtrikman bounds [165], Voigt's bounds [98], Reuss's bounds
[99], the Hasselmadohnson model [151], and mohe.this study, the following wieknown
models werselectedo analytically determine the effective therooalductivity of composites
with varying inclusion volume fractions.

1. The Voigt and Reuss bounds

The Voigt and Reuss bounossed on the general rule of mixtupgeyide the simplest
estimates oéffective material properties, yet they remain the most widelyThsgdapply a
weighted average to provide the upper and lower bounds of a composite material's thermal
conductivity The Voigt bound is generally used to calculate the effective thermal conductivity
when heat flows parallel to the layers (Eg. (4.1)), while thebiRandss used when heat flows
perpendicular to the layers (Eq. (4.2))

= -G 4.1

w_  w_ 4.2)

wherew , @ denotevolume fraction of matrix, volume fraction of ceramitle_ and_
stand forthermal conductivity of matrecndthermal conductivity of cerami@espectively.

2. The Hashiii Shtrikmanbounds

Hashin andShtrikman[165] formulated their boundsising variational principles of
thermomechanics to derive timarrowestbounds for the effective thermal conductivity of
materials, assuming homogeneity and isotropy. These bounds represent a significant
improvement over earlier models such as the Voigt and Reuss bounds. The effective thermal
conductivity for the lower and ppr boundsare expressed as:
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= = P 0w 4.3)

B B P 0w 4.4)

3. Theself consistenthethod

The selfconsistent schemapproximags the effective thermal conductivity of a
heterogeneous composite material when it is treated as a homogeneous equivalenit medium
assumes each phase in the composite is embedded in an effective medium whose thermal
conductivityneeds to beleterminel. This effective medium is consideredi selfisistent
ensuring that the thermal behavior of each phase (e.g., heat conduetidms the overall
response of the composite when averaged over the entire nizdegdlon the assessment of
the selfconsistenapproximation the evaluation of conductivity of particulate composités

expressed §E66}

_ o~ o _ o~ G (4.5)

The results derivéfdom the analytical models basicdtiynot account foporosity. The
experimental thermal conductivities of thegraded AlSi12AIFOF composites with0, 20 and
30 vol.%AIFOF fraction fabricated by Hie between thelashiri Shtrikman boundsTheyare
closer to theupper bound and theelf consistentestimate(seeFig4.11). The experimental
thermal conductivities of thengraded AISi12AIFOF composites witd0, 20 and 30 vol.%
AIFOF fabricated b$PSie well within theVoigli Reusdounds However,heyarealigredwith
the Hashiri Shtrikmanlower bound andleviate significantlifom the selfconsistent model
(seeFig4.12). This difference is primarily due to the higher porosity of the SPS samples
compared to the HP samplesshswnin Table4.1.

72



100

Effective thermal conductivity [W/mk]

200 TN

—e— Voigt

—o— Reuss
=——H-S lower
===H-Supper
—a— Self-consistent

¢ Experimental

0.4 0.6 0.8 1

vol.% ALO;

Fig4.11 Comparison of thenalytical approximations and experimedthof the effective thermal
conductivity of ungraded AISi1RIFOfF compositewith differentAIFOF volume fractionfabricated by

HP.
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Fig4.12 Comparison of thanalytical approximations and experimental resutteecgffective thermal
conductivity of ungraded AISi1RIFOF compositswith differentAlIFOF volume fractios,fabricated by

SPS
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For the analytical estimation effectivehermal conductivity of FGM#he following
models wereonsidered.

4. TheMorii Tanakamethod

The Mori Tanaka methofiL67]isan analytical approach to predict the effetitigamal
conductivity by modeling a composite as a matrix containing multiple inclusions. It begins with
a single spheroidal inclusion undeii feald heat flow, then extends to multiple inclusions with
perfect thermal contact. Orientation averaging is applied for randomly oriented inclusions,
allowing the system to be approximated as one with equivalent spherical inclusions. This
approach enableaccurate estimation of effective thermal conductivity, eveoniplex,
multidisperse systemsherl effective thermal conductivity wiultilayeredmaterials can be

evaluated as shown in the expres@ld),[168}

e 46)

5. TheReuss approximation

The Reussapproximation[99] givesthe simpleanalytical estimation of the thermal
conductivityof layered composite structures, which assumes no interactions between adjacent
layers. Thanaximum effective thermal conductivity was derived from the experimentally
measured thermal conductivities of the individual layer matdiesormula for calculating
the effective thermal conductivity &fayers arranged in series and oriented perpendicular to
the thermal conductivity measurement direction is providéteifollowing equatian

I

I o

I |o‘

I o] °
Tk

I |o

@.7)

The comparison of thevorii Tanaka method anthe Reuss approximatioof the
effective thermal conductivity thie twoi layer and thradayer AlSi12AIFOF FGMsfabricated
by HP and SP®ith the experimental results shownn Fig4.13 and Fig4.14, respectivelyt
can be seethat the Reuss approximations akgmywell with the experimental dataoth for
the HP and SPS sampl&onsequently, the Reuss model, which assumes composite layers
connected in series, emerges as a reliable and eticiefdr approximating the thermal

conductivity of layeredGMs
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Fig4.13 Comparison of thanalytical approximations and experimental resutteddffective thermal

conductivity oftwo and three layer AISilRIFOF FGMs fabricated bidP, with different volume
fractions ofAIFOF in each layer.
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Fig4.14 Comparison of thanalytical approximations and experimental resutteecgffective thermal
conductivityof two and three layer AISII&IFOF FGMs fabricated by SPS, with different volume
fractions ofAIFOF in each layer

4.3.3 Numerical evaluation of thermalonductivity

The thermal conductivity ofhe ungradedAlSil2+Al,O (v = 10, 20, 30 vol.%)
compositeand twoand threglayer FGMs was evaluated numerically by FEM using Xffo
images of the actual material mianastiure to generate mesh modélse complete details on
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mesh generation amiimericakimulationsare provided irsection3.8. Themi d X @b as e d
FEM muwabesédto calculate the heat flur each elemenBoth cubic andetrahedral
elemens were employetb numerically analyze the effect of the element type on the effective
thermal conductivity of theungradedcompositesand the FGMs From the graphical
representatiom Fig4.15, thetetrahedraélements used in the FE model provide more accurate
numerical results fdr  in both HP and SPS composites. Consequently, the cubic model was
excluded from further simulations of the effective thermal conductivity. All subsequent
numerical results presentedhe followingwee derived from theetrahedrameshmodel.

@ FEM (Cubic elements) ® FEM (Cubic elements)
OFEM (Tetrahedral element OFEM (Tetrahedral element
< OExperimental (HP) — B Experimental (SPS)
E 180 ¢ o E 180 ¢
2 170f O 2170+ o
£ 160 £ 2160 £
5 3 2 F
g 150 'g ® % 150 'g
€ 140 ¢ 5 S140f ® ©
© 130 { S 130 £ o
< : ® © E
£ 120 ¢ £ 120 ¢ m e
£ 110§ 2110 o
2 100 ¢ © 100 £ -
g 901 S 90
O 80 Fp iy 580 T SR S
0 10 20 30 40 0 10 20 30 40
vol.% ALO; vol.% ALO;
(a) (b)

Fig4.15 Comparison of th@redictive capability of the cubic elementhetetrahedraklement micrb
XCTi based FEM models usecdcticulate the effective thermal conductivity of ungraded ARSRY
composite layers with different alumina volume fragtfabricated by (a) HP and (b) SPS

To accurately evaluate the thermal conductivity, (h@)facial thermal conductance
was considered at the interface between the matrix and the inclusionsiortnXCT FEM
model Implementation ofnterfacial thermatonductancéh) in the FE modelWasexplained
in Section3.8.3

I n the modeling, an interf adWahkkwashsedr mal ¢
for the interface between Al and @l, as reported ih 1 6TOHi s val ue was obt
interfacial conductance modal analysis (ICM
met holde results were valieapedi mgntcalnipdat ag
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Fig4.17 Comparison othe thermal conductivitat RT obtained fromthe micrd XCTi basedFEM
model withthe experimentatiata forthe twa layer and thrédayerAlSi12/AIFOF FGMs produced by
HP.
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Fig4.18 A comparison of the thermal conductivay RT obtained fronthe micra XCTi based~EM
model withthe experimentatiata forthe twa layer and thrédayerAlSi12/AIFOF FGMs produced by
SPS.
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4.4 Thermalresidual stregsin AlSi12/AIFOF composites and FGMs

4.4.1 Measurement ofhermal residual stress

The samples used for measurement of the thermal residual ff&Spseae the
ungraded AISi12AIFOfF (v = 10, 20, 30 vdh) compositesand the threélayer FGM
(AISI12+10%AIFOF/ AlSi12+20%AIFOF/ AlSi12+30%AIFOF). Neutron diffraction (ND) was
used to evaluate tH&RS The measurements were conductélde®aul Scherrer Institute (PSI),
Villigen, Switzerlandlhe TRSgeneratedluring the coolingphase of the HP or SPS sintering
processvee primarily due to the mismatch in the coefficients of thermal expansion (CTE)
between the metal and ceramic. The coefficients of thermal expansion (CTE) ofatnital
(AISi12) and ceramieinforcemenfAlIFOF) are listedn Table3.6.

The results of the TRS measurementie ungraded composites and F@bhddepicted
in Fig4.19 as average stressegddhe metal matrix (AlSi12and(b) AIFOF reinforcementin
the case dhe FGM, eachTRSdata pointin Fig.419ai b represents the average stress within a
particularlayer of the graded structure. The measurements indicate tlaaethgstresses in
the reinforcingphase(AIFOF) are compressiyeegative signyvhile the stresses in the AlSi12
matrix areensile(positive sign)lrhedatafor the AIFOf phase in theingraded composites and
FGMs with 10 va% AIFOF content arenot includeddue to the poor quality ahe Bragg peaks
in this caseaused bthe low ceramiphasecontent.

® Composites (Experimental @ Composite (Experimental)
A FGM (Experimental) A FGM (Experimental)
250 -400
225 ¢ -425 F
— 200 £ — :
< E C
o 75k & 450 f A
= 150 k e = 475 f
%) A 0w ¥ ° A
o 125 e o F
= 3 A 500 &
100 £ :
sE 2 25 & °
50 E -550 k
0 10 20 30 40 0 10 20 30 40
vol. % ALO, vol.% ALO;

(a) (b)

Fig4.19 The averagd RSfrom the neutron diffractionmeasurement®r: (a) the AlSi12 matrix inthe
ungraded AISi12AIFOF (v = 10, 20, 30 vol.%) composteand the thred layer FGM
AlISi12+109AIFOF/AISi12+20%AIFOF/AISi12+30%AIFOF; (b) the AIFOF reinforcement inthe
ungraded AISi124AIFOF (v= 10, 20, 30 vol.%) compositndthe FGM.The datgointsfor the FGM
(triangle) representhe average TRS #lISi12 orAIFOF in each layeof the FGM.
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From the neutron diffraction measurements of TRS in AISKIRDfF composites and
thred layer FGM, the following key observaticas banade

1. As he volume fraction of the cerampiarticleAIFOF) in the composites and FGM
increases, thaverage tensilERSin the metal matrixand the average compressive
TRSin the ceramic reinforcement increase.

2. Theaverag@RSin the layers of the FGM lower thanthat of the corresponding
ungradeccompositewith the same ceramic volume fractibhis trend is observed
for both the AlSi12 matrix and th&FOF reinforcement.

3. Theaverage TRS in the AlSi12 mattemonstratesearlyiinearincrease witthe
rising volume fraction oAIFOF (10, 20, 30 vol.%) for both ungraded composites
and the threelayer FGM.

4.4.2 Numerical evaluation of thermal residual stress

The FE mesh moddissed on the actual microstructure of the materials obtained from
micrai XCT wereprepared for athe ungraded composites atiet FGM in which thethermal
residual stresses were measured by neutron diffraction. The size of wes BwiSen to be 50
x 50 x 50 elements, which corresponds to a volume of 50 x §0mk.5the mesh models used
for the composite materials and the thtager FGM are shown iRig4.20 and Fig4.21,
respectivelylhe thermalresidualstresssin the ASil12 matrix an@lFOFf reinforcementvere
calculated focooling from500e C t o r oom teeQ)p.erTahteursi de 0di s pl
other constraints werssumedo replicate the conditionsf the coolingorocessn the mold,
as described iBubsection3.1.2.2 The details of the TRS numerical modeling are presented in
Section 3.8.4.

AlSi12+10%AIFOF AlSi12+20%AIFOF AlSi12+30%AIFOF

Fig4.20 The micré XCTi based~E meshesised in the numerical simulations of TRS in the ungraded
composites AI$P+VAIFOfF (v = 10, 20, 30 vdh). Red represents the AISil2 matnxhile white
represents the reinforcing alumina gsain
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AlSi 12+30 VOI.O() Ale}

AlSi12+20 vol.% A1203

AlSi 12+10 VOLOO Ale}

Fig4.21 The micra XCTi basedEmeshmodelused in the numerical simulatiooSTRSIin the AISi12
and AIFOf phasesf the AISi12+10%AIFOFf/ AlSi12+20%AIFOF/ AlSi12+30%AIFOF) FGM Red
represents the AISi12 matnixhile white represents the reinforciAgFOF grairs.

A comparisorbetween th& RSresults obtained from the numerical model based on the
actual material microstructure(micrai XCTi basedFEM model) and the results from the
neutron diffraction measurements shows that the model predicts the experiiRSzta
with remarkableiccuracy (séeg4.22). This confirms the efficacy of using mict€T images
to create FE meshes in the numerical models of TRS behatieuimgradedAlSi12 AIFOfF
compositesndthe FGM Analyzing the experimental result$-ig.4.22ai b, it is evident that
the averagd RSin the FGM layers are approximately 10% lower than the residual stresses in
the corresponding ungraded composlteshould be noted that the uncertainty of the neutron
diffraction measurement was less than 5% for all the materials that wereCmsieduently,
it can be concluded that, on a macroscopic level, the average TRS due to cooling in the graded
composite was consistently lower than thathe ungraded bulk composit&he reduced
thermal residual stress in the AISIAIBOF FGM compared to theorresponding ungraded
composites offers significant advantages for the material's mechanical perfaronearce.
residual stresses can enhancameghanicaproperties such as flexural strength and fracture
toughnessThis is achieved hyinimizing the probability of stréssduced cracking, thus
improving the material's ability to withstand mechanical |Gadthermore, the mitigation of
residual stresesulting fromgraded composite architecture is a notable benefit for potential
applications of the AISI1AIFOF composites in automotive bra#tiscs, where materials are
exposed to cyclic thermal and mechanical stresses.
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@ Composites (Experimental) @ Composites (Experiment

O Composites (FEM) O Composites (FEM)
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Fig4.22 A comparison of the average therraaldual stress from the ND measurements with theimicro
XCTi based FEM results fog) the AlISi12 matrix of ungraded composites AISAFDF (v= 10, 20,

30 vol. %) and the FGMb) the AIFOF reinforcement of the ungraded AISiY24OF (v= 20, 30 vol.%)
composites and the FGNWhe datafor the 10vol % AIFOF in figure (b) araot includeddue to the poor
guality ofthe Bragg peaks caused by the low ceramic content.
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RESULTSfor AlSi12/SiICCOMPOSITESand FGMs

5.1 Density measurements and porosity

Two fabrication progr amlsSiwked &®pcmensd ufcare ds p

tests: one set for thermal scebtaoduewvaVutyi mga
resi dueasl Toter epsosnder bl ends were consolidated
di fferent iadmettoedli menet e pe ptrisdeanpktest lesi gna
thermal residual stress measurementsgdwmbl ds
for sampl es preceomaruare afsaurr etnmeenrtsg!l mol ds of 20
wer e Thikemiaft i mol d whisa eestseernst i al t o ensure th

met the requirements odewvihceesc.orrespondi ng me

The rdeaywifvee he HP and SPWa®ocamhpeasietde ussa m
Archi medd s ema®ip@htie t heoretical dedet eymbheth
using the density, odndAltShel 2d &gsiétByd 6o fig aiN@ r = w
obt ai nt lheefarscum ement s on pure Si C powder that
for one hoWPra,umdeesra h3 0 df rimetaeThtearkeor et i c al de
measured densityporyoshl &tSi&«e mdenst ey aofdosrol i da
TRS measarle mdTabtts.l. Thhe dat &i @7 Si C composites
HP and SPS for the theramal dd crpdadad/ teidv iitny me as

Table5.1The rel abAlVE8iSt €A mjrtogns ol i d @ toleRIBiebays uHBe ment s

) TheoreticMeasured Rel ati v Por os
Mat eri al

[ 9 /cm [ g /cm [ %] [ %]
Al Si 12+3%0¢ 2.706 2.698 99.704 0.296
Al Si 12+20 2.762 2.750 99.566 0.434
Al Si 12+30 2.818 2.804 99.503 0.497

Table52The re¢yé Avei 124 BElCers ol i dat e @ cbr@nekhPs uar fedneR Ss

HP SPS
Materi al Theore| Measu Rel at MeasutRel a
densi densi densi densi dens
[gFflcm| [gllen [ %] [gFflcm [ %]
Al Si 12+30CvVc 2.724 2.680 98.368 2.59¢95 . ¢
Al Si 12+20 vV 2.778 2.726 98.116 2.66.95. €
Al Si 12+30 vV 2.832 2.776 98.009 2. 71(95. €
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The rel ati veipdemnssietdy safmptl nend if aathe ti ecra t neadl d &
above 99d.abh% p( Saddhi s achi evweilelmn e dpgshedts e ng o ( HF
parameters that facilitated fl awl etpr sasneadr i
samplieng er ed usi nngm monl ndesr wdiitahmeat e220, whi ch al s
30 vol.% SiC, .Wwkire smalulnddi9f8f%er ence bet ween
primarily due to slight variations in the I
conditions and thermocouple calibration.

The relative densities of the SPS sampl es
containing 10, 20, and 3vlhi\cshil gifd fSii Cantwley el aw
approxi mately HPS@mplkcasevdldi &ytdwos prae atdlyen si:s  (d
insufficient densification of the Al Si 12 anct
the sintering tempkoweuréehwansthet HRt sba7 e AC
AL antdhg 29PS process employed a much higher
the slower rate of 5 AC/min used in HP. Whil
formation during thetlkhedfftusmenalprpaessclbed:
insufficient to complete the expected bondi
particles. This |Iimitation arises from the s
these materi atlisng Ap &ii 1t ldya sagalp mied,i neast conf i rr
scanning calorimetry (DSC) measurements on t
melting temperatu[rle2is¢]x ¢ sedinter2s83mWgACo not
process employing a higher pressure of 40 MP
the resulting composites with 10, 20, and 3
t heiipr 61 e 8 8 & d r( 5a@aaes5).

5.2 Microstructure analysis

5.2.1 SEM analysis

The microstructure afingraded AlSi12/6iC (v=10, 20, 30 vol.%)rompositesind thethred

layer FGM wasanalyzed using scanning electroicroscopy (SEM) and mi¢ammputed
tomographynticroi XCT). The methodology aescribed irSection 3.3 To enable thorough
observation, samples were sectioned both panadlgderpendicular tgradientdirection.This
approach facilitated examination of the composite surface in the longitudinal section and
observation of the gradient material’ layered structure in the transverse section.

The SEMmicrograpk of theungradeccompositeand FGMdabricatedyHP and SPS
are shownin Fig5.1. Theyreveala homogeneoumiicrostructure characterized by an even
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distribution of ceramic grains (light phase) within the AlSi12 matrix (dark phas@)terface
between the ceramic and metallic phases exhibits coherent connections, indicating good
bonding.Some protrusions are visible on the surface, which are attributed to scratches on the
AlSi12 matrix caused during the polishing process in preparation for SEM analysis. Few micro
poresandcracksare observed in both HP and SPS samples

The seamless transition between the compositeifayfeed-GMsshown inFig 5.2 and
Fig5.4 which occurs during the sintering of the FGMs, accounts for the development of a
metallurgical bond. This bond ensures dtrtal integrity between layers that have stepwise
graded cerami&iC) content inthe continuous matrix (AISi12).

- P 20 pm

(cAl Si 12+30%Si C

Fig5.1 SEMmicrographsf the etched surface thie ungradedAlSil12/SiC samplessintered by HR@)
AlSi12+10%SiC h) AlSi12+20%Siqc) AlSi12+36SiC.
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(c)
Figh2SEM mi crographs of tthRBc d md celtilvhataandd r ¢ tpiryeer s
Al SIS1IEGM& Al ShIi2G/ AR &B 1 B)AlISi1220%SIiC/AISi1280%SIC  ach d  (
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(a) AlSi12+10%SiC (b) AlSi12+20%SiC
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(c) AlSi12+30%SiC
Fig5.3 SEM micrographaf the etched surfacethie ungraded AlSil2/SiG@mples sintered by SRS:
AlSi12+10%SiC k) AlSi12+20%SiC,df AlSi12+386SiC.

N>

AlSil2 + 10% vol. SiC

AlSi12 + 20% vol. SiC

AlSi12 + 20% vol. SiC

AlSi12 + 30% vol. 8$iC

<

AlSi12+10% vol. SiC
(b) e |

20 pm

—

(c)
Figh4dSEM mi cr ographs of tthhedcSiPmss @ It invgh s tendd r ¢l dairyeeres

Al SISIEGME): Al S5HIi2G/ AR &5 i, @) AlSi12R0%SIC/AISI1280%SIC,  ach d  (
Al Si1BB+ C/ AR B URI+S 3B+ C
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5.2.2 XRD and TEManalysis

A phase composition analysis of the composite containing 30 vol.% SiC was conducted
using Xray diffraction (XRD). The analysis revealegthesence of the following phases: Al,
Si, AIO , and AIC . (sedrig. 5.5. The most intense diffraction peaks corresponded to Al, Si,
and SiC. The peaks corresponding #AbBNnd ALC; matched those reported in the literature,
indicating their possible presence at the interfaces betweerni 8ieaAtl AISiSIC phases.
However, due to the limitations inherent in the XRD dataset, the formation of these compounds
could not be definitively confirmedherefore, the TEM experiments were needed to get a
conclusve identification of compounds present

8000

7000
Al

| |
6000 A S
+ SiC
5000
L * 7 (ALO,)
£ 4000 e 7 (ALCY
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U * [
3000 ‘J
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A | .
I ’f | M ‘ * ‘
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+* " || Ge [ I ]
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26 (deg.)

Figbb XRD spectrum for Al Si 12+30 w oplb.s% i Dil @FKpaeharkisc aot
and,C;Al to be confirmed by TEM).

In the SP$rocess, oxides and carbides form due to local temperature increases caused
by sparks hitting the particle surfaces and the heat released from allotropic phase transformations
of AIFOF, where it changes from one crystal structure to another atemgierature$42]
According to the results of the TEM analysis, a thin layer of alumina is present in the
microstructure of the AlSi12+30 vol.% SiC that was fabricatédPbyrhese are primarily
located at the aluminum grain boundaries and also at the interface of Al and &iG. G€e
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1um

Fig5.6 TEM micrograph of AlSi12+30 vol.% SiC &S elemental maps showing the distribution
of Al, Si, C, and O

The composition of the thin layer of oxide has been analyzed in Bagaie 5.7
illustrates the microstructure featuring &t hi n | ayer (420 nm), ac
mapping and aréapecific elemental analysis to reveal its composition
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Figh5.7 TEM image, EDX elemental maps, and spot analyses ofGhdaer inthe AlIS12+30%SiC
composite. Spectra (A), (B), and (C) correspond to EDX area analyses condoce=dAn B, and C,
respectively.
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Importantconclusions can be drawn from this analysis

1. A higher content of Al and O in the selected areRi@5,7) confirms the presence
of the oxide layerAIFOF). This is evident from the EDS map aBDX area BThis
finding alignswith earlier studiesn the composites produced via hot pressingiof Al
SiC nanocompositg51}

2. The presence of an oxide layer@A)l surrounding the aluminum (Al) grains and at
the interface between aluminum (Al) and silicon carbide (SiC) is evident, as indicated
by the yellow color iRig.5.6.

3. There was no silicon (Si) in the aluminum (Al) grains (areaFiiH.7 and no
aluminum (Al) in the silicon (Si) grains (area A&im5.7.

4. No indication of aluminum carbide (/&) was observed throutite TEM analysis.

5.3 Thermal conductivity of AlSi12/SiC composites and FGM

5.3.1 Experimental evaluation of thermal conductivity

Similarly as foAISi12/AIFOF composites, thehermal conductivity was determined
from the measured thermal diffusivity, specific heat capmuitythe density of the fabricated
ungradeccompositesamplesind the FGMs. The detailed methodology is presentgettion
3.4. The thermal conductivity measurements for ungraded AMSI2¢ = 10, 20, 30 vol.%)
compositesnd threélayer FGM obtained using the flash methiodthe temperature range
from RT to 500 °C, are summarizedTiable5.3.

The experimentally determined thermal conductivities of AlSi12 and SiC are 204.8
W/mK and 240 W/mK, respectivelifherefore, ecording to the rule of mixtures (ROM), the
thermal conductivity of AISi12/SiC compositess expected to increase with the volume
fraction of SiC. However, contrary to this expectation, the experimental resultsdraveal
decreasing trend in thermal conductivity with increasing SiC content. Similar observations have
been reported bytherresearchefg6,52,173,174]As illustrated irFig.5.8 an increase in SiC
volume fractiord 10% in sample A, 20% in sample B, and 30% in sam@le&@responds to
a decrease in thermal conductiafythe compositeThis trend is consistent for both HP and
SPS samples across the full temperature range, with a more pronounced effect at higher
temperatures.
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Table5.3 Thermal conductivity § measurements tife HP and SPS sinteradgraded AlSi12/6iC
= 10, 20, 30 vol.%) composites dnakd layerFGM in the temperature range of 26 (RT)1500°C.
Sample label@, B, C, G)denote: sample A (AlSi12+18%), sample B (AISi1l2+2@®i€), sample C
(AISi12+309%8iC), sample G (thrééayer FGMAISI12+1098iC/AISi12+20%SiC/AISi12+30%8SiC).

T[ AC] Ther mal co#®uestaihpi/ enK ]
Ungr adreosci t e Thrieey &M
Sampl e Sampl e Sampl e Sampl e
25 178. 14 129. 331 120. 51" 141. 653
50 174. 76! 129. 85! 119. 61 141. 381
100 168. 00 130. 95. 115. 56 137.063
150 160. 72 129. 96 112. 47. 136. 327
200 157. 20 128. 52 108. 56! 132.627
250 152. 03 127. 85! 105. 83" 129. 282
300 147.59: 126. 421 102. 51 128. 730
350 144.70 124. 37 100. 17! 125. 696
400 140. 34 122. 75! 97.578 121. 942
450 135. 81. 119. 49! 94. 366 120. 461
500 131. 81 115. 29" 91.925 116. 166

T[ AC] Ther mal coB®&ct iaviw/imgks]
25 153. 52! 148. 46! 137. 20! 142. 757
50 154. 00 147. 18! 135. 81 142. 268
100 152. 611 144.18: 132. 64 139. 226
150 151. 84. 142. 16! 128. 23 137.589
200 149. 00 139. 21: 125. 20! 134.7914
250 148. 40 136. 31! 121. 42 132.042
300 147. 13! 135. 23! 118. 81! 131. 271
350 146. 76! 132. 65. 117. 371 128. 378
400 143. 98! 129. 90 114. 18! 124.371
450 140. 53! 127.57 110. 76! 123.124
500 137.53: 123.63 108. 36 119. 073
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Fig5.8 Results of thermal conductivity measuremtmtshe ungrade@ompositeSi12 ¥SiC { =
10, 20, 30 vol.%abricated by HP and SR$the temperature range RT300°C

The reduction in thermal conductivity can be primarily attributed tfotleving factors

1. The presence of residual porositapproximately 5% for SPS and 2% for HP (see Section
5.1) acts as a thermal insulator and increases the overall thermal resistance of the composite.

2. Thin aluminum oxide (AOF) layers are observed around the grain boundaries of the
aluminum matrix and on the surfaces of the dispersed SiC particles. These layers form during
the composite fabrication process due to oxidation, and their presence was confirmed by
TEM analysis (reféo Section5.2.2. These oxide films act as thermal barriers, impeding
efficient heat transfer across grain bound#riesreducing the thermal conductivity.

It is noteworthy that for the threlayer FGMs (sample G Trable5.3) fabricated using
both the HP and SPS methods, the thermal conductivity results are highly comparable for the
HP and SPS samples over the entire temperature rangeRT (se€ig5.9).
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Fig5.9 Results of thermal conductivity measuremientihe thred layer FGMs (saml& in Table
5.3)fabricated by HP and SPS in the temperature range from3R0%0.

5.3.2 Analytical estimation othermal conductivityof AlSi12/SiC thre&layer FGM

For the analytical estimation of thermal conductivityttef threelayer FGM
(AISi12+109%BiC/AISI12+20%8iC/AISI12+30%8iC), the Reuss approximatiowas used The
resultsfor the FGM samplesintered by HP and SR$e presented iRig5.10 and Fig5.11,
respectively

160
150 A
140 -
130 -
120 A
110 A
100 -

90 + e Reuss approximation e Experimental (HP)

80 +——+——+r——+——+——t+——t——t——t——t—
25 50 100 150 200 250 300 350 400 450 500

Temperature®C]

3 3,
333:::.
* 3

Effective thermalonductivity
[W/mK]

Fig5.10 Comparison of th&®eusspproximationsvith experimental results of the effective thermal
conductivity othred layerAlSi12/SiC FGM fabricated by HP.
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Fig5.11 Comparison of theReussapproximations and experimental results of the effective thermal
conductivity othred layerAlSi12/SiC FGM fabricated bgPS

It is observed that the Rewgsproximatiorof the effective thermal conductivity of AlSi12/SiC
thred layer FGM fabricatedby both HP and SPS was very close to the results obtained from the
experimental measurements by the flash methbdrefore, it can be concluded that the Reuss
approximation provides a quick and precise estimation of the effective thermal conductivity of the FGMs
examined in this thesis

5.3.3 Numerical evaluation of thermal conductivity

Modeling ofthe thermal conductivity of th&lSi12/SiC composites and F&G\Was
performedmainly toinvestigate the influence of interfacial thermal resistance cautderl by
AIFOF layes surrounding the AISil2 and Sigrainson the overall thermal conductivity. This
was achieved by comparing two models: one that accounted for the interfacial thermal resistance
offeredby the AFOF layes (seeFig5.12 (b)), and another that did not consider any thermal
resistance at the AISI1RiC interfacgseeFig5.12 (a).

It is recalledthat athin film of AIFOF surrounding the AISil2 and SiC grains in the
AlSi12/SiC microstructure was identified through TEM analgsisgver, these films were too
thin to be captured by migr¥CT. To account for these layers, contact interfaces were defined
between AlSil12 and SiC, witte contact thickness proportional to theRBF film thicknesof
about10 nm(refer toFig5.7). An appropriatanterfacialthermal conductance valoé38.46
MW/m2K [175] measured using a transient thermoreflectance technwpe assigned
Implementation ofthe interfacial thermal conductande)(in the FE model is explained in
Section3.8.3
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() (b)

Fig5.12 The microl XCT FEM modebf AlSi12-80vol %SiC composite fabricated/ibiP: (a) with the
interfacial thermatesistance at the at the AISiISXC interfacdancluded (b) without the interfacial
thermal resistance.

Figure 5.13present@ comparison of the results for the thermal conductwitpom
temperatureof the AISi12/SIC composite sampliedbricated by HRybtained from thé=BEM
model with and withoutthe interfacial thermal resistance (ITRjcounted for, witithe
experimental measuremetg the flash method. The same comparfeorthe AlSi12/SiC
composite samples fabricated byigHotted inFig5.14.

As shown inFig.5.13and Fig.5.14 the FEM model, which does not consider the
interfacial thermal resistance of the(Al layer at the SIC grains, generates results that
significantly deviate from the experimental data and demonstrates an increasing trend as the SiC
content rises, which contradicts the experimigntéservettend. In contrast, he FEM model
whichaccounts fothe interfacial thermal resistanctthe AbO; layer shows a declining trend
in thermal conductivity with increasing SiC cont@midcloselymatches the experimental data
for 10, 20 and 30 vol% of SiC. This indicatest the interfacial thermal isgance of the ADs
layer plays a significant role in limiting the heat trangfigs trendalsoholds true for the thrée
layer FGM(refer toFig5.15) where interfacial thermal resistance is a key factor influencing
thermal conductivity
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Fig5.13 Influence ofthe interfacial thermal resistan¢erR) of the AIO layer on the thermal
conductivityat room temperature (R®f the AlSi12/SiC compositefabricated by SR a function of
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5.4 Thermal residual stressin AlSi12/SiC composites and FGMs

5.4.1 Measurement of thermal residual stress

To assess thermal residual stresses in ungraded AISi12+vSiC (v = 10, 20, 30 vol%)
composites and the thiidayer FGM, neutron diffraction (ND) measurements were conducted
at thePaul Scherrer Institute (PSI) in Villigen, Switzerland.

The samplewerefabricated by hot pressiag560°C, with a heating rate of°&/min,
applying 30 MPa pressure, and held for 3 hé&asples were allowed to cbeklyin the
furnace from the sintering temperature (&*}BC) to room temperature without any load. The
resultingresidualstress field during the coolingasprimarily due to the mismatch in the
coefficients of thermal expansion (CTE) betweenAtB&l2 and SiC. The coefficients of
thermal expansion (CTE) of metal (AlSi12) and cer&@i} &e listedn Table3.6.

Theaverageesidual stress from the NBeasuremenisa the ungraded composites and
FGM aredepictedin Fig5.16 for (a)the AISi12 matrixand (b) SiCreinforcementFor the
FGM, eachTRSdata point inFig5.16 ai b represents the average stress withartacularlayer
of the graded structur&imilarly as in AISi1ZAIFOfF composites and FGMs, thgerage TRS
in arecompressive ithe reinforcingphasdSiC) and tensile in the AlISi12 matrideasurements
from the10 vol.%SiCin Fig.5.11(b) arenot includedas a result of the insufficient resolution
of the Bragg peaks
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Fig5.16 The averag@RS from theND measurements fora)(the AlSil2 matrix in the ungraded
composites AlSi12+SiC ¢ = 10, 20, 30 vol%) and the thiéeyer FGM

AlSi12+10%SiC/AISi12+20%SiC/AISi12+30%SiCh) the SiC reinforcement in the ungraded
AISi12+SiC (v = 10, 20, 30 vol.%) composites and the FGM. The data points for the FGM (triangles)
represent the average TRS in AlSi13i6Grin each layer of the FGM.

Three key observations were made from the neutron diffraction measurements of TRS in
AlISi12/SiCcomposites and threlayer FGM:

1. As the volume fraction of th8iC reinforcemenincreases, the residual stress in the
AlSil2matrix exhibits higher tensile stress, while the ceramic pitasgperiences
higher compressive stress.

2. The average residual stregsd® layers of the FGire reduced in comparisaith
the averag&€RSin the ungraded compositavingthe samesiC volume fraction.
This effectis observed for both the AISi12 matrix and $in@reinforcement.

3. The average TRS in the AISi1l2 matak the AISi12SiC ungraded composites
increasenonlinearly as the volume fractionSifC increaseéseeFig5.16 (). This
is at variance with th&lSil2 AIFOf case, where this relationship was nearly linear
(sedFig.4.19(a)).

5.4.2 Numerical evaluation of thermal residual stress

The FE mesh modelisere prepared fromthe micra’ XCT experimentdor all the
AlSi12+SiC { = 10, 20, 30 vol%) composites as well as the thyee FGMResidual stresses
in these materials were measured using neutron diffraction NBgdlimensionof the RVE
was chosen to be 50 x 50 x 50 elements, whiatesentso a volume of 50 x 50 x $@n°. The
numerical mesh models used for #W&i12+SiCcomposite and the threklayer FGM are
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shown inFig5.17 andFig5.18, respectively. To conduct the numerical simulation, the thermal
stress within the material was calculated fo
(20 eC). The side displacements and other
conditions during the sintering process using the mold and die, as described in the materials
and methodsSulection 3.1.2.2 The numerical modeling of the computation of TRS are
presented in details in ti&ction3.8.4

AlSi12+10%SiC AlSi12+20%SiC AlSi12+30%SiC

Fig5.17 The micréd XCT¢based-E mesheinported tonumerical simulations of TRS in the ungraded
compositealSi12+SiC (v= 10, 20, 30 vol.%)

AlSi12+30 vol.% SiC

AlSi12+20 vol.% SiC

AlSi12+10 vol.% SiC

Fig5.18 The micrd XCTgbased-Emeshused in the numerical simulations of TRS in the AISE@/
thred layef-GM.

The micrgXCTcbased FEM model was used to simulate thermal residual stress
distributions. The ceramic reinforcement was modeled as linear elastic, and the AlSil2 matrix
wasmodeled as elastplastic (see Section 3.8.4 for detaemplary results of the TRS
numericalsimulationsn the ungraded\ISi12/SiC compositeare shown irFig.519 ai f.
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Fig5.20 Distributions of hermal residual stregs kin the Al 12p h a@eaentdhSei [Ch ally, e
obtained from the numerical simulations for tfileger FGM

(AISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%3iC

The excellent agreement between the numerical predictions fronmi X@didased
FEM models and the neutron diffraction measuremagtshown irFig5.21. validates the

accuracy of the microstructubasedsimulation approachThis highlights theentral roleof

themicral XCT basedrE meshes in the numerical madefthe TRS behavian theungraded

AISi12+SiC (v= 20, 30 vol.%3ompositeand the FGMIt is evident thathe TRSn the FGM
layers are approximately 10% lower thanTfR8&in the corresponding ungraded composites

considering the neutron diffraction measurement uncertainty error is less than 5% for all

materials.Moreover, the micioXCTibased FEM model successfully captured both the

nonlinear behavior of average TRS in the AISi1l2 matrix for the ungraded composites with 20

vol.%SIC (as shown Fig5.183), and the linear TRS response observed for the 30 vol.%SiC
demonstrat.
matrix of ungraded composites across different ceramic contents.

(Fig5.180) ,

further
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Fig5.21 Thermal residual stress comparison between experimental data and FEM results for (a) the
AISi12 matrix in ungraded AISi12+vSiC (v = 10, 20, 30 vol.%) and FGM, and$i tieénforcement
in ungraded AISi12+vSiC (v = 20, 30 vol.%) composites and FGM

5.5 Coefficient of thermal expansion #&iSi12/SiC composites and
FGMs

As mentionedin Section3.5 The dilatometric experimentgere carried oubr three
continuouscycles of heating and cooling wathintermediate holding for 30 mirigom 1 60 °C
to 500 °C using a thermahechanical analysis equipmdrr example, a relative change in
specimen length and a temperature vs time plot for the hot pressed ungraded AlSi12+20%SiC
composite ishownin Fig5.22.
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Fig5.22 Relative change in the length of sample and temperature vs time duriitptir@etric
experiment®sf hoti pressedingradedAlSi1220%SiCcomposite

As already mentioned in Section 3.Be tmeasurements were performedthe
longitudinal and transverse directiarsthe following samples:

1. Ungradedcomposite@lSi1l2+SiC (= 10, 20, 30 vol.%)

2. Thred layer FGMAISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%3i@long thdongitudinal
direction

3. Thred layer FGM(AISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%3i@long thetransverse
direction

The direction along which pressure is applied during consolidation is calledditedinal
direction, while the direction perpendicular to this pressing axis is termed the transverse
direction(seerig. 314).

The CoE measuremesfor the ungraded and graded AlSil2/Sgamplesintered by
HP and SP&re shown irFig5.23 and Fig 5.24, respectivelyhey show that th€TE of the
ungraded composites decreases as the volume fraction of the metal matrix (AlSi12) gradually
decreases due to the increasing ceramic coiitemeasurements taken in the longitudinal
directionin the threélayer FGM closely align with those of the composite reinforced with 20
vol.% SiC. Conversely, in the transverse directien CTE of the thrédayer FGM slightly
exceeds that of the 30 vol.% Bi€inforced composite beyond 100 f@ both HPand SPS
sampless shown ifrig5.23 andFig5.24, respectively
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CHAPTER 6

WEAR TESTRESULTS

It should be recalled that the wear behavior of the produced composites was not the
main focus of this thesibleverthelesgor the sake of completenesgreliminary wear study
was carried out on representative samples of two ungraded composites, AlSIEDF309d
AISi12+30%SiC, produced by hot pressing, by means of a linear abrasion test using the Taber
apparatus (segection 3.7). These two samples were chosen as the icecarouater layers of
the FGM in contact with the brake pad$ie measured wegesistance was compared with
composites with a higher ceramic cont@ifil12+406AIFOF and AlSi12+40%SiCand with
the grey cast irofsCl) from a standard Brembo brake dised in serial cars

Earlier investigatiorfd 76 178]indicate that AMMCs reinforced with ceramic materials
typically demonstrate superior wear resistance compared to their respective unreinforced alloy.
However, under specific conditions, the wear performadddiCsmay be comparable to or
even lower than that of pure Al all¢¥89,180]LargelyAMMCsreinforced with hard ceramic
into the Al alloy offer goodiear resistance, ultimately enhancing the overall wear performance
of the tribd systeni181] However, many investigations suggest, compgeviiMCswith GCI,
that theGCI shows better wear resistance. For insténeas found in182]that the loss of
weight was 0.0116iig a cast iron brake diswhile AMMC experienced 0.0063 g weight loss
which is 46% lower thathe cast iron brake dis¢éiowever, AMMCs can achieve weight
reduction of 3060%as compared witBClI rotors[183]

Fig6.1 shows thdinear abrasion worn surfaces of samples with AlSi12 + BO$%AI
AlSi12 + 40%AH0F, AlSil2 + 30%SiC, and AlSi12 + 40%SiC as the outermost layer of FGM
samples, along with a GCI sample prepared from a standard Brembo brake disc.

T,
AlSi12+406AIFOF AlSi12+30%SiC
S ey T
=
AlSi12+40%SiC GCI (grey cast iron)
Fig6.1 The worn surfacesofsamgdlesr t r i bol ogi c al studi es
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To identify the main wear mechanissnSEM micrographs ahe worn surfaces were
analyze@ig6.2). The weight percentages of the elements present on the wear track surface and
in the wear debris were determined using EDAX andlyis.the SEM analysis thminwear
mechanism the selectedhISi12/SiC specimensvere found to be thrébody abrasion and
delamination.

@ (b)

() (d)

Fig6.2 SEM micrographsof the composite samplesurface after the Taber wear tesfa)
AlSi12+309%IFOF, (b) AlSi12+40%IFOF, (c) AlSi12+30%SiC, and) AlSi12+40%SiC

Threéd body abrasiomechanism

The narrow and wider grooves paradi¢he direction of slidingesulting fromabrasive
wear can be observed in worn surface of s#ig®8e? (b)and Fig 6.2 (d). The narrow grooves
arelikely from the hard ceramic particles within toenpositeDuring the consolidation of
AMMCs, hard ceramic particles are embedded in the soft AlSi12 matrix, and these particles are
exposed on the surface as the soft Al matrix peels off during the initial rubbing prdbess.
Taber test, which uses a flat end pin, the surface layer of the Al matrix is first removed, exposing
the ceramic particleds a resulta thred body abrasive wearechanism occurs in which the
AISi12 matrix undergoes plastic deformation, causing further detachment of ceramic particles
Fig6.3 (a)andFig6.3 (b) show the exposed ceramic debriskigd.4 (a)shows the detached
counterpart debris on the wear tratkis reinforcing phase released as wear debris acts as a
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