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Abstract

Functionally graded materials (FGMs) based on aluminum alloys, which are the subject
of this thesis, are advanced metal matrix composites designed for high-stress, high-temperature
operating conditions that offer superior performance of structural components due to gradual
spatial variation of mechanical and thermal properties of these materials. The motivation for
investigating the thermal properties and thermal residual stresses of graded Al-matrix
composites reinforced with Al,Oz and SiC ceramic particles stems from the automotive
industry's demand for innovative structural materials for brake discs. Graded Al-matrix
composites are competitive material choices for modern brake discs due to their high specific
strength, high thermal conductivity, and wear resistance. A properly designed graded structure
of Al/Al,O3 and Al/SiC FGMs can help reduce process-induced thermal residual stresses and
effectively dissipate heat generated during brake operation. The choice of two alternative ceramic
particles (Al,O3z vs. SiC) for the reinforcement of an Al alloy matrix was inspired by similar

studies carried out in the research laboratories of car manufacturers (e.g., CR FIAT and Audi).

In this work, stepwise graded (or layered) aluminum alloy matrix composites
AlSi12+vAl,O3 and AlSi12+vSiC, where v = 10, 20, 30 vol.%, were prepared using powder
metallurgy. The powder mixtures of AlSil12, Al,O3z and SiC used to obtain composite layers and
FGMs were prepared in a planetary ball mill. Hot pressing (HP) and spark plasma sintering (SPS)
were used as powder consolidation techniques. Microstructural characterization was performed
using scanning electron microscopy (SEM) and microcomputed X-ray tomography (micro-
XCT). The thermal conductivity of composite layers and FGMs was evaluated using the laser
flash technique within a temperature range that is relevant to brake disc application (from RT
to 300°C-500°C). The coefficient of thermal expansion (CTE) was determined for a case study
of AlSil12+vSiC composites from dilatometry experiments for RT to 500°C. Thermal residual
stresses were measured using neutron diffraction. Additionally, Taber linear abrasion wear tests
were conducted to evaluate the tribological properties of the AlSi12+vAl,O3 and AlSi12+vSiC

composites and compare them with grey cast iron, a standard material used in brake discs.

The optimization of the powder mixing and consolidation process parameters has yielded
composite layers and FGMs of high relative density. Overall, the samples manufactured by HP
were less porous than the SPS samples and the AlSi12+vAl,O3 composites were less porous than
AlSi12+vSiC composites. The thermal conductivity measurements showed that the ungraded
composites exhibited lower conductivity with increasing ceramic content for both
AlSi12+vALOs and AlSi12+vSiC composites. For AlSil12+vAl,Oz composites, porosity and
interfacial thermal resistance were identified as the key factors reducing thermal conductivity. In
the case of AlSil12+vSiC composites, the formation of thin layers of oxides (ALLO3), and

interfacial thermal resistance were the main contributors to this reduction. The graded
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composites exhibited nearly constant thermal conductivity across the 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.

Micro-XCT-based finite element (FE) models, representing the actual microstructure,
including defects such as pores, and accounting for thermal conductance at the metal-ceramic
interface, were used in the numerical simulations. Numerical simulations of thermal
conductivity showed excellent agreement with the experimental 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 measurements. The micro-
XCT-based FEM models predicted 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 to the pressing direction of graded composites was significantly lower than
that in the direction perpendicular to the pressing direction. Overall, the graded composites
demonstrated a favorable CTE, approximately 32% lower than that of the aluminum alloy
(AlSi12) matrix, indicating enhanced thermal stability and suitability for applications requiring

minimal dimensional changes under varying temperature conditions.

This study successfully investigated the thermal properties, thermal residual stresses, and
tribological performance of graded AlSil2-matrix composites reinforced with Al,Oz and SiC
particles, combining experimental and numerical approaches. The findings highlight the
potential of functionally graded composites as high-performance materials for automotive brake
discs, offering superior thermal conductivity, reduced residual stresses, enhanced thermal
stability. The agreement between the experimental and numerical results validates the robustness
of the proposed numerical models, helping in further exploration and application of graded

composites in industrial settings.



Streszczenie

Materialy funkcjonalne gradientowe (FGM) oparte na stopach aluminium, ktére sa
przedmiotem niniejszej rozprawy, sa zaawansowanymi kompozytami o osnowie metalowej
zaprojektowanymi do pracy w warunkach podwyzszonych naprezen i temperatury, ktore
zapewniaja efektywne dzialanie elementéw konstrukeji dzigki stopniowej przestrzennej zmianie
wladciwosci mechanicznych i termicznych. Motywacja do zbadania wlasciwosci termicznych i
termicznych naprezen resztkowych gradientowych kompozytéw na osnowie aluminiowe;j
wzmacnianych czastkami ceramicznymi Al,Oz 1 SiC wynika z zapotrzebowania przemystu
motoryzacyjnego na innowacyjne materialy konstrukcyjne do tarcz hamulcowych. Kompozyty
gradientowe na osnowie aluminiowej sa konkurencyjnymi materialami dlo nowoczesnych tarcz
hamulcowych ze wzgledu na ich wysoka wytrzymaltos¢ wlasciwa, wysoka przewodnosé cieplng i
odpornos¢ na zuzycie. Odpowiednio zaprojektowana gradientowa struktura Al/Al,O3 i Al/SiC
moze pomdc w zmniejszeniu termicznych naprezen resztkowych powstajacych w procesie
wytwarzania 1 skutecznie rozprasza¢ cieplo generowane podczas hamowania. Wybor dwoch
alternatywnych czastek ceramicznych (Al,O3 vs. SiC) do wzmocnienia osnowy ze stopu AlSi12
zostal zainspirowany podobnymi badaniami przeprowadzonymi w laboratoriach badawczych
producentéw samochodéw (np. CR FIAT 1 Audi).

W niniejszej pracy stopniowane (lub warstwowe) kompozyty gradientowe (FGM)
AlSi12+vAl; O3z 1 AlSi12+vSiC, gdzie v = 10, 20, 30 % obj., zostaly przygotowane przy uzyciu
metody metalurgii proszkéw. Mieszaniny proszkéw AlSi12, Al,O3 i SiC uzyte do uzyskania warstw
kompozytowych i FGM przygotowano w planetarnym miynie kulowym. Jako techniki
konsolidacji proszkow zastosowano prasowanie na goraco (HP) i spiekanie plazmowo-iskrowe
(SPS). Charakterystyke mikrostrukturalna przeprowadzono za pomoca skaningowej mikroskopii
elektronowej (SEM) i rentgenowskiej mikrotomografii komputerowej (micro—XCT).
Przewodnos¢ cieplna warstw kompozytowych i FGM zostala wyznaczona przy uzyciu techniki
blysku laserowego w zakresie temperatur, ktoéry odpowiada warunkom pracy tarczy hamulcowej
(od temperatury pokojowej RT do 300°C-500°C). Wspotczynnik rozszerzalnosci cieplnej (CTE)
zostal wyznaczony w ramach studium przypadku dla kompozytéw AlSi12+vSiC za pomocg badan
dylatometrycznych w zakresie temperatur od RT do 500°C. Termiczne naprezenia resztkowe
zmierzono metoda dyfrakcji neutronéw. Dodatkowo przeprowadzono testy liniowego zuzycia
Sciernego w urzadzeniu Tabera w celu oceny wlasciwosci tribologicznych kompozytéw
AlSi12+vAl; O3 1 AlSi12+vSiC oraz pordéwnania ich z zeliwem szarym, standardowym materialem
stosowanym w seryjnych tarczach hamulcowych.

Optymalizacja parametréw proceséw mieszania i konsolidacji proszkéw pozwolila na
uzyskanie warstw kompozytowych i kompozytéow gradientowych o wysokiej gestosci wzgledne;.
Ogodlnie moéwiace, probki wytworzone metoda HP byly mniej porowate niz prébki SPS, a
kompozyty AlSi12+vAl,Oz byly mniej porowate niz kompozyty AlSil2+vSiC. Pomiary
przewodnosci cieplnej wykazaly, ze kompozyty bez gradientu sktadu chemicznego wykazywaly
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nizsza przewodnos$¢ wraz ze wzrostem zawartos$ci ceramiki zaréwno dla ukladu AlSi12+vAl,Og,
jak 1 AlSi124+vSiC. W przypadku kompozytéw AlSi12+vAl, O3, porowatos¢ 1 migdzyfazowy opor
cieplny zostaly zidentyfikowane jako kluczowe czynniki zmniejszajace przewodnosc cieplng. W
przypadku kompozytow AlSi12+vSiC, tworzenie si¢ cienkich warstw tlenkow (ALO3) i
migdzyfazowy opor cieplny byly gléwnymi czynnikami przyczyniajacymi si¢ do redukcji
przewodnosci cieplnej. Kompozyty gradientowe wykazywaly w przyblizeniu stala przewodnosc¢
cieplng w badanych zakresach temperatur, osiagajac warto§¢ co najmniej dwukrotnie wyzsza niz
konwencjonalne zeliwo szare, co czyni je obiecujacymi materialami do zastosowania w tarczach
hamulcowych.

W symulacjach numerycznych wykorzystano metode elementéw skoniczonych (MES),
przy czym siatki elementéw zbudowano na bazie obrazéw z mikrotomografii komputerowej
(micro—XCT), reprezentujacych rzeczywista mikrostrukture, w tym defekty, takie jak pory. W
modelach MES przewodnosci cieplnej uwzgledniono przewodnictwo cieplne na granicach faz
metal—ceramika. Wyniki symulacji numerycznych przewodnosci cieplnej wykazaly doskonaly
zgodno$¢ z danymi eksperymentalnymi, z bledami wzglednymi w zakresie od 4% do 6%. Z kolei
modele termicznych naprezen resztkowych —wykorzystujace obrazy micro—XCT  przy
konstruowaniu siatek elementéw skonczonych pozwolily oszacowaé naprezenia resztkowe w
wytworzonych materialach z duza dokladnoscia — odchylenie od pomiaréw wykonanych za
pomoca dyfrakcji neutronéw bylo mniejsze niz 5%. Stwierdzono, Ze termiczne naprezenia
resztkowe sa nizsze w kompozytach gradientowych w poréwnaniu z kompozytami bez gradientu,
co potwierdzily pomiary za pomoca dyfrakcji neutronéw.

Eksperymenty dylatometryczne wykazaly, ze wspdlczynnik rozszerzalnosci cieplne;
(CTE) w kierunku réwnoleglym do kierunku prasowania kompozytéw gradientowych byl
znacznie nizszy niz w kierunku prostopadlym do kierunku prasowania. Ogdlnie rzecz biorac,
kompozyty gradientowe wykazaly korzystny wspélczynnik CTE, okolo 32% nizszy niz w
przypadku osnowy ze stopu aluminium AlSi12, co wskazuje na zwigkszong stabilno$¢ termiczng i
przydatnos¢ do zastosowan wymagajacych minimalnych zmian wymiaréw w zmiennych
warunkach temperaturowych.

W niniejszej rozprawie zbadano wiadciwosci termiczne, termiczne naprezenia resztkowe
powstajace w procesie wytwarzania i wlasciwosci tribologiczne warstwowych kompozytow
gradientowych na osnowie ze stopu AlSi12 wzmocnionych czastkami Al, O3 1 SiC, taczac metody
cksperymentalne 1 numeryczne. Wyniki badan podkreslaja  potencjal funkcjonalnych
opracowanych  kompozytéw  gradientowych jako wysokowydajnych —materiatéw  dla
samochodowych tarcz hamulcowych, wykazujacych doskonala przewodnosé cieplna, zmniejszone
naprezenia resztkowe i zwigkszong stabilno§é termiczna. Zgodnos¢ wynikéw eksperymentalnych
z wynikami symulacji numerycznych potwierdza skutecznos¢ zaproponowanych modeli, co moze
by¢ pomocne w dalszych badaniach i zastosowaniu kompozytéw gradientowych w warunkach
przemyslowych.
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CHAPTER 1
INTRODUCTION

Aluminum Metal Matrix Composites — State of the art

Remarkable advancements in performance have already been achieved within composite
materials engineering, particularly in metal matrix composites (MMCs). MMCs have been used
extensively, revolutionizing industries of automotive, aerospace, and construction sectors.
MMCs typically consist of a metal as matrix (Al, Cu, Ni, Mg, Fe, Ti, etc) and a ceramic
reinforcement (SiC, Al,Os, TiC, BsC, WC, TiB,, etc) [1,2]. The selection of base metal and
ceramic reinforcement materials depends on their compatibility and desired properties based on
the intended application. The significant differences in physical, mechanical, thermal, and
electrical properties between the metallic and the ceramic phases make the MMCs highly
customizable. Among various metal matrices, Al-based MMCs have attracted more attention for
their wide engineering applications due to their properties of formability, good ductility, light
weight, and abundance [3]. When Al alloys are reinforced with ceramics particulates such as SiC,
Al;O3, B4C, and TiC they exhibit enhanced mechanical properties, good corrosion resistance
and high specific strength [1,4,5]. However, improvements in thermal conductivity are not always
realized and depend on several factors, including the composition, distribution of the ceramic
phase, porosity levels, and the elimination of interfacial thermal resistance [6,7]. In fact,
reinforcement with ceramics does not necessarily enhance thermal conductivity; for instance, in
SiC-reinforced aluminum matrix composites, the thermal conductivity tends to decrease as the
volumetric content of SiC increases [8]. Additionally, researchers have found that the inclusion
of ceramics as reinforcement materials, have proved to be an effective way to increase the wear
resistance of the Al matrix, strong bonding at the metal-ceramic interface, and improved fracture
toughness [9]. These properties are influenced by the type and size of the reinforcement, as well
as the interfacial bonding between the reinforcement and the matrix material [10]. Therefore,

in recent decades, Al-based MMCs have attracted attention in the field of engineering.

In aluminum metal matrix composites (AMMCs), aluminum oxide (Al,O3) and silicon
carbide (SiC) are the most used reinforcements [11]. The addition of SiC to aluminum and its
alloys improves tensile strength, hardness, and wear resistance [12], whereas Al,O3 contributes
primarily to improved compressive strength and wear resistance. AMMC:s reinforced with Al,O3
or SiC possesses excellent thermal conductivity and a relatively low thermal expansion coefficient
(CTE), making them suitable for thermal management applications [13]. They are also
extensively used in the automobile sector due to their high elastic modulus, resistance to wear,
and exceptional specific strength [14,15]. Nevertheless, the inherent characteristics of AMMCs
did not allow them to be tailored for particular functions and applications. The concept of

"Functionally Graded Materials" (FGMs, also known as "gradient materials") was introduced with
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the idea of gradual changes in material properties at preferred positions. This allows FGMs to
demonstrate superior functional performance in comparison with conventional composites.
The concept of FGM was first introduced by Japanese researchers who conceived graded
materials as a new concept in the 1980s to meet the challenges of very high temperature
environment and to minimize thermal residual stress (TRS) concentrations [16]. Later, studies
have shown that TRS can be drastically reduced by using FGM [17,18]. The variation of material
properties in FGMs is frequently modeled using power-law function [19] and exponential
function [20]. Literature pertaining to FGMs, in the material constituents [18], manufacturing
methods [19], has increased significantly over the past three decades. This growth is attributable
to the need to understand the mechanics and architecture of FGMs, given the wide material
variations and applications of FGMs, such as in the automobile, defense, medical, aerospace,
optoelectronics, and other industries [20]. Although, the concept of FGMs appears
straightforward, realizing their practical implementation poses significant technological and
scientific challenges for material designers and manufacturers. Manufacturing, characterizing

and modeling such FGMs is challenging due to their complex microstructure and morphology.

Presently, the automotive industry is seeking new structural materials with high strength,
rigid, lightweight, enhanced wear resistance and increased thermal conductivity. A structural
component working under the conditions of extreme friction, corrosion, increased temperature,
and thermal shocks is the brake disc. Automotive brake discs require materials with a high
strength core which can effectively dissipate the heat and resist the wear on the outer surfaces.
Problems concerning heat dissipation in brake disc system are presented schematically in Fig.1.1.
Due to the intensive heat generation during the braking process, cast irons are commonly used.
While cast irons offer excellent thermal conductivity, their relatively high density (=7.150 g/cm?)
often results in increased component weight, limiting their suitability for weight-sensitive
applications. Currently, metal-ceramic composites are used to reduce the weight of the brake
disc system. However, material cost remains a critical limiting factor, and the incompatibility in
thermal expansion between metal and ceramic compounds hinders heat transfer efficiency at

their interface.
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Fig.1.1 Hear transfer system in disc brake system.

In AMMGC:s, the Al matrix shows superior mechanical and thermal conductivity, while
the ceramic reinforcement offers excellent wear resistance. In automotive brake disc application,
it is essential to take advantage of the resulting in material properties from the properties of each
of its constituents. Moreover, thermal behavior of such composites is essential to their
functionality where heat must be dissipated as quickly as possible at surfaces exposed in high
temperature environments and offer excellent wear resistance at the surfaces clamped to the
brake pads. FGM composed of Al and ceramic perform exceptionally as they feature an Al core
for strength and quick heat dispersal, with ceramic on the outer surfaces to resist wear and high
temperatures. The macroscopic thermal conductivity of Al-ceramic graded materials is
determined by the properties and volume fractions of their components and the gradation across
layers; however, microscale factors such as particle size, dispersion, and porosity play a crucial
role in defining the composite’s overall performance. Porosity significantly lowers the thermal
conductivity of the composite, making high pore concentrations undesirable for most structural
applications due to degradation of potential thermal performance. Additionally, interfacial
thermal resistance remains a key barrier to achieving improved thermal conductivity in
aluminum matrix composites. The mechanism of heat transfer occurring at the metal-ceramic
interface can have a significant effect on the thermal conductivity of a composite. Accordingly,
the research presented in this thesis aimed to study the thermal conductivity of graded
composites and explore the microstructural parameters responsible for the physical behaviors
observed during fabrication and experiments, aiming to tailor the strength and thermal

properties of newly developed FGMs.
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1.1. Manufacturing routes for Functionally Graded Materials (FGM)

FGMs can be classified based on their cross section and the spatial distribution of their
constituents. According to the cross-sectional characteristics, FGMs are divided into two types:
thin FGMs and bulk FGMs. Thin FGMs are typically fabricated using techniques such as plasma
spraying, vapor deposition, and other coating methods. In contrast, bulk FGMs are produced
through methods like centrifugal casting, powder metallurgy, etc. Depending on the spatial
distribution of the reinforcement, FGMs can also be categorized as: (a) continuous graded
materials, where the composition varies smoothly across the volume, and (b) discrete (or stepwise
graded) materials, where changes occur in distinct layers or steps. Fig.1.2 (a) shows a continuous
FGM in which the change in composition and/or microstructure occurs continuously with
position, while Fig.1.2 (b) is a schematic representation of a layered FGM, in which the material

microstructure changes in a stepwise manner to form distinct layers.

Rich in reinforcement

J

. Y b

Rich in matrix

Fig.1.2 Illustration of (a) continuous FGM and (b) layered (stepwise) FGM.

The choice of processing route is of paramount importance in the manufacture of FGMs,
as it has a direct impact on ability to precisely control the composition, microstructure, and
ultimately, the graded properties of the material. Although friction stir processing, centrifugal
casting, and powder metallurgy (PM) are the main methods for producing graded AMMCs, PM
represents one of the most effective and reliable techniques for fabricating AMMC FGMs. As
depicted in Fig.1.3, there is a range of techniques associated with PM,
including various methods of stacking, compacting, and sintering. PM can accommodate a

gradation step of MMCs, with easy control over the composition, microstructure, and form
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[21,22]. Using PM it is possible to achieve graded properties depending on the application by
optimizing the composition, number of gradation steps etc. For instance, one end of the
component will contain a higher ceramic reinforcement content, thereby enhancing its wear
resistance. The other end will consist primarily of an aluminum alloy, ensuring high toughness
and effective heat dissipation [23]. Two FGMs produced in [24] involved Al reinforced with
varying wt.% of SiC in each layer. The four-layered Al+wSiC (w=0, 3, 7, 10 wt.%) composite
demonstrated enhanced metallographic homogeneity and superior mechanical properties when
compared to the five-layered Al+wSiC (w=10, 20, 30, 40, 50 wt.%) composite.

Powder metallurgy

l l 1 l

4 . 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
AN /

Fig.1.3 Classification diagram of powder metallurgy techniques.

PM techniques have proven to be highly successful in mitigating undesirable chemical
reactions between the reinforcement and matrix materials, while ensuring a homogeneous
distribution of the reinforcing phase [21]. Among different sintering techniques listed in Fig.1.3.
The ability of spark plasma sintering (SPS), to achieve sufficient microstructural control, coupled
with its rapid thermal cycles and lower processing temperatures, makes it an ideal technique for
fabricating FGMs, in comparison to e.g., conventional sintering via hot pressing (HP). The
sintering setups of SPS and HP are illustrated in Fig.1.4. SPS has emerged as the preferred route
for consolidation and sintering of Al powders. This process enables the achievement of almost
full material densification while preserving a fine-grained structure. Maintaining a fine-grained
microstructure during processing enhances mechanical strength and bulids a strong bonding

between reinforcement and matrix, resulting in fully dense composites [22]. The rapid heating
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and short sintering cycles in SPS, combined with applied pressure, uniquely minimize grain
growth while maximizing densification. The most significant parameters influencing the
diffusion mechanics of sintering include dwell duration, heating rate, temperature, and pressure
variations [23-26]. Proper control of the sintering temperature, heating rate and related process
parameters is essential to achieve the desired microstructure and properties in the final product.
For instance, in [23], Al/Al,O3 composites were prepared at two distinct sintering temperatures
(500 °C and 550 °C) for a constant sintering time of 45 minutes. The findings indicated that as
the reinforcement weight fraction increased, the relative density decreased, while the wear
resistance and hardness increased. Results also showed that the addition of Al,O3 decreased the
wear rate by 40% [23]. In a study on Al/SiC particulate composites [24], by extending the
sintering time from 1-2 min in friction powder sintering (FPS), the relative packing density has
increased by 12.35%, and the thermal conductivity has increased about 67% [24]. In another
SPS process conducted at 580 °C and 600 °C, the fabricated composites achieved a close to full
density of 97-99%, and microstructural analysis revealed no significant differences between
those reinforced with SiC particles at either temperature [27]. Therefore, SPS has become a
preferred method among many researchers for producing high-quality AMMC:s.

In this work, for the comparative analysis, two PM techniques, namely hot pressing (HP)
and spark plasma sintering (SPS) are considered. These techniques have proven favorable for the
homogeneous distribution of ceramic particles in the Al matrix, enabling a seamless transition
between layers. Additionally, these techniques effectively restrict chemical reactions between the

reinforcement and matrix materials and help achieve a fully dense material.

Top punch

Top punch

electrode

Vacuum chamber

Graphite die

Graphite die
Pulse DC

Power Supply
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Powder
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Heating elements
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Bottom punch

electrode

Bottom punch

Spark plasma sintering Hot pressing

Fig.1.4 Schematic depiction of spark plasma sintering (SPS) and hot pressing (HP) setups.
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1.2. Thermal residual stresses (TRS) in FGM

Significant stress in sintered components during the cooling process is attributed to the
mismatch of the coefficients of thermal expansion (CTE) between the metal (e.g., Al) and the
reinforcements (e.g., Al,O3 or SiC). A key characteristic of FGMs is that they can reduce thermal
residual stress in the bulk material and stress singularities at material interfaces. To avoid the
unexpected fracture of structural components under operating conditions, these stresses need to
be assessed for the thermomechanical property gradient. Residual stresses are generally classified
into macro- level and micro-level stresses, both of which may be present simultaneously within
a material. Macro residual stresses (macro-RS) are due to misfit between different regions,
caused e.g., by welding, shot peening, or non-uniform plastic deformation. These stresses exhibit
variation over macroscopic distances that exceed the scale of the material's grain size and are
detectable by destructive techniques (e.g., hole drilling) In Ref.[25] macroscopic residual stresses
developed during cooling from the sintering temperature due to thermal expansion differences

between regions of the graded Al/Al,O3 plate with varying aluminum content, are determined.

Residual microstresses, resulting from variations within the material's microstructure are
categorized as micro (micro-RS) and sub-micro (submicro-RS) residual stresses Micro-RS
operate at the grain size level, while submicro-RS are generated at the atomic scale within the
grains (e.g., stress fields around dislocations). Micro-RS are misfit stresses generated by a
mismatch in elastic constants or thermal expansion coefficients between individual grains in

polycrystals or between different phases within a composite [26].

Fig.1.5 (a) shows the Moire " interference pattern highlighting displacements initiated by
cutting a notch in this graded plate under macro-residual stress. The position where
displacement measurements were taken is indicated by the white reference bar. Fig.1.5 (b) shows
the cracking in the composite with an aluminum matrix and carbide particles, caused by residual

microstresses generated during cooling after hot pressing at 650 °C with a heating rate of

20 °C/min [28].

Pores can affect the TRS distribution in the metal and ceramic phases of a composite. In
Ref.[29] the average TRS were measured for the AlSi12/Al,O3 composites fabricated by hot
pressed and squeeze cast . It is found that the average TRS values in both phases (compressive in
the ceramic phase and tensile in the AlSil2 matrix.) were slightly lower than the HP because of

its higher porosity, which can partially accommodate the residual stresses.
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(a)

Fig.1.5 (a) Moire " interference pattern revealing displacements generated by cutting a notch in a

Al/Al,O3 graded plate with macro-RS [25]. This figure is reproduced with permission from
Springer Nature. (b) Cracking patterns in the compressed specimens due to micro-RS in Al matrix

and carbide particles [28]. This figure is reproduced with permission from Elsevier.

Residual stresses can change in sign and magnitude over distances comparable to the
grain size. Such residual stresses can be high enough to cause fracture or local yielding on both
microscopic and macroscopic scales, significantly affecting the performance of the component.
Ignoring the presence of residual stresses in composite design can increase the risk of unexpected
structural failure; therefore, their impact must be carefully evaluated. It is possible to minimize
or eliminate the processing-induced residual stresses of a graded composite through properly
designing the composition gradient and the number of layers. Therefore, one of the objectives
of the research reported in this thesis was to investigate the thermal residual stress in graded
composites and to study the actual effect of graded microstructure on the processing-induced
thermal residual stresses. Well-designed graded structure of Al-matrix composites can reduce
the process-induced thermal residual stresses (especially in the ceramic phase) without

compromising thermal conductivity or strength of the composites.

Among the non-destructive techniques used to determine residual stresses, X-ray
diffraction (XRD), synchrotron X-ray diffraction (SXRD), and neutron diffraction (ND) are the
most popular. While X-ray diffractometers are standard equipment in materials research
laboratories, SXRD and ND measurements require specialized facilities. In addition to
diffraction methods, optical methods such as Raman spectroscopy (RS) and photoluminescence
piezo spectroscopy (PLPS) are used to determine the TRS. Recent advances in residual stress
measurement methods, both destructive and non-destructive, and their existing problems and
difficulties are presented in [30]. Table 1.1 lists the various non-destructive techniques used for
measuring residual stresses and their specification, advantages and disadvantages. The non-

destructive measurement of residual stress has significantly progressed with the advent of
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specialized neutron and synchrotron X-ray diffraction instruments. The neutron diffraction
method is more effective due to the high penetrating power of neutrons in most materials. These
techniques are crucial for composites as they enable the assessment of stresses in each constituent
phase of the composite material. Additionally, energy-dispersive methods, such as time-of-
flight ND or energy dispersive synchrotron radiation diffraction, can capture the entire
diffraction pattern avoiding any angular scanning and provide complete 3D map of the residual
stresses within a specimen. Neutron diffraction, in particular, can well distinguish between all
three types of residual stress and facilitates the rapid determination of stresses in various crystal

families within the same phase.

Table 1.1 Residual stress measurement using non-destructive techniques based on the NPL Report, [31].

Material
Technique tya 181 Resolution Penetration | Advantages Disadvantages
pe
o Versatile. e Standard
X-ray Metal/ 20 <20 pm o Widely available. measurements.
m
diffraction Ceramic H 50 pm-Al e Moveable setups. e Lab-scale setups.
e Macro and micro-RS. |e Minor samples.
o First-rate penetration
High-tech
Neutron Metal/ &Resolution. * 1% tec
. . ) =1 mm 100 mm -Al facility.
diffraction Ceramic e 3D maps.
) o Lab-scale setups.
e Macro and micro-RS.
e Improved penetration.
Synchrotron ] ) e High-tech
Metal/ e Gradient evaluation. i
X-ray ) 1 um-100 pm | >500 ym facility.
i ) Ceramic e Quick.
diffraction e Lab-scale setups.
e Macro and micro-RS.
e Limited
o Widely available. resolution.
Metal ick.
Ultrasonic e /A 0.5-150 mm | >100 mm * Quic * Bulk
Ceramic e Low cost. measurements
e Moveable setups. over ultrasonic
whole volume.
e Limited to
Raman/PLPS Plastic{ 0.5 um <1 um (near |® High resolution. surface.
Ceramic surface) e Portable. e Limited range of
materials.
e Rapid. . Ferror'nagnetic
Metal Wid . ‘ materials only.
[ ]
Magnetic /Ferrom | 0.1 mm-2 cm | 200-300 pm ' evz'metyo . e Signal
) magnetic materials. ) )
agnetic manipulation
e Portable. i
required.

Building on the advantages of neutron diffraction and energy-dispersive methods in

assessing residual stresses, analytical and numerical techniques offer alternative approaches for
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predicting and understanding stress distribution in composite materials. Analytical methods,
such as Eshelby’s [32] and weight function [25]. Eshelby’s methods assume that inclusions have
an ellipsoidal shape and the matrix is isotropic and homogeneous. The weight function approach
enables the calculation of residual stresses from observed displacements. Besides analytical
methods, numerical approaches are widely used to estimate the residual stresses and the
constitutive response of the AMMCs A simple finite element (FE) numerical model was utilized
to analyze the distribution and magnitude of thermal residual stresses induced during fabrication
in Al/SiC composites [33]. The results showed that minimal SiC content led to lower residual
stress. In addition, the distribution of SiC particles in the matrix affects the amount and the
gradient of internal stresses generated. In Ref. [29], the residual stresses in the ceramic (Al,O3)
phase were experimentally measured via neutron diffraction and numerically simulated using a
finite element model based on micro-XCT data, incorporating the actual microstructure of the
composite. The model predictions for two different volume fractions of Al,O3 agree well with
the ND measurements [29]. A 3D numerical model using cubic unit cell was used to simulate
thermal residual stress for the Mg alloy reinforced with SiC particles with volume fraction of
12% fabricated by hot forging technology [34]. A multiscale model for predicting the macro-RS
and micro-RS residual stresses in MMCs based on realistic 3D digital microstructure models
showed good self-consistency and good accuracy [35]. These models are widely used to predict
the stress and strain behavior of MMC materials. It is important to note that numerical models
based on material microstructure accurately predict residual stresses for FGMs. Therefore, it is
reasonable to use numerical models with FE meshes based on, for example, micro-XCT scans,
which provide sufficient microstructural data to mimic the real material microstructure. Such

an approach to FE modeling of TRS will be used in this dissertation.

1.3. Functionally graded Al-matrix composites reinforced with
Al;O3 particles

Al;Oz (aluminum oxide or alumina) is known for its excellent hardness, good
compressive strength, high melting point, good thermal stability, and wear resistance. When
used as an reinforcement in AMMCs, alumina particles may significantly enhance the
composite's wear resistance, hardness, and overall mechanical strength [36]. The size, shape, and
distribution of the Al,O3 particles within the Al matrix play a key role in determining the
thermal and mechanical properties of the composite The Al/Al2Os composites produced with
fine Al powder (3-4.5 pm average particle size) using the powder metallurgy technique exhibited
higher relative density and elastic modulus values, as well as lower CTE values as compared to
composites with coarser Al powder (10 pm average particle size). The elastic modulus was
improved and the CTE was reduced with increasing Al,O3 content across all cases [37]. As

reported in [38], the thermal conductivity of a-AlLOs particulate-reinforced Al matrix
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composites fabricated by conventional PM processes can be enhanced by adjusting the volume
fraction and particle size of Al2Os. The use of fine Al.Os particles enhances the hardness and
wear resistance, as evidenced in [39]. The stir-cast Al matrix composites reinforced with Al,O3
and SiC demonstrated enhanced physical and mechanical properties, including a low CTE
(4.6x10°°/°C), ultimate tensile strength increased significantly by as much as 23.68%
accompanied by high impact strength and hardness [40]. These characteristics make these
composite materials suitable for use as lightweight materials in automobile components. The
composites reinforced with SiC particles exhibited a lower wear rate compared to those
reinforced with Al,O3[40]. A comparison of thermal conductivity in AlSi12/Al,O3 composites
produced through squeeze casting and hot pressing methods is discussed in [41]. Results revealed
that squeeze-cast composites possess enhanced thermal conductivity, lower TRS, and reduced
frictional wear in comparison to hot-pressed composites. The recent literature on these FGMs

with their research outcomes are listed in Table 1.2.

1.4. Functionally graded Al-matrix composites reinforced with SiC

particles

Silicon carbide (SiC) contains both carbon and silicon atoms and has high hardness, low
thermal expansion, and good resistance to wear and corrosion. When used as a reinforcement
it improves the density, tensile strength, hardness and wear resistance of AMMC:s [12]. AMMC:s
reinforced with SiC particles are of great interest especially for the automotive and electronic
components sector due to their excellent properties such as high fatigue strength and thermal
conductivity (180-200W/mK). The thermal conductivity of Al/SiC composites is the critical

property for applications requiring efficient heat dissipation.

The use of SiC particulates as a reinforcement in Al matrix presents certain challenges.
Among the many challenges, grain growth in the matrix, interfacial reactions and defects at the
phase boundries are particularly significant. Thermal 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 especially dislocations at the phase boundaries [36]. In 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 carbide may contribute to undesirable phase
formation such as aluminum carbide (Al4C3). In the case of aluminum-silicon (AlSi) alloys and
silicon carbide (SiC), the presence of oxygen can result in the formation of undesirable oxides
such aluminum oxide (Al,O3) and /or silicon dioxide (SiO5,) [42,43]. There are several studies
[44-49] 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 boundaries of metal matrix and reinforcing
particles during processing of composites. These compounds are considered to be
thermodynamically unstable making the composite more susceptible to degradation of its
properties and negatively impact the material’s performance despite the minor amount of new
phases [50]. A higher content of oxides or carbides plausibly leads to a reduction in the overall
thermal conductivity of the composite. The oxide film that forms around aluminum particles
either at the Al-SiC interface and/or Al-Si during the sintering process is likely 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 of metal-metal bonds, it also serves to
protect the aluminum from further oxidation. At lower temperatures, the alumina formed is
typically amorphous, with a thickness ranging from 0.5 to 5 nm. When this critical thickness is
exceeded due to continued oxidation, the layer becomes unstable and transforms into the
crystalline y-Al,O3 phase. This transition from amorphous to crystalline y-Al,O3 generally
occurs when the temperature exceeds 400 °C. In typical sintering techniques such as HP and
SPS, the process is conducted under a vacuum atmosphere; however, this environment does not
fully reduce or eliminate the Al,O3 layer, which is confirmed by the obtained results of the
investigations presented in this thesis. This result proves findings reported in earlier
investigations using SPS of 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 of Al4Cs at the interface
between Al in the liquid or semiliquid form and SiC through an interfacial reaction, which

increases interfacial resistance [43]. The reaction governing Al,C3 formation is expressed as:
4Al + 3SiC s AlLC; + 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 reaction [51]:

2A1 +SiO; +CO s ALO; + Si+C

The above reaction causes a simultaneous reduction in the amount of Al and an increase
in Y-Al,O3. The presence of carbon leads to significant consumption of Al and the formation
of undesirable Al,C3 during densification. This reaction is accompanied by the formation of y-

Al;O3, 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, vacuum hot pressing (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 (SPS) [48].
Additionally, the use of process control agents (PCA) during milling enhances the interfacial
bonding between Al and SiC particles, thereby improving thermal conductivity [52]. Moreover,
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
Al,C3 and pores, whereas prolonged sintering introduces a SiO, layer that increases interfacial
thermal resistance [53]. Studies have also shown that maintaining a eutectic composition of 13
wt.% Si effectively inhibits Al4C3 formation, improving thermal properties [43]. High-frequency
induction sintering (HFIS) has been found to improve composite density and hardness while
preventing harmful Al4C3 formation [54]. Furthermore, explosive compaction has emerged as a
rapid densification technique that minimizes Al4C3 formation, preserving thermal conductivity
[53]. Increasing the sintering temperature reduces the volume fraction of Al,C3 and Si phases,
further enhancing thermal conductivity [55]. Post-oxidation treatment is another effective
approach to removing residual carbon, preventing Al,C3; formation during aluminum
infiltration, and increasing the thermal conductivity of treated samples by approximately 6.5%
compared to untreated ones [56]. During the hot forging of Al/SiC composites, forging at
temperatures below aluminum’s melting point resulted in porous structures, leading to reduced
thermal conductivity. Conversely, forging above the melting point yielded fully densified
composites with significantly enhanced thermal conductivity. An interfacial reaction between
the aluminum matrix and SiC particles led to the formation of an Al4C3 reaction layer, whose
thickness increased progressively with rising forging temperatures [57]. However, in the unique
processing of Al/SiC composites in continuous solid-liquid co-existent state by SPS, the
measured thermal conductivity was higher with increasing the SiC content and the highest value
(252 W/mK) was obtained for Al/50 vol.% SiC composite [50]. The AlSil2 matrix composite
reinforced with 70 vol.% SiC particles of two sizes showed that the composite was free from
interfacial reaction compounds. The SiC acted as heterogeneous nucleation sites for the Si
phases in the matrix and the composite had a better thermal conductance than the unreinforced

matrix [58].

The particle size of SiC 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 characteristics. The Al/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 TC [59].
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In [60], SiC particulate preforms with significant different average particle sizes (170 um
and 16 um) were infiltrated with liquid aluminum. The study demonstrated that the overall
coefficient of thermal expansion (CTE) is mainly influenced by the composite’s compactness, or
total particle volume fraction, while factors such as average particle size and particle size
distribution have minimal impact on the overall CTE. In 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 conductivity of Al/SiC composites with interfacial
thermal barriers, the use of larger reinforcement particle sizes is recommended [47], as they
reduce the extent of interfacial resistance. Additionally, 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 composites [62]. The sintering process and the resulting porosity are critical factors
influencing the thermal conductivity of Al/SiC composites. Sintering temperature, time, and
pressure affect the density and microstructure of the composites, which in turn affect the thermal
conductivity. The samples of Al/SiC composites with volume fraction of ceramic reinforcement
above 50%, prepared by vacuum pressure infiltration, showed that even small variations in
porosity ranging from 2.5% to 4.5% can substantially reduce the thermal conductivity of SiC-
dense composites [63]. The presence of roughly 13% residual porosity significantly reduces the
thermal conductivity of AlSi12/SiC composites produced via constant pressure infiltration [64].
The effects of varying SiC particle concentrations and the number of layers on Al2024/SiC
FGMs processed by powder metallurgy were investigated in [65]. The authors reported significant
improvements in bending strength, microhardness, and wear behavior. Additionally, they found
that the rate of intermetallic formation affected the porosity [57]. 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 presents a concise literature review of the last decade of research on Al/SiC
and Al/Al,Oz FGM systems, their processing parameters using powder metallurgy, and
characterization of properties. The researchers have rigorously investigated the mechanical
properties (e.g., hardness, fracture toughness, compression, tensile, and flexural strengths) and
tribological properties of different compositions and numbers of layers in graded Al/SiC and
Al/Al,O3 composites. The effect of microstructure of composite layers on the thermal properties
and thermal residual stresses of these FGMs has received little attention. Therefore, in this thesis,
the influence of microstructure on thermal conductivity and TRS in stepwise graded
AlSil12/Al,O3 and AlSi12/SiC composites fabricated using HP and SPS will be investigated and
compared with the results obtained for ungraded AlSil12/Al,O3 and AlSil12/SiC composites.
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Table 1.2 Literature survey of the Al/SiC and Al/Al.Os FGM systems obtained by powder metallurgy,
with their sintering techniques and properties investigated.

Material Sintering condition Properties Outcome Ref.
o Obtained uniform material distribution and absence
e Hardness of interfacial cracks.
Al+wSiC Conventional sintering for |® Fracture ® The hardness and toughness of the FGM (67]
w=0,3,7,10 1 h at 580 °C in inert toughness represented an improvement over those of pure Al (68]
wt.%) atmosphere furnace. o Tensile test The hardness of the composite increased by increasing
o Wear the SiC wt.%, and wear volume loss and coefficient of
friction were lowered.
o A significant improvement in the mechanical
Al2024+vSiC Hot pressed at 560 °C and |s Microhardness sient ‘Car; h‘ prov N bt ‘l
roperties of the composites was observed, large
(v=30, 40, 50, 60 | 500 MPa in an argon |s Bending properties @F The composites. SV 169]
driven by the increase in microhardness and the
vol.%) atmosphere. strength . . )
presence of intermetallic formations.
® Smooth transitions of microstructure between
Conventional sintering for adjacent layers.
Al+SiC 5 hat 630 °C in a vacuum o SiC addition improved Al/SiC crystallite size.
(v=2.5,5,7.5,10 condition and cooled at Hardness o Al+10% vol. SiC yielded the best hardness result. [70]
vol.%) room temperature. By incorporating non-conductive SiC, the Al-based
graded material's corrosion resistance can be improved
due to SiC's inherent properties.
Al7075+wSiC
! Conventional sintering at ® The mechanical properties mainly depended on the
(w=0, 15/ 15,20/ N . . . )
10,20/ 10, 15, 20 530 °C for two hoursinan | Hardness type of interfacial bonding between the layers, [71]
’ T inert gas furnace. micro-cracks, pores, and SiC agglomerations.
wt.%)
e Microhardness
® Microhardness changes at the interfaces matched the
o Flexural . )
. analytically predicted stress.
Al+SiC . o strength
Conventional sintering at ® The effective flexural strength was enhanced by
(v=10, 20, 30, 40 N e Thermal [72]
550 °C for 3.5 h. ) roughly 41%.
vol.%) fatigue
e Thermal shock
resistance
o Extended sintering, by regulating grain growth,
detrimentally impacted the mechanical properties.
) e Hardness
. Sintered for 1 h,and 2 h ® The best hardness and impact strength were found in
Al6061+wSiC N L e Fracture .
at 530 °C, within a the fourth layer of the FGM (15 wt.% SiC) due to [73]
(w=0, 5, 10, 15 toughness . . . ]
controlled atmosphere better load sharing and restricted dislocation [74]
wt.%) e Impact
furnace. N movement.
trengt
streng ® The absence of crack formation among and within
the layers.
AlSIC Conventional sintering for The investigated FGMs didn't offer good ballistic
o 40 min at 580 °C. (liquid . protection in any of the thicknesses or compositions
(v=0, 10, 20 /0, 20, Ballistic test ) [75]
phase) tested. This was shown by large cracks and punched-
40 vol%) . .
out sections found in the samples.
® The compressive strength is depends on even
Al+SiC Conventional sintering for o Hard distribution, good mixing, the amount of
ardness
(v=0, 2.5, 5 ,7| 1hat600°C. c ) reinforcement, and grain size. [5]
L]
vol.%) ompression An increase in reinforcement content led to higher
hardness.
o The SiC content altered from a layered structure to @
Al2124+vSiC Vibration followed by 16‘1 conten ri erecfrom g fayered structure to
. e Hardness continuous gradient along the sample due to the
(v=10, 20, 30, 40 | preheating in furnace to o
. o e Fracture vibration. [76]
vol.%) -continuous | 500 °C, pressed at a ) )
) toughness Compared to metal matrix composites, FGMs showed
gradient pressure of 1.5 GPa. )
improved toughness.
Al6061/SiC Hot pressing at 600 °C c ) o FGMs exhibited higher storage moduli and damping [77]
L[]
(SiC 0-40 vol.%) under 100 MPa for ompression capacities than MMCs. [78]
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Continuous 90 min in a vacuum and [ Damping o Compression of the FGM showed strong
gradient argon atmosphere. capacity dependence on the varying composition through its
thickness.

o Increasing the testing temperature reduced the
strength, whereas higher compositional gradients
enhanced yield and ultimate compressive strengths.

Hot pressing at 550 °C
Al2024+vSiC with 400 MPa for 1 h, o Microhardness ® The sample treated at 545 °C exhibited the highest
(v=15, 25, 35, 45, | followed by heat treatment microhardness and flexural strength, while further
55 vol.%) for 2h at three || Fracture increases in the treatment temperature led to 191
temperatures of 530, 545, toughness decreases in both properties.
and 560 °C.
Conventional  sintering [® Tensile o The microwave-sintered composite exhibited a
AAT075+8% 120 min at 620 °C and | Compression fracture strain of 7.98%, highlighting the advantages (80]
graphite+2% SiC microwave sintering 30 at | Hardness of microwave sintering over conventional methods.
500 °C. e Ductility
® FGMs exhibited superior compressive strength,
Conventional sinering for |o Hardness microhardness, and macro hardness compared to
Al /SiC/MgO» ) . composite materials.
40, 250, 260 min at 480, |¢ Compression . . (81]
(Four layers) 500, 520 °C respectively. o Wear o Tribological study showed that the second layer of
’ ’ : the FGM, composed of Al/10 vol.% SiC, provided
the best wear resistance.
AA5083+wAl,O3 Conventional sintering for o Hardness values increased as the amount of Al,O3
(w =10, 20, 30, 40, L b oat 750 °C in a e Hardness reinforcement in the FGM layers increases.
50, 60 wt%) 3, 4 ) ] o Layers with higher Al,O3 reinforcement experienced [82]
and 6 lagers proFectwe t argon  gas | Corrosion tests greater corrosion,
environment.
® The ceramic particles were evenly spread in the metal,
Al+vAl,Os3 (v =0, 5, | Conventional sintering for Hardness and the layers changed smoothly with clear
10, 15 vol.%) 3 h at 600 °C using 2-step boundaries between them. [83]
(four-layer FGM) cycle. o Hardness values increased as the amount of Al,O3
reinforcement in the FGM layers increases.
SPS ar 1050, 1400 and ® The maximum bending strength of was obtained in
AlwALO; (v =0, | 1450 °C under 40 MPa for o Flexural sample sintered at the highest temperature. ,
10, 20, 30, 40 | 10 min, heating at ~100 strength o At the lowest sintering temperature, the sample’s
vol.%) o . Fractﬁre fracture surface had many cracks and voids. [84]
(five-layer FGM) and cooling at ~130 °C. toughness o Sintering at 1400 °C preventéd grams‘from growing
and created weak boundaries, leading to cracks
between grains.

1.5. Thermal modeling of functionally graded materials

Analytical and numerical models are often used as an alternative or support to
experimental measurements for advanced composite materials. In the case of AMMC:s, such
approaches have been widely used to determine their effective thermal properties. Among the
most commonly applied analytical models for predicting effective thermal conductivity are the
Maxwell [85], Hasselman-Johnson [86] Bruggeman [87], Lewis-Nielsen [88] and Hashin-
Shtrikman [89]. Numerical approaches include the representative volume element (RVE)-based
finite element (FE) homogenization method [90,91], which accounts for factors such as inclusion
anisotropy, distribution, interfacial thermal conductance, and geometry. Popular numerical

models, which predict the effective thermal conductivity are comprehensively reviewed in [92].
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For evaluating effective thermal expansion, analytical models such as those proposed by
Schapery [93], Kurner [94] and Turner [95], are commonly applied. Additionally, numerical
modeling techniques, including two-dimensional (2D) micromechanical finite element method
(FEM) modeling [96] and three-dimensional (3D) FEM approaches [97]. have been developed
to simulate thermal expansion behavior. Similarly, the modeling of thermal residual stresses in

AMMC:s has been addressed in studies such as [25,34].

Due to the compositional and structural gradients in FGMs, the conventional
approximations and models used for traditional composites are not directly applicable.
Nevertheless, simple rules of mixtures (ROM), which are based on the volume fractions, thermal
properties of the individual components, and their distribution, are still commonly employed.
These include models such as the Voigt model [98], which assumes heat flow is parallel to the
layers and provides an upper bound for the effective thermal properties, and the Reuss model
[99], which assumes heat flow is perpendicular to the layers and provides a lower bound. Such
models have been widely adopted in the analysis of FGM structures [100]. For example, the
effective TC and CTE that are dependent on both temperature and position in a continuous

FGM of metal and ceramic are estimated using a simple rule of mixtures [101].

FGMs have microstructures that gradually change due to the gradation in the volume
fraction of their constituent phases. Micromechanical analyses of FGMs often depend on
estimations of the volume fraction and shape of the reinforcing phases. In general, material
property gradation in structures can 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 the inhomogeneous medium. Various homogenization techniques employed to
define the spatial distribution of the constituent phases, allowing for the evaluation of effective
material properties across the thickness of the FGM structure are power law function for FGM,
sigmoidal function for FGM, Mori-Tanaka scheme for FGM, and exponential function for
FGM. These techniques are discussed in detail in [102]. Thermal analysis of FGMs is performed
by appropriately modeling the temperature distribution through the thickness, as the material

properties vary along this direction and they are dealt with the following approaches.
1. Constant and linear variation

In the case of a constant temperature distribution, identical temperatures were assumed at the
top (Thot) and bottom (T,y4) surfaces. Conversely, for a linear distribution, a temperature
gradient was introduced by assigning different values to (Tpot) and (T;p14)- The thickness -

direction temperature variation can be expressed as [103]:

2Z+h

T, =Teoa + (Thot - Tcold)T (1.1)
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where T is the temperature at any point across the thickness (h) of the graded structure

through the coordinate direction Z.
2. Heat conduction equation in one-dimensional case

The nonlinear temperature variation is typically derived by solving the heat conduction
equation. Due to the assumption that material properties remain uniform along the plane of the
plate and vary only through the thickness, a one-dimensional heat conduction equation was
considered to be sufficient for performing the 2D thermal analysis [104]. The static steady state

one dimensional heat equation without heat flux is given by:

d—K+dTZ (1.2)
dz % dz ‘

where Tz is temperature as a function of position, K, is thermal conductivity in thickness

direction (z) of FGM
3. Heat conduction equation in three-dimensional case

Graded structures were evaluated for their static and dynamic responses by applying a simple
power-law variation to the volume fractions of their ceramic and metal components and 3-D
heat equation [105]:

oT 0°T o°T 0°T

—pCp = Kxﬁ—l_l{ya_yz—l_Kzﬁ

+ 1.3
o q (1.3)

. oT . . . . . .
where q is thermal flux, o s rate of change in temperature with respect to time, p is density,

C

p is specific heat at constant pressure, Ky, K;,, K, are thermal conductivity in the direction of x,

y, z of FGM respectively. For steady-state analysis of FGMs, the left-hand side of Eq. 1.3 is set

to zero.

Extensive research has focused on thermal conductivity and residual stresses in FGMs,
especially in multi-layered structures, helping to improve and optimize their thermal
performance. To compute effective thermal conductivity, several multiscale and numerical
methods have been developed to account for the graded microstructures. A multiscale modeling
approach was developed to predict the effective thermal conductivity of two-phase graded
particulate composites by considering pairwise thermal interactions within a graded RVE [106].
The method ensured the continuity of homogenized thermal fields using a transition function
and accurately captured the thermal profile across the graded region. In a similar approach, the
results indicated that the effective thermal conductivity distribution greatly depends on Kapitza

thermal resistance, particle size, and degree of material gradient using a self-consistent model

(107].

27



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 Al/Al,O3 composites [109]. 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 SiC-carbon FGM systems with through-thickness
gradation [110]. This model accounted for temperature-dependent 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 reliability for thermal response analysis in graded composites.

The evaluation of thermal residual stress has been extensively studied through layered
structures and gradient designs aimed at estimating or minimizing stress. An early analytical
solution employed Laplace transforms to solve the heat diffusion equation in up to three-layered
systems under specified boundary and initial conditions, and was later extended to handle eight-
layered FGMs subjected to stepwise front-surface heating [111,112]. Another analytical model
addressed transient heat conduction and the resulting thermal stresses in multilayered systems,
identifying optimal material compositions to reduce stress distributions [113]. The thermal
stress in Al/Al,Oz FGMs was further analyzed using a piecewise exponential gradation law [111],
revealing that transient thermal stresses were lower in multi-layered configurations than in
single-layer plates. In the context of Ni/Al,O3 systems, residual thermal stresses induced during
fabrication were investigated by comparing temperature-dependent 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 low-stress state [114]. A thermoelastic numerical model applied
to Al/SiC FGM system used Mori-Tanaka’s theory to identify optimal phase volume fractions
that minimized thermal stresses under service conditions [115]. For higher volume fraction of
ceramic this method was improved and presented in [116], in which employed multiple design
framework and considered the volume fraction effect to reduce the thermal residual stresses.
Further, a coupled thermomechanical finite element formulation was implemented in
ABAQUS™ for metal/ceramic FGM plates under plane strain conditions [117]. Using user-
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 further investigations. Most research reported in the
literature have focused on investigating composites and FGMs with microstructures exhibiting

regular geometrical shapes of inclusions. However, FGMs produced by powder metallurgy, often
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exhibit intricate, complex microstructures with varying particle distributions and porosity, and
there is a limited work that explores materials with such complex microstructures. To end this,
recently, a powerful non-destructive technique such as X-ray micro-computed tomography
(micro-XCT) was used to provide a 3D reconstruction of the composite microstructure. A step-
by-step methodology for using micro-XCT in numerical modeling of material properties of
metal-ceramic composite is presented in [118]. Micro-XCT was also used to investigate the
porosity and particles distribution in MMCs [119]. A FE analysis was combined with micro-
XCT images capturing the actual material microstructure to compute Young’'s modulus in [120].
However, reports on using micro-XCT to evaluate thermal conductivity and thermal residual
stresses in continuous or layered graded materials produced by powder metallurgy are still
limited. Therefore, in this work, 3D finite element models of the thermal conductivity and
thermal residual stresses are developed based on microcomputed X-ray tomography (micro-
XCT) images of actual material microstructures. The influence of porosity, thermal resistance,
and imperfect interfaces between the AlSil2 matrix and ceramic reinforcements (Al O3 or SiC)

is integrated into the numerical models o accurately predict the behavior of the composites and

FGMs.
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CHAPTER 2

MOTIVATION, GOALS, and RESEARCH HYPOTHESES

2.1 Motivation

The motivation to study the topic of thermal properties and thermal residual stresses in
graded Al-matrix composites reinforced with Al,O3; and SiC particle experimentally and by
numerical simulations resulted from the needs of the automotive industry to search for new
structural materials for the brake discs. Friction—based heat dissipation systems, such as
automotive brake systems, should have a combination of good strength, high coefficient of
friction, light weight, good wear resistance, good thermal performance, and low production cost.
An automotive brake disc is one of the structural elements working under the conditions of
intense friction, corrosion and increased temperature. The efficiency, durability, and heat
dissipation capability of a brake disc during braking are strongly influenced by both the operating
conditions and the intrinsic properties of the material. Brake discs must absorb a significant
amount of mechanical energy in a very short period of time, while being exposed to the
destructive effects of high temperatures and operating under high thermal loads. Fig.2.1 shows
thermal cracks propagating radially from the hat to the exterior of the disc made of grey cast
iron. The use of metal-ceramic composites in brake discs often leads to residual thermal stresses
due to the mismatch in thermal expansion coefficients between the metal and ceramic phases,
arising both during fabrication and under operating conditions. These stresses can cause cracks

to form at the interfaces which in turn can cause a disc to fail in service [91].

Fig.2.1 Ford (F-250) grey cast iron brake disc failure due to thermal cracking [121]. (This figure is

reproduced with permission from Elsevier).

Studies have demonstrated that introducing a gradient in the microstructure of the brake
disc material can substantially enhance the overall performance of the braking system [100]. This
helps to improve the wear resistance on the outer surface as combined with effective heat flux
dissipation of the graded system with high strength and low weight compared to brake disc

30



materials such as GCI currently used in the automotive industry. Furthermore, the use of a
metal-ceramic FGM brake discs may reduce thermal cracking and wear [122]. The metal core of
an FGM brake disc maintains strength, rigidity and quick dissipation of heat, whereas ceramic
is present on the outer surfaces to resist intensive wear and elevated temperature conditions. The
Al-matrix composites reinforced with ceramics AMMCs are designed for temperature
applications up to 450-500 °C. The properties of the AMMCs can change with temperature,
and the processing-induced thermal residual stresses can affect their performance. Therefore, a
thorough understanding of their thermal and mechanical behavior under operating conditions

is essential.

2.2 Goals, objectives, and research hypotheses

The materials fabricated and investigated in this thesis are AlSi12/Al,O3 and
AlSi12/SiC layered composites (FGMs) with a stepwise gradient of the Al,O3 and SiC volume
fractions. The main focus is on the thermal conductivity and thermal residual stresses due to
their impact on brake disc performance. While the wear behavior of the fabricated AMMC:s is
not the primary focus of this work, it is also examined given the potential application of these
materials to brake discs. Two ceramic powders, Al,O3; and SiC, which are commonly used in
automotive AMMC:s applications, are selected as the reinforcing phases in AlSil2-matrix FGMs
for a comparative analysis of thermal conductivity and thermal residual stresses in the produced
materials. Also, this study seeks to answer the question of whether the composites and FGMs
produced by HP and SPS exhibit significant differences in their thermal properties and thermal

residual stresses.

This dissertation has the following primary goals:

1. To fabricate the AlSi12/Al,O3 and AlSi12/SiC layered FGMs of high relative density

using powder metallurgy.

2. To experimentally evaluate the (i) thermal conductivity, (ii) processing-induced thermal

residual stresses, and (iii) wear resistance of the manufactured AlSil2/Al,O5; and

AlSi12/SiC FGMs using HP and SPS techniques.

3. To examine the influence of the sintering technique (HP vs SPS) and the material

microstructure on thermal conductivity, and processing-induced residual stresses, in

both FGMs.

4. To develop micro-XCT-based FEM models for the thermal conductivity and thermal
residual stresses of the FGMs taking into account the actual material microstructure and

imperfect interfaces.
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These goals will be accomplished through the fulfillment of the specific objectives listed below.

2.2.1 Experimental objectives

Materials processing

a) to prepare ungraded composite samples of AlSi12+vAl,O3 and AlSil12+vSiC with the
ceramic content v = 10, 20, 30 vol.% using two alternative sintering techniques, hot

pressing (HP) and spark plasma sintering (SPS);

b) to prepare FGM samples of AlSi12/Al,O3; and AlSi12/SiC consisting of two layers
(0/10 vol.%, 10/20 vol.% and 20/30 vol.% of ceramic reinforcement) and three
layers (10/20/30 vol.% of ceramic reinforcement) using HP and SPS;

c) to prepare reference materials AlSil2, Al,Oz, and SiC using HP and SPS to
determine the basic mechanical and thermal properties of the constituent materials.

Materials characterization

a) to characterize the microstructure of the fabricated materials using scanning electron

microscopy (SEM) and X-ray micro-computed tomography (micro-XCT);

a) to measure the thermal diffusivity and specific heat of the hot pressed and spark
plasma sintered samples of ungraded composites and FGMs in the temperature range

of 25-300 °C to determine their thermal conductivities;

b) to measure the processing-induced thermal residual stresses (TRS) in the metal and

ceramic phases of the ungraded composites and FGMs using neutron diffraction

(ND);

c) to examine the wear behavior of the outer layers of FGMs produced by HP and SPS.

2.2.2. Modeling objectives

1. to develop a FEM model for thermal conductivity using the micro-XCT images to
create meshes of finite elements which closely represent the microstructure of the
produced FGMs;

2. to develop a FEM model for thermal residual stresses in the AlSil2 matrix and

ceramic phase (Al,O3 or SiC) of the FGMs using FE meshes generated from the

micro-XCT images;

3. to validate the predictive capability of the above models using the experimental

measurements of TRS by neutron diffraction and thermal conductivity of the FGMs.
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2.2.3. Research hypotheses

After conducting a thorough review of the existing literature, the following research hypotheses

are formulated:

1.

The average thermal residual stresses in the metal and ceramic phases of sintered
AlSil12/Al,03 and AlSi12/SiC FGMs are lower than the corresponding TRS in the

ungraded composites.

The grain size of the metal matrix can affect the thermal conductivity of AlSi12/Al,O5
and AlSi12/SiC composites and FGMs.

The formation of interfacial compounds during sintering can affect the thermal
conductivity of the produced ungraded composites and FGMs.

The use of micro-XCT-based finite element models allows for the accurate prediction
of thermal conductivity and thermal residual stresses in AlSi12/Al,O3 and AlSi12/SiC
composites and FGMs, provided that the type and shape of the finite elements are
appropriately selected to represent the reconstructed microstructures closely.
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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 essential for achieving the
goals of the thesis. General methodology for the research work is shown in Fig.3.1. A
comprehensive chain of the interrelated research blocks “processing-characterization-
modeling” enables the determination of the pivotal impacts of the proposed FGMs on the

thermal conductivity and processing-induced thermal residual stresses under investigation.

Materials processing by powder metallurgy

Preparation of powder mixtures

}

Fabrication of FGMs

Hot Pressing (HP) Spark Plasma Sintering (SPS)

> Measurement of properties

A

Microstructure characterization

Scanning Electron Microscopy (SEM) Thermal residual stresses by Neutron

Diffraction (ND)

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)

Fig.3.1 General methodology for the research work.

3.1 Materials and processing

3.1.1 Materials

The two materials selected in this study are ungraded and stepwise graded AlSil12/Al,O3
and AlSi12/SiC composites. The AlSi12 alloy was chosen as the matrix material because it offers
excellent specific mechanical strength, light weight, and good corrosion resistance compared to
pure Al which make this material appealing for the automotive industry [123]. A commercial
powder of AlSil12 (NewMetKoch, average particle size 4.6 um, purity 99.99%) was used in the
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fabrication of the ungraded composite layers and layered FGMs. The composition of the raw
AlSi powder, approximately 12.1 wt.% Si and 87.9 wt.% Al closely matches that of the standard
commercial AlSil2 alloy (ENAC-44200). The SEM image and EDS spectrum of the AlSil2
powder are presented in Fig.3.2.

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

0.85M

Counts

0.68M

0.51M

0.34M
017M| o kan Si Ka
A A -

GDO"&O 13 26 39 5.2 6.5

Energy (keV)
(b)
Fig.3.2 (a) SEM image of as-supplied AlSil2 powder, (b) Corresponding EDS spectrum

The ceramic reinforcements used in the processing of AlSil2 matrix composites and
FGMs by powder metallurgy were aluminum oxide (Al,O3), also known as alumina, and silicon
carbide (SiC). These ceramic materials are stable within the specified working temperature range
and non-reactive with the aluminum alloys. They enhance the surface resistance, high specific
stiffness, strength and wear resistance of the aluminum alloys, making them suitable for modern
brake disc applications [12,124]. However, the thermal conductivity of Al,O3 and SiC ceramics
are quite different (i.e., Al,O3 = 33 W/mK (*) and SiC = 240 W/mK(*)). Therefore, the selection
of these two ceramic materials will make it possible to examine the effect of thermal conductivity
of the reinforcing phase on the thermal conductivity of the graded composites (AlSi12/Al,O3
and AlSi12/SiC).

Fig.3.3 shows SEM images of the as-received commercial powders of Al,Os;
(Goodfellow, average particle size 5.3 pm, purity 99.99%) and SiC (Goodfellow, average particle
size 10 um, purity 99.99%) used in this work. The average particle size of the raw powder was
measured using a Malvern Mastersizer 3000 particle size analyser with an attached
HydroMV2000 expansion unit.

* measured in-house on Al,O3 and SiCsinters.
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Fig.3.3 SEM images of the as-received ceramic powders: (a) Al,O3, (b) SiC.

The samples thicknesses of the single layer, two-layer, and three-layer materials were 1
mm, 2 mm, and 3 mm, respectively. The two-layer FGMs comprised two composite layers of
equal thickness with (i) O and 10 vol.%, (ii) 10 and 20 vol.%, (iii) 20 and 30 vol.% of ceramic
phase (Al;O3 or SiC). The three-layer FGM comprised three composite layers of equal thickness
with 10, 20, and 30 vol.% of ceramic particles (Al,O3 or SiC) embedded in the AlSil2 matrix
as shown schematically in Fig.3.4. In the following sections, the sample notation A, B, C, D, E,
F, and G shown in Fig.3.4 will be used. An indication of the ceramic reinforcement used in each

case will also be provided.
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Ungraded composites

10% vol. ceramic + 90% vol. AlSil2

Sample A Sample B Sample C

Two-layer FGMs

10% vol. ceramic + 90% vol. AlSil2

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

Sample D Sample E Sample F

Three-layer FGM

10% vol. ceramic + 90% vol. AlSil2

Sample G

Fig.3.4 Schematic representation of the layered AlSi12/Al,O3 and AlSi12/SiC materials studied in this
thesis, along with their notation. Samples A, B, C are ungraded composite samples with 10%, 20%, and
30 vol.% of Al,O3 or SiC. Samples D, E, F are FGMs made of two composite layers with 0/10vol%,
10/20vol.%, and 20/30vol.% of Al,O3 or SiC content. Sample G is a three-layer FGM containing 10,
20, and 30 vol.% of Al,O3 or SiC.

3.1.2 Processing

3.1.2.1 Preparation of powder mixtures

The starting powders were weighed in the specified proportions and placed in a container
inside a glove box (see Fig.3.5) in order to avoid contamination and oxidation. The 250 ml
containers with powder mixtures and @10 mm tungsten carbide grinding balls were then

mounted in a planetary ball mill Pulverisette 5 Fritsch (see Fig.3.6). To achieve a uniform
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distribution of ceramic particles within the AlSi12 matrix, a thorough optimization of the mixing
process was conducted, and the following set of parameters was finally applied: rotational speed
of 100 rpm, a ball to powder weight ratio (BPR) of 5:1, a mixing time of 5 hours, a milling
interval of 15 minutes, and a 45 minute break following each run. To ensure minimal oxidation
and maintain powder integrity, the powders were initially sealed in a glove box under an inert
atmosphere before milling. To facilitate effective dispersion and reduce agglomeration, the
containers were partially filled (half full) with heptane as a milling medium. Following the milling

process, residual heptane was removed by drying the powders in a vacuum oven.

Fig.3.6 Pulverisette 5 Fritsch planetary ball mill
starting powders (IPPT PAN). used to obtain powder mixtures (IPPT PAN).

3.1.2.2 Sintering

The powder mixtures were compacted and sintered using two alternative powder
metallurgy techniques, hot pressing (HP) and spark plasma sintering (SPS). Prior to sintering by
HP the green body was formed by cold pressing using uniaxial manual press PAREN, PLR-
25/25 (Fig.3.7) under a pressure of 100 MPa. The green compacts were then carefully stacked
in the HP die to form a single FGM sample. Hot pressing was performed in a Thermal
Technology LLC HP20-4560 FP34 hot press at IPPT PAN (see Fig.3.8 (a)). In parallel, the
sintering of the powder blends was carried out by SPS using the FCT Systeme GmbH device at
the Fraunhofer-IFAM in Dresden (see Fig.3.8 (b)). The HP and SPS processes were carried out
in a vacuum atmosphere using graphite molds. Once the pressure was released, the samples were

allowed to cool in the die case until they reached room temperature (RT).
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(a) Thermal Technology LLC hot press (IPPT PAN). (b) FCT Systeme GmbH device for spark plasma
sintering (Fraunhofer-IFAM, 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 with a relative density not less than 96%. Due to the substantial differences
in the melting points of AlSi12, Al,O3, and SiC, the process parameters were varied for the
fabrication of AlSi12/Al,O3 and AlSil12/SiC composites and FGMs. The process parameters
for HP and SPS are listed in Table 3.1 and depicted in Fig.3.9 and Fig.3.10.
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Table 3.1 Process parameters for sintering of AlSil12/AlOs and AlSi12/SiC composites and FGMs by

hot pressing (HP) and spark plasma sintering (SPS).

Material AlSi12/AL0s AlSi12/SiC

Process HP SPS HP SPS
Sintering temperature (°C) 560 502 560 5417
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 were carefully chosen and fine-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 material. For the AlSi12/SiC

composites, considering the high melting temperature of SiC (above 2830 °C) [125], 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 pressure of 40 MPa, to achieve better densification.

Spark Plasma Sintering (SPS)
700

= ==-Hot Pressing (HP)

Dwell (180 mins)

600 502 °C
g 500 Dwell (10 mins},’ -----------
% 400 ///Heating rate 5°C/min
% 300 HHeatg, fate 70°C/min
E; 200

100

Natural Cooling

X 560 °C

Natural Cooling

Time

Fig.3.9 The process parameters for HP and SPS of AlSi12/Al,O3 composites and FGMs.
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Fig.3.10 The process parameters for HP and SPS of AlSi12/SiC composites and FGMs.

3.2 Density measurement

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
X

% Relative density = 100 (3.1)

Theoretical density

The density of composite samples was evaluated using the Archimedes method. The
theoretical density of the composites was defined for the given volume contents, using the
density of AlSil2 = 2.656 g/cm’ calculated assuming the density of Al and Si equal 2.7 g/cm’,
2.33 g/cm’, respectively. The density of Al,O3, and SiC was equal 3.95 g/cm’ and 3.21 g/cm’,
respectively, as obtained from the experimental measurements on Al,Os and SiC sinters. The
immersion liquid was distillated water at a temperature of 22 °C, with a density of 0.9978 g/cm’.

3.3 Microstructure characterization

One of the general scientific goals of this thesis is to explore the impact of material,
microstructure on (i) thermal conductivity, (ii) processing-induced thermal residual stresses
through experiments and microstructure-based numerical modeling. The effect of
microstructure on the thermal conductivity and thermal residual stresses was examined by: (i)
considering two different types of ceramic reinforcement Al,O3 and SiC, (ii) optimizing the

sintering parameters (e.g., sintering temperature, sintering pressure, rate of heating, dwell time),
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(iii) varying the volume fraction of the ceramic reinforcement in the composite layers, and (iv)

employing two variants of sintering techniques (HP and SPS).

Characterization of the microstructure of the fabricated composites and FGMs was
performed by (i) SEM analysis, and (ii) micro-XCT scanning. Micro-XCT scanning was used to
reconstruct the 3D microstructure of the materials. The micro-XCT images were then used to

build finite element meshes for the FEM simulations.

3.3.1 Scanning Electron Microscopy (SEM) analysis
To analyze the microstructure of the AlSi12/Al,O3 and AlSi12/SiC composites and

FGMs by SEM, the samples were cut using a wire cutter at one-quarter of the diameter and
along the thickness of the layer. Next, the samples were ground and polished (see Fig.3.11).
Finally, the microstructure was analyzed using the ZEISS Crossbeam 350 system (Fig.3.12) with

a secondary electron detector and 5kV voltage.

HP samples —

SPS samples

Fig.3.11 Polished HP and SPS (AlSi12/Al,O3) samples Fig.3.12 ZEISS Crossbeam 350 SEM
for SEM analysis. system (IPPT PAN).

3.3.2 Micro-XCT analysis

The Nanotom M (Phoenix/GE) system was utilized to conduct X-ray micro-computed
tomography (micro-XCT), a technique proven to deliver high-resolution images for metal-
ceramic composite materials [118]. The micro-XCT experiments on a GE Phoenix Nanotom M
device (Fig.3.13) were carried out at the Materials Center Leoben (Austria). The 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 I mm’. For the 1 pm voxel size the source to target distance was 2.3

mm. [t was crucial to capture the contours between the AlSil2 grains and the ceramic grains
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accurately for the FE mesh generation. For example, segmented XCT data of AlSi12+vSiC (v =
10, 20, 30 vol.%) composites are shown in Fig.3.14. White color represents the AlSil2 matrix

and black color represents the ceramic inclusions (SiC). The sample dimensions were 1 x 1 x 1

mm3.

10 vol.% SiC+ 90 vol.% AlSil2 20 vol.% SiC+ 80 vol.% AlSi12 30 vol.% SiC+ 70 vol.% AlSi12

Fig.3.14 Examples of segmented micro—XCT data for AlSi12+vSiC (v = 10, 20, 30 vol.%) composites.

3.4 Thermal conductivity measurement

The thermal conductivity of the fabricated composites and FGMs was calculated as the
product of the measured density, thermal diffusivity, and specific heat according to Eq. 3.2 [126]

A= pxCyxD (3.2)

where: A is the thermal conductivity in W/mK, p is the density in g/cm’, Cp is the specific heat
in J/¢K, and D is the thermal diffusivity in mm?*/s.

The flash method (also known as Parker's method) [127], which became an ASTM
standard (E1461) [128], was used to measure thermal diffusivity. For this purpose, a modern
laser flash instrument Netzsch LFA 457 (Fig.3.15) at Fraunhofer-IFAM Dresden was used for
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non-contact measurement of thermal diffusivity on samples of approximately 3 mm in
thickness. The samples were placed in the sample changer positioned at the center of the device.
Throughout the experiment, a brief light pulse from a xenon lamp beneath the setup heated the
underside of the sample. An infrared detector monitored the temperature increase on the
opposite surface over time, allowing the calculation of the sample’s thermal diffusivity (D).
Schematic of the flash method is shown in Fig.3.16. Research studies [129,130] indicate that
175°C is appropriate for the temperature reached by pad materials during braking [123,131]. In
our study, thermal diffusivity measurements were performed in the temperature range of 25-
300 °C for the AlSi12/Al,O3 composite and in the temperature range of 25-500 °C for the
AlSi12/SiC composite in an argon atmosphere to cover the entire brake operating temperature

range.

Specific heat can be determined using a comparative approach, where measurements are
taken sequentially on two samples under same conditions: the test sample being studied and a
reference sample with known properties. Provided that the detection areas, as well as the
absorption and emission coefficients of both samples, are equivalent, the specific heat (C,) can

be calculated from the following expression based on the ASTM E1461-07, Annex X2 [132]:

Tref>< Q x 4 Xpreforef
T Qref Vref p L

where: T is voltage increase of the detector signal (corresponding to the temperature

C, = x Cf (3.2)

increase on the back side of the samples) in V, Q is energy on the sample (integral of the laser
pulse) in V, V is amplification factor, p is the density in g/cm’, subscript ref refers to the reference

sample.

The specific heat capacities (Cp, ]/kgK) of the starting powders AlSi12, Al;O3 and SiC

were measured using a differential scanning calorimeter (DSC 204 F1 Phoenix® at Netzsch
thermal analysis lab, Fraunhofer—-IFAM Dresden). It was measured for the temperature range of
-10° C to 400° C. The measured specific heat values for AlSil12, Al,Oz and SiC were verified by
comparison with the literature data [133]. For the AlSi12/Al,O3 and AlSil12/SiC; composites,
the specific heat capacity values were calculated from the measured data for AlSi12, Al,Ozand
SiC using the rule of mixtures (ROM).

It should be added that the accuracy of the calculated thermal conductivity (A) values is
estimated to be 5% for the larger sample sizes (> 1.5 cm’), and + 10% for the smaller samples
(< 0.9 cm’). These estimates are obtained by calculating the measurement uncertainty based on
the precision of the instruments used for the density, specific heat capacity, and thermal

diffusivity measurements.
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Fig.3.15 Thermal diffusivity measurement using Fig.3.16 Schematic of the flash method.
Netzsch LFA 457 (Fraunhofer-IFAM Dresden).

3.5 Coefficient of thermal expansion (CTE) measurement

The dilatometric experiments (continuous three cycles of heating and cooling with
intermediate holding for 30 mins) were performed using a thermal-mechanical analysis
equipment (Netzsch DIL 402 Expedis Classic dilatometer) (see Fig.3.17). The test specimens
were rectangular bars of about 15%5%3 mm’ (see Fig.3.18). A total of five specimens were used,
each with a different composition. For 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 specimen was
recorded using a thermocouple placed near the sample. The data 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 composites. The coefficients of thermal expansion were measured for
the temperature range of 25 °C to 500 °C, taking a reference temperature as 25 °C (RT). The

CTE measurements were performed on the following AlSi12+vSiC samples':

1. Ungraded composites AlSi12+vSiC (v= 10, 20, 30 vol.%).
Three-layer FGM (AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC)- longitudinal
direction.

3. Three-layer FGM (AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC)- transverse direction.

'Due to a limited research stay of the author at Fraunhofer-IFAM in Dresden and budgetary
constraints, the CTE measurements of the AlSil12+Al,O; composites and FGMs were not conducted.
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The direction parallel to the pressing direction is referred to as “longitudinal direction” and the

direction perpendicular to it is called a “transverse direction” (see Fig.3.18).

Longitudinal ‘ Transverse
direction I direction

3mm l for.

-—
- 53

-~

5mm

Fig.3.17 Netzsch DIL 402 Expedis classic dilatometer used  Fig.3.18 Dimensions of the specimens
for the measurement of CTE at Fraunhofer-IFAM used to measure the CTE.
Dresden.

All the composite samples were cycled thrice instantaneously from -60 °C 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 evaluating the change in the specimen’s length, AL(T) = L(T) - Lo, relative to its

original length Ly measured at room temperature:

1 dLM-Ly)
Lo dar

CTE = (3.3)

The instantaneous measuring uncertainty for the range of 50 °C to 500 °C was estimated to vary
from 0.4 x 10°/K (=2% error) to +0.07 x 10°°/K (=0.4% error) for a sample length of 3 mm
and an applied smoothing range of AT = 50 K. To assess the reliability of the CTE measurements,
a silica sample (99.9%) was evaluated at temperatures ranging from 25 to 300 °C. The measured

CTE values were found to be in close agreement with the established literature values for silica

[133].

3.6 Thermal residual stress measurement

Microscopic residual stresses induced in ungraded and graded AlSi12/Al,O3; and
AlSil12/SiC composites after cooling from the sintering temperature to RT were mainly caused
by the mismatch of the coefficients of thermal expansion (CTE) of the phase materials (see.
Table 3.2). Especially, the ceramic phases (Al;O3 and SiC) in the investigated composites and
FGMs are susceptible to unexpected cracking when subjected to local tensile stress fields.
Therefore, it was reasonable to determine the residual stresses both in the AlSil12 matrix and the
ceramic phases Al,O3 and SiC.
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Table 3.2 Thermal expansion coefficients of the AlSil2 matrix and the reinforcements Al,O3 and SiC.

AlSil2 AlLO3 SiC
CTE (1/deg) 23.7x10°° (*) 6.5x107 (*) 4.0x107 (**)

* measured in-house on AlSil12 and Al,Ojsinters, ** data from the powder producer.

Neutron diffraction (ND) offers several advantages over other residual stress measuring
techniques, including a significant penetration depth reaching up to a few hundred millimeters
(e.g., 100 mm for Al) [134]. Additionally, ND offers good resolution and enables three-
dimensional (3D) mapping of the internal micro-stresses within a material. Given these
advantages, ND was used to evaluate the thermal residual stresses (TRS) present in the ungraded

AlSil12/Al;O3 and AlSi12/SiC bulk composites, as well as the three-layer FGMs, each of which

had a thickness of approximately 3 mm.

The residual stresses were measured using the pulse overlap time-of-flight
diffractometer POLDI at the Swiss continuous spallation neutron source SINQ at the Paul
Scherrer Institute, PSI in Villigen [135,136] as shown in Fig.3.19. 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 (radial-z) and two within the plane of the specimen (axial-x and
transverse-y). The gauge volume used for these measurements was 5 mm?, ensuring precise
assessment of the specimens’ properties. The measurements were carried out for following

samples:
(i) AlSi12+vAl,O3 (v= 10, 20, 30 vol.%)- composites.

(ii) AlSi12+vSiC (v= 10, 20, 30 vol.%)- composites.
(iii)  Each individual layer in the three-layer FGM sample of AlSil12+vAl,O3 (v= 10, 20, 30

vol.%).

(iv)  Each individual layer in the three-layer FGM sample of AlSi12+vSiC (v= 10, 20, 30
vol.%).

] Powder measurements to obtain stress—free 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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Fig.3.19 Mounting of samples for the measurement of residual stresses using neutron diffraction (ND)
at Paul Scherrer Institute (PSI), Villigen. Switzerland.

By fitting Gaussian functions to the Bragg peaks in the reciprocal q-space, their precise
positions were obtained. With these values, and using Bragg’s law (A = 2d sin0) alongside the
equation d = 21/q, the strain in the material was determined as follows:

d;+d ;
_Gitdo @, (.4)

8.
' d 9o

where d is the unstrained interplanar distance of the considered lattice planes obtained
from the neutron diffraction measurements of pure powders (AlSil12, Al,Os3, SiC), q is the
corresponding Bragg peak position in the reciprocal space determined by the Gaussian fit of the
data obtained from the powder measurements, d; are measured interplanar distances in x, vy, z
directions (axial, transverse and normal) , and g; are the corresponding Bragg peak positions for

those directions, respectively.

Strain measurement orientations using neutron diffraction along three perpendicular
directions are shown in Fig.3.20.
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Fig.3.20 Measurement directions for neutron diffraction strain analysis in three orthogonal axes.
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Once the deformations in the tested materials are determined from Eq. 3.4, the thermal

residual stresses can be calculated using the Hooke’s law, namely:

Oy = A= ) [(1=v)ex +v(gy + &7)] (3.5)
oy, = A=z ) [(1=v)ey, +v(ex +&,)] (3.6)
oy [(1—v)e, +v(ex + &) (3.7

“aA-2v1+v)

3.7 Wear test

Materials choice for brake discs is significantly affected by 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 high-speed braking is the formation of scratches appearing
on the contact surface. This is due 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 in Section 2.2, this thesis focuses on the thermal properties and thermal
residual stresses of the AlSi12/Al,O3 and AlSi12/SiC FGMs, and the wear behavior is not the
main focus here. However, since the resistance to frictional wear is an important issue for brake
disc materials, some preliminary wear analysis of the fabricated AlSi12/Al,O3 and AlSi12/SiC
FGMs was performed. To investigate the wear behavior of the outer surface of the FGM samples,
a dry sliding wear test was performed using a flat-end cylindrical pin. This linear abrasive wear
test was selected because of a larger contact surface area than in a conventional ball-on-disc test,
which is more suitable for the intended application to brake discs. The measured wear resistance

was compared to a reference material sample prepared from a serial Brembo brake disc.

The pin-on-flat wear test was performed using a Taber Linear Abraser Model 5750 with
2 0.635 cm diameter flat end pin (H-10 Calibrade, Taber Industries) as shown in Fig.3.21. Prior
to the wear test, the surfaces of the samples were polished to mirror finish. The samples were
mounted in a special clamp to restrain any movement during the reciprocating stroking of the
pin on the sample (see Fig.3.22). Before each subsequent measurement, the friction surface of
the counter-sample (ceramic pin) was polished with 180-grit sandpaper. The parameters used
for the wear test are shown in Table 3.3. The applied pressure was equal to 0.62 MPa and was

constant during the test because of the flat-ended pin. This is approximately half the nominal
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pressure exerted on brake pads in passenger cars [137]. The stroke length and speed were

determined based on the sample dimensions and parameters of the Taber Linear Abraser 5750.

E Applied Load
L o l L

~—— Weight

_—

Stroke-length
adjusting unit

Sample Flatend pin

Reciprocating direction

Fig.3.21 Taber Linear Abraser - Model 5750 Fig.3.22 Scheme of the pin-on-flat wear set-up.
(IPPT PAN).

Table 3.3 The parameters of the pin-on-flat wear test using Taber Linear Abraser model 5750.

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

The wear rate was initially evaluated using the mass loss. The difference in the sample

mass measured before and after the test represents the mass loss due to wear. The specific wear

rate (SWR) is defined as follows:

Volume |
SWR = oume o [mm?/Nm)] (3.8)

Sliding distance x Normal force

where the volume loss is calculated from the measured mass loss and the material density.

In addition to evaluating the specific wear rate in the Taber test, the specimens were
analyzed by SEM to identify the wear mechanisms. Energy dispersive X-ray spectroscopy (EDAX)
analysis was also performed to determine the weight percentages of the elements present on the

wear track surface.
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3.8 Numerical modelling and simulation

The thermal conductivity and the thermal residual stresses of the AlSi12+vAl,O3 and
AlSi12+vSiC (v = 10, 20, 30 vol.%) composites and FGMs were modeled using the finite element
method (FEM) for both HP and SPS samples. The FEM approach requires meshed models to
perform numerical simulations. These mesh models were generated based on the actual
microstructure of the materials obtained from micro computed X-ray tomography (micro-
XCT). The process of building the FE mesh model for an FGM is shown schematically in
Fig.3.23. The first step shows the FGM sample used for the computer X-ray tomography
scanning, the second step shows the segmented XCT data capturing a volume of 100 x100 x 100
pum’. The third step shows the meshing of graded material from micro-XCT scans. The fourth
step shows the meshed data used for the modeling.

FGM sample Segmented XCT data Meshing of Meshed data for

graded material numerical simulations

Fig.3.23 Workflow schematic for FGM microstructure reconstruction highlighting the image

processing stages.

Micro-XCT enabled the direct reconstruction of the material’s real microstructure,
capturing the size, shape, and spatial arrangement of the reinforcing particles. The resulting
digital micro-XCT data were then utilized to create finite element (FE) meshes that accurately
replicated the samples’ microstructure, using the commercial image processing software
ScanIP/ScanFE (Simpleware Ltd., Exeter, UK) [138]. The tool builds a three-dimensional
representative volume element (RVE) that replicates the composite microstructure, comprising
the AlSil12 matrix and ceramic reinforcements (Al,Oz or SiC). The modeled phase volumes

accurately reflect the actual proportions corresponding to the real material.
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Meshes consisting of cubic and tetrahedral elements were generated based on the micro-
XCT data for accurate representation. Fig.3.24 shows that tetrahedral elements with additional
smoothing allow for a more accurate reconstruction of the microstructure, while cubic elements
lead to a poor representation of the actual composite microstructure. To accurately predict
thermal properties and thermal residual stresses in composite materials through numerical
modeling, it is essential to have a precise representation of the microstructure. Capturing the
intricate details and features of the microstructural architecture is the basis to obtaining reliable
simulation results and insights into the material's behavior. An improperly constructed finite
element mesh can severely compromise the accuracy of numerical modeling results. In the
context of thermal residual stress simulations, an incorrectly generated mesh can lead to the
appearance of spurious stress concentrations at unsmoothed grain boundaries or other
microstructural features. These stress concentrators can distort the calculation outcomes,
rendering the model predictions unreliable and potentially misleading. Therefore, meticulous
care must be taken during mesh generation, thereby ensuring the validity of the simulation

results.
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Fig.3.24 Exemplary finite element meshes based on the micro-XCT images of the AlSi12+20 vol.%
Al,O3 composite microstructure: (a) cubic elements, (b) tetrahedral elements, created using the

ScanlP/FE software.

Another important factor in representing the true microstructure is the accuracy of

volume fraction estimation using micro-XCT data. An effective way to evaluate this is by
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comparing the ceramic volume fraction in the composite sample to the volume represented by

the finite elements assigned to the ceramic phase within the model.

This can be assessed by comparing the volume fraction of the ceramic in the actual
composite with the volume occupied by the finite elements representing the ceramic material in
that composite, as summarized in Table 3.4. The volume fractions of Al,O3 and SiC derived
from the micro-XCT analyses closely match the nominal values of 10, 20, and 30 vol.% with

only minor deviations.

Table 3.4 Quantified ceramic volume fractions in the FE models constructed using micro-XCT scans

AlSi12+vAlL:Os (v = vol.%) AlSi12+vSiC (v= vol.%)

v=10 v=20 v=30 v=10 v=20 v=30

Ceramic volume fraction in 989 2111 2978 1031 2045  30.90
micro-XCT based FE mesh [%]

Selecting an appropriate RVE is a key challenge in thermal residual stress modeling.
Several techniques for identifying the RVE are presented in [139]. Based on the definitions
described therein, the following approach was proposed to determine the size of the RVE. A
finite element (FE) mesh was constructed that was large enough to replicate the actual
microstructure observed through SEM and micro-XCT imaging, ensuring that the phase volume
fractions of the composite were accurately preserved. The effective elastic properties of the
model, were then determined. Subsequently, smaller FE meshes were constructed, maintaining
the same phase composition and verifying the calculated Young's modulus remained consistent
with that obtained from the larger mesh. The smallest mesh that met these conditions was

identified as the appropriate size for the RVE.
Using the above approach, the RVE was defined with dimensions of 50 x 50 x 50

elements, matching to a volume of 50 x 50 x 50 pm?3. One voxel from a micro-XCT image was
represented by one cubic finite element of 1 x1 x1 pm’. A similar approach and future
applications of X-ray CT are reviewed in [140,141]. Finally, the FE model was implemented in

Abaqus™ [142] to calculate the heat flux and thermal residual stresses.

3.8.1 Thermal conductivity

The calculations of the thermal conductivity of the AlSi12+vAl,O3 and AlSi12+vSiC (v
= 10, 20, 30 vol.%) ungraded composites and FGMs were performed with the FE models

generated from micro-XCT scans of the microstructure of these samples using Abaqus™ [142].

Fig.3.25 shows the mesh models for the AlSil12/Al,O3 three-layer FGM.
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Eight-node hexahedral heat transfer elements were used for the cubic FE model, while
four-node tetrahedral heat transfer elements were employed for the tetrahedral FE model to
solve the linear Fourier heat conduction equation within a three-dimensional domain:

q = —Aeps AT (3.9)

where: q is heat flux, 4, is effective thermal conductivity, and AT = Tyor — Teo1a-

The temperature on the two opposite faces of the specimen was kept constant, wherein
one of the faces was assumed to be hot (e.g.,Tho:= 200), and the other face to be cold (e.g.,T¢o1a=

100). The remaining specimen’s faces were characterized by the adiabatic state.

30% vol. ceramic + 70%

vol. AlSi12

20% vol. ceramic + 80%

vol. AlSi12

10% vol. ceramic + 90%
vol. AlSi12

Fig.3.25 Tetrahedral mesh model of the three-layer FGM generated from micro-XCT images using
ScanlIP/FE software.

The effective thermal conductivity can be expressed as [143]:

q L

Aepf = — (3.10)
eIt A Thot - Tcold

where: L is the length of the specimen, A is the cross-sectional area, (Tjor — Teo1q) is the
temperature difference between the bottom layer and the top layer of the specimen, ¢ is the
overall heat flux obtained by integrating the fluxes across the inlet surface of the elements,
expressed as:

—f 22 4 (3.11)
1= A5 :
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Equations 3.10 - 3.11 were used for all the elements to calculate the heat flux and the effective
thermal conductivity. The thermal conductivities of the constituent materials, measured

experimentally at room temperature, are provided in Table 3.5.

With the steady state heat transfer conditions, the FE model was implemented to compute
the heat flux in each element. For the cubic element model, where all the elements are of same
volume, the average heat flux is calculated as a sum of the heat fluxes in all elements divided by

the number of elements (1) as shown in the Eq. (3.12).

<y
g = Z?ﬂ (3.12)
j=1

where n is the number of elements and ql-ji denote the components of the heat flux vector q.. gy,
and g, in the j" element.

For tetrahedral element model where the volume of every element is different, the

average heat flux is calculated from the following formula:

noopi. J
g =2 i (3.13)
j=1V

where v/is the volume of j* element and qui are the thermal fluxes q. g and g in the j" element.

The average heat flux q.. in the direction Z (thickness direction of the model/sample) is

considered in order to resemble the experimental measurements.

Table 3.5 Thermal conductivities of the constituent materials used in the numerical models.

Processing route Thermal conductivity (W/mK)

AlSi12 AlO:s SiC Pores (Air)
Hot pressing (HP) 204.8* 33.0* - 0.025
Spark plasma sintering (SPS) 188.0* - 240" 0.025

* measured in-house on AlSil2, Al,O3and SiC sinters.

3.8.2 Porosity

Porosity has a significant detrimental effect on the effective thermal conductivity and
strength of metal matrix composites. Pores or voids act as barriers to heat flow, reducing the
cross—sectional area available for heat conduction. This results in a lower effective thermal

conductivity compared to a fully dense AlSil2/SiC composite [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 effect [145]. Analytical models like the Hasselman-
Johnson, Maxwell model, and their modifications account for the effect of porosity by treating
pores as a second phase with very low thermal conductivity [144,146] In 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 measurements for Al,Oz, SiC, ungraded AlSil2+v
Al;O3 composites and AlSil12+vSiC (v = 10, 20, 30 vol.%) composites were implemented in the
finite element models. The FE meshes were generated from the micro-XCT scans of the actual
microstructure of the composites. Generally, micro-computed 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 selected randomly with the total volume of the porosity calculated from the
relative densities derived from the measured and theoretical densities of the corresponding
composites. It was assumed that pores were evenly dispersed throughout the AlSi12 matrix and
filled with air, with assumed thermal conductivity of 0.025 W/mK [147]. One of the
assumptions that pores were present only in the AlSil2 matrix, which was used in the finite
element modeling of thermal conductivity, was supported by the pore volume distribution

obtained by the gas adsorption method [148]. The results are discussed in detail in Section 4.1.

3.8.3 Interfacial thermal conductance

The imperfect interface between metal and ceramic phases in a composite material can
significantly influence its effective thermal conductivity. At the interface between metal and
ceramic, there exists an interfacial thermal resistance (ITR) or Kapitza resistance. Thermal
resistance at interfaces can occur in two distinct scenarios. When two phases do not make perfect
contact, the resulting resistance is termed "thermal contact resistance." However, even when the
contact between phases is perfect, some resistance still exists. In this case, the resistance is
referred to as "thermal boundary resistance." This resistance impedes heat flow across the
interface due to phonon scattering and electronic properties [149]. Determining the interfacial
thermal conductance at the microscopic scale for FGMs pose significant experimental

challenges, necessitating the use of sophisticated and specialized equipment [150].

The analytical estimation of the thermal conductivity of two-phase materials was derived
by Maxwell [85] using mean-field theory and has been frequently referenced by other researchers
thereafter. These studies are based on the assumption of perfect contact between the particles
and the matrix phase. Hasselman and Johnson [151] advanced the concept of interfacial thermal
barrier resistance, modifying Maxwell's formula, found the interfacial thermal conductance
between Al and SiC particles in a 40% volume fraction composite to be 147 MW/m?2K [47]. As

an alternative approach, the interfacial thermal conductance can be estimated through
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theoretical and analytical models and schemes like the Nan-Birringer model [152], and its
modifications account for the ITR by introducing an interfacial resistance parameter. These
models predict a reduction in the effective thermal conductivity with increasing ITR. Other
analytical scheme include the differential effective medium (DEM) scheme developed by
Bruggeman [153]. These theoretical frameworks provide a means to approximate the interfacial
thermal conductance without relying on complex experimental setups, although with inherent
assumptions and limitations. Numerical studies and finite element simulations have also
demonstrated that increasing ITR between the metal and ceramic phases leads to a decrease in

the overall effective thermal conductivity of the composite [91,154].

The calculations, based on the phonon incident on the interface and the energy carried
by the phonon, were performed using two models: the acoustic mismatch model (AMM) [155]
and the diffuse mismatch model (DMM) [156]. These calculations estimated the interfacial
thermal resistance between aluminum (Al) and aluminum oxide (Al,O3), as well as between Al

and silicon carbide (SiC), to be in the range of 10 to 10 m* K/W. Based on the AMM [157],

the interfacial thermal conductance (h.) can be calculated as:

(3.14)

2
Cin ) Pin X Cin X Ptran X Ctran

1
he = 5 Cp(pin X ¢ )(
¢c—2o P Pin m (Pin X Cin + Ptran X Ceran)?

tran
where Cp, is the specific heat of matrix, p is the density, ¢ is the phonon velocity. The subscripts
in and tran denote the incident side (i.e. matrix) and transmission side (i.e. ceramic),

respectively.

Using the Eq. 3.14, the interfacial thermal conductance (h.) between AlSi12 and Al,O3
was calculated. Taking, Pen=3950 kg/m’, C4qn=7038 m/s, the interfacial thermal
conductance is Ac(asi1z/a,05)=1.18¥10°W/m’K. Similarly, the interfacial thermal conductance
between AlSi12 and SiC was calculated taking pirqn= 3190 ke/m’ and ¢grqn = and 8519 m/s
[158], which gives hc(AlSilZ/SiC)=1‘06x108 W/m’K. For both cases the matrix was assumed as
pure Al, and the following values were adopted p;,= 2656 kg/m’, ¢;, = 3040 m/s [157], Cp =
899 J/kg.K;

In the FE simulations, the interfacial thermal conductance between two phases can be
easily implemented in Abaqus™ First, the contact between two surfaces (i.e., metal and ceramic)
must be defined by assigning the surface names to a contact interaction. In Abaqus™/Standard
simulations, this functionality is provided through the “Interactions” module [142]. Fig.3.26
displays yellow marks that visually indicate the contacts between the metal (AlSi12) and ceramic
(Al;O3 or SiC) phases, representing the spots where specific contact properties were applied
within Abaqus™.
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Fig.3.26 Abaqus™ FE model illustrating the interfacial contacts between AlSil2 matrix and Al,O3

reinforcement.

3.8.4 Thermal residual stress

Residual stresses arising during the cooling stage of HP and SPS sintering in both
ungraded AlSi12/Al,O3 and AlSil2/SiC composites, as well as FGMs, were evaluated using
numerical models built upon reconstructed real microstructures derived from micro-XCT data,

following the approach detailed in Section 3.8.3.

In the numerical simulations, the ceramic reinforcements were modeled as linear elastic
materials, whereas the AlSi12 matrix was represented using an elastic-plastic material model.
The material properties employed in the calculations are summarized in Table 3.6, with the

plasticity parameters for the AlSil2 elastic-plastic model listed in Table 3.7 sourced from
Ref.[159].

Table 3.6 Elastic constants and thermal expansion coefficients of the AlSil2 matrix and the ceramic
reinforcement Al,O; and SiC applied in the FEM analysis.

Material constant AlSi12 ALOs SiC
E(GPa) 70 % 380 ® 410 **
Poisson’s ratio 0.35%** 0.22 ** 0.15 =
CTE (1/deg) 23.7x10°%® 6.5%x10°™ 4.0x107°%

*kk

* measured in-house on AlSil12 and Al, O3 sinters, ** data provided by the powder producer, *** adopted

from [29].

To simulate the cooling process from 500°C to room temperature (20°C) within the
mold, boundary conditions were established where initially all surfaces were fixed and a pressure
of 30 MPa (for HP) or 40 MPa (for SPS) was applied on the top surface at a uniform temperature
of 500°C. Subsequently, while maintaining fixed surfaces, the applied pressure was removed,

and the temperature was set to 20°C to represent the cooling phase. Finally, all surfaces except
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the bottom were released to simulate sample removal after cooling. These conditions were
incorporated into the finite element model to calculate the resulting thermal residual stresses in

each element.

Table 3.7 Elastic-plastic properties of the AlSil2 matrix used in the simulations [159].

Stress [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

In the cubic element model, the average thermal residual stress is determined by

averaging the stress values across all elements, as shown in Eq. (3.15).

)
o = Z ﬁ (3.15)

where n is the number of elements and O'iji are the stress components oy, oy, and o, in the j*

element.

For the tetrahedral element model the average thermal residual stress is calculated from

the Eq.3.16

n j J
V) X Oz
=1 ii
iCilUT = ]n— (316)
R V)
Jj=1

where v/is the volume of j" element and Ui]i are the stress components 6x,, oy, and o, in the j*

element.
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RESULTS for AlSi12/Al;03 COMPOSITES and FGMs

4.1 Density measurements and porosity

The densities of the composite samples fabricated by HP and SPS were determined using

the Archimedes method (see Section 3.2). The relative densities were determined by taking the

ratio of the measured density of the composite sample to the theoretical density. Theoretical

density, measured density, resulting relative density and porosities of AlSi12/Al,O3; composites

consolidated by HP and SPS are listed in the Table 4.1.

Table 4.1 Densities and porosities of AlSi12/Al-Os composites consolidated by HP and SPS.

HP SPS
Theoretical | Measured Relative  Porosity | Measured Relative  Porosity
Material density density density (9] density density (9]
[¢/cm’] [¢/cm’] [%] [¢/cm’] (%]
AlSil2 2.656 2.654 99.940 0.060 2.653 99.902 0.098
AlSi12+10 vol.% Al,O3 2.787 2.718 99.676 0.324 2.711 99.424 0.576
AlSi12+20 vol.% Al,O3 2918 2913 99.812 0.188 2.906 99.572 0.428
AlSi12+30 vol.% Al,O3 3.050 3.038 99.609 0.391 2974 97.511 2.489
105
= 99.94 99.90 99.68 99.42 99.81 99.57 99.61
o 100 ¢ 77 7. 7, 777 9151
BN 7 7 Z
Z o5 f / / 7 /
3) L
g / / / 7
2 01 / / / /
.E / / / /
S-é 85 T / / / /
w0 | ﬁ 7 % 7
AlSil12 AlSi12+10 vol.%Al,03  AlSil12+20 vol.%Al,03  AlSil12+30 vol.%Al,05

@ HP OSPS

Fig.4.1 Relative densities of AlSi12/Al,O3 composites fabricated by HP and SPS.

The relative densities of the HP samples with 10, 20, and 30 vol.% Al,O3 exceeded
99.6%, while the SPS samples had slightly lower densities than the corresponding HP samples

(see Fig.4.1). This is due to the precisely optimized HP process parameters. A DSC analysis of
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the AlSi12 powder confirmed its melting point to be near 590 °C. Hence, the selection of a
sintering temperature of approximately 560 °C for the HP process just below the melting

threshold promoted an effective densification of the composite without melting.

On the other hand, the sintering temperature in the SPS process, set at 502 °C, was
significantly lower than that of the HP process in order to avoid melting of AlSil2 powder at a
much higher SPS heating rate of 70 °C/min compared to HP (5 °C/min). Higher heating rate
causes a higher temperature gradient during heating facilitated by a pulsed direct current passing
through the center of the material. As a result, the heat transfer begins at the center of the sample
and progresses outward, potentially melting the AlSi12. Additionally, while the SPS process
applied a higher pressure of 40 MPa compared to 30 MPa in the HP process, the relative densities
of the SPS samples with 10, 20, and 30 vol.% Al,O3 were slightly lower than those of the
corresponding composites produced by the HP. The sample with 30 vol.% Al,O3 (SPS), could
not achieve a density comparable to that of the other samples. This was because the higher
amount of ceramic content, the lower sintering temperature, and rapid exposure to temperature
created voids between the densely packed ceramic particles (see Fig.4.5 (c)). As a result, the

relative density reached only 97.5% as shown in Fig.4.1. However, the relative densities of the

FGMs were approximately 99.7% for both HP and SPS samples.

To assess the nano-porosity within the sintered powders, the initial AlSil2 and Al,O3
powders were characterized using the gas adsorption method. Measurements carried out with
the AutoSorbiQQ Quantachrome analyzer verified the presence of nanopores in both powders.
The total pore volumes per unit mass, measured across a diameter range of 0.35 to 375 nm (close
to the instrument's limits), are presented in Table 4.2. Notably, the total nanopore volume in
the matrix is approximately fivefold greater than in the Al,O3 phase. This finding supports the
assumption made in the numerical modeling of thermal conductivity (refer to Section 3.8.2).that

pores were primarily present in the AlSil2 matrix (HP).

Table 4.2 Nanopore volume and mean pore size in AlSil2 and Al:Os powders as determined by the gas

adsorption analysis.

Sample Total pore volume (cm’/g) Average pore diameter (nm)
AlSil12 (HP) 0.078 4.40
AlLOs 0.015 5.82

4.2 Microstructure analysis

The microstructure of AlSi12/Al,O3 composites and FGMs was analyzed using scanning
electron microscopy (SEM) and micro-computed X-ray tomography (micro-XCT) as described
in Section 3.3. Additionally, Energy Dispersive X-ray Spectroscopy (EDS) was employed to
analyze the chemical composition of the unreinforced aluminum alloy (AlSil12). To facilitate
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comprehensive observation, samples were sectioned both parallel and perpendicular to the
gradient direction. Microscopic examination was performed with the primary objective of
evaluating the overall quality of the microstructure. Key areas of focus included the interface
quality (assessing the integrity of the bond between the metallic and ceramic phases) and defect
identification (detect and characterize various microstructural imperfections, such as residual
porosity, cracks, grain size, etc.). These defects were of particular interest due to their potential
negative impact on the thermal conductivity and their influence on the thermal residual stresses
induced during the processing. A comprehensive evaluation of the cross-section of the gradient
material was performed to assess the continuity of connections between adjacent composite

layers, examining the transition zones between gradient material compositions.

4.2.1 Microstructure analysis of unreinforced AlSil12 samples sintered by HP and SPS

SEM analysis was performed on unreinforced AlSil2 samples sintered by HP and SPS to
examine differences in their microstructure. The analysis revealed significant variations in the
grain sizes of Al and Si in the unreinforced AlSil2 matrix sintered by HP and SPS (see Fig.4.2).
The observed differences in the microstructure of the AlSi12 (HP) and AlSil12 (SPS) samples
were due to different process conditions, the heating rates, and the maximum sintering
temperature being the most important factors (refer to Fig.3.9 and Fig.3.10).

Additionally, the interface between silicon (Si) and aluminum (Al) grains in ungraded
AlSil2 sample was examined in high-magnification SEM observation. The results showed that
a well-defined and smooth interface between the Si and Al grains was observed in pure AlSil2
sintered by HP (Fig.4.3).

2 um

(a) (b)
Fig.4.2 SEM images of AlSil2 alloy samples consolidated via (a) HP and (b) SPS without ceramic

reinforcement.
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Fig.4.3 Microstructure of hot—pressed AlSi12 showing Si and Al grain boundaries (left) and the
corresponding EDS mapping (right).

4.2.2 Microstructure analysis of AlSi12/Al,03 composites and FGMs

The SEM micrographs of the single layer composites fabricated by HP and SPS are
presented in Fig.4.4 a-c and Fig.4.5 a-c, respectively. All of the micrographs reveal a
homogeneous microstructure characterized by an even distribution of ceramic grains (light
phase) within the AlSil2 matrix (dark phase). The interface between the ceramic and metallic
phases is smooth indicating good bonding. The SEM images on the right side of Figs 4.4 and
4.5 show nearly perfect adhesion. This adhesion is used as a perfect—contact assumption at the
interfaces for modeling purposes. However, the observation also uncovered the presence of
occasional voids between the densely packed Al,O3 grains (see Fig.4.5 (c)), which lead to a lower
sintered density and material properties of the SPS samples. In particular, some protrusions are
visible on the surface, which are attributed to scratches on the AlSil2 matrix due to polishing
during sample preparation for SEM analysis. No micropores or voids or cracks were observed in
the microstructure of the 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 AlSil12 matrix (more details are provided in Section 4.1).

The seamless transition between the composite layers shown in Fig.4.6 a-d, which occurs
during the sintering of the FGMs, accounts for the development of a metallurgical bond. This
bond ensures structural integrity between layers with a stepwise gradient of the ceramic (Al,O3)

content in the continuous matrix (AlSi12).
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(c) AlSi12+30 vol.% Al,O4
Fig.4.4 Microstructures of the etched surface of hot-pressed (HP) AlSi12-Al,Oz composites: (a)
AlSi12+10 vol.% Al,O3, (b) AlSi12+20 vol.% Al,Os, (c) AlSi12+30 vol.% Al,Os.
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(c) AlSi12+30 vol.% Al,O3

Fig.4.5 Microstructures of the etched surface AlSi12/Al,O3 composites produced by SPS: (a) AlSi12+10
vol.% Al,Os3, (b) AlSi12+20 vol.% Al,Os3, (c) AlSi12+30 vol.% Al,Os.

65



AlSi12+20% vol. ALLO; “id
n\ e 3

L

: 4 Lad .
&N 9.
N AlSi12+30% vol. ALO,

ey

B AlSi2+30%vol ALO;, B

(a) 2-layer FGM (AISi12+20 vol.%
A1203/A18112+30 vol.% Aleg)

(b) 2-layer FGM (AISi12+10 vol.%
A1203/A18112+20 vol.% A1203)

AlSil2

-

10 pm

&t
AlSi12+10% vol. Al,O;

~ )

(c) 2-layer FGM (AlSi12/AlSi12+10 vol.% d) 3-layer FGM (AlSi12-10/20/30 vol.%
Aleg) A1203)

Fig.4.6 SEM micrographs of the interlayer regions in the HP-consolidated AlSi12/Al,O3 composites.
(a)-(c) show the microstructure of two-layer FGMs, and (d) the microstructure of the three-layer FGM.
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4.3 Thermal conductivity of AlSi12/Al;O03 composites and FGMs

4.3.1 Experimental evaluation of thermal conductivity

Thermal conductivity was determined from the measured thermal diffusivity, specific
heat capacity, and the density of the fabricated ungraded composites layers and the FGMs. The
detailed methodology is presented in Section 3.4. The thermal conductivity of the AlSil12 sinter
was measured using the flash method over the temperature range from RT to 300 °C. A
noticeable discrepancy was observed in the thermal conductivity measurements at room
temperature (RT) between pure AlSil2 sintered by HP (204.8 W/mK) and pure AlSil2 sintered
by SPS (188.0 W/mK). As illustrated in Fig.4.7, this difference is particularly significant at RT

but diminishes progressively, disappearing entirely as the temperature exceeds 250°C.

210 +
z . 0. g
2 200 ¢ ® [
2 o | O 8 0 o)
5190 f O O
g E 2
SS 180 ¢
£ = 170 i3 ®-- AlSi12 Experimental (HP)
g C
ﬁ 160 O--- AlSil2 Experimental (SPS)
150 i
0 50 100 150 200 250 300 350

Temperature [°C]

Fig.4.7 Temperature-dependent thermal conductivity of unreinforced AlSil2 consolidated via HP and
SPS, measured between RT and 300 °C.

The discrepancy in thermal conductivity between the HP samples and the SPS samples
of AlSil2 can be attributed to the following reasons:

1. Larger grain sizes. The SEM analysis revealed that the HP-sintered AlSil2 samples had
a larger average grain size (2.80 pm) compared to the SPS samples (1.69 pm) (refer Fig.4.2). The
grain size measurement procedure followed the ASTM E112 standard [128]. Larger grains
produced by HP have higher intrinsic thermal conductivity than finer grains [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 bonds. The interfaces between Al and Si grains in the HP-
consolidated AlSil2 samples are smooth and free of defects or pores (see Fig.4.3). This
contributes to enhancing interfacial bond strength, which in turn increases the thermal
conductivity of the sample [161].
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It is noteworthy that the porosities of both AlSi12 samples are comparable (0.060% for the HP
sample and 0.098% for the SPS sample, as detailed in Table 4.1). This observation indicates that
porosity is not the primary factor contributing to the observed discrepancy in thermal

conductivity between the two AlSil2 samples, as illustrated in Fig. 4.7.

Table 4.3 shows the thermal conductivity measurements of the AlSi12/Al,O3 composite
samples and the FGMs produced by HP and SPS, with different Al,O3z volume fractions. These
measurements were obtained using the flash method over the temperature range from RT (25°C)

to 300°C.

Table 4.3 Thermal conductivity (A) measurements of AlSi12/Al:Os composites and FGMs reinforced with
different volume fractions of alumina: sample A (AlSi12+10%ALOs), sample B (AlSi12+20%Al-0s),
sample C (AlSi12+30%Al0:s), sample D (two-layer FGM: 100%AISi12/AlSi12+10%Al:0s), sample E
(two-layer FGM: AlSi12+10%Al0s/AlSi12+20%Al20s), sample F (two-layer FGM:
AlSi12+20%Al05/AlSi12+30%Al03), sample G (three-layer FGM:
AlSi12+10%A10s3/AlSi12+20%Al03/AlSi12+30%Al0s).

Thermal conductivity of HP samples, A [W/mK]

Single layer Two-layer Three-layer
(FGM) (FGM)
T [°C] Sample A Sample B Sample C Sample D Sample E Sample F Sample G
25 169.99 138.75 123.69 180.86 162.31 136.73 147.09
50 167.25 138.32 122.55 181.11 160.07 136.13 146.72
100 166.34 134.80 119.76 178.01 159.27 133.58 143.54
150 165.02 134.30 118.91 176.93 157.62 132.42 142.73
200 163.44 131.62 116.45 175.25 155.02 129.62 140.45
250 164.22 129.36 113.66 175.09 155.69 127.14 138.11
300 163.98 129.43 112.78 175.54 154.32 126.84 137.51
Thermal conductivity of SPS samples, A [W/mK]
Single layer Two-layer Three-layer
(FGM) (FGM)
T [°C] Sample A Sample B Sample C Sample D Sample E Sample F Sample G

25 141.33 118.14 95.41 165.04 133.05 110.58 119.89
50 142.21 119.94 97.13 166.04 133.30 110.55 118.90
100 144.53 120.54 97.90 165.02 134.42 110.17 119.34
150 144.99 120.94 97.42 168.53 138.07 110.66 117.86
200 146.29 120.34 96.84 169.12 138.11 109.97 116.44
250 147.51 120.04 96.46 170.02 139.29 109.62 117.34
300 148.89 120.58 94.88 171.31 140.72 108.78 116.42

68



As the volume fraction of Al,Oj3 increases, the thermal conductivity of the composite
samples A, B, and C decreases. This trend is consistent for both HP and SPS samples across the
entire temperature range, with a more pronounced effect at lower temperatures (see Fig.4.8) It
also shows that the thermal conductivity of samples sintered via HP is consistently higher than
that of their SPS samples. This disparity can be attributed to two factors: (i) the lower thermal
conductivity of the AlSi12 matrix material in SPS compared to HP (as shown in Fig.4.7), and
(i) the higher porosity of SPS samples relative to HP samples, as indicated in Table 4.1. It should
also be noted from Fig.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.
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Fig.4.8 Results of thermal conductivity measurements of the single layer composite samples with 10, 20,
and 30% of Al,O3 (samples A, B, and C in Fig. 3.4) fabricated by HP and SPS in temperature range from
RT to 300°C.

The trend observed in single-layer composites (samples A, B, and C) is also seen in the
two-layer FGMs (samples D, E, and F in Fig. 3.4) sintered by HP and SPS, as shown in Fig. 4.9.
Importantly, the two-layer samples D (100%AISi12/AlSi12+10%Al,03) fabricated by HP and
SPS, manifested the highest thermal conductivities among all the tested AlSi12/Al,O3 samples.
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Fig.4.9 Results of thermal conductivity measurements of two-layer FGMs (sample D, sample E, and
sample F in Fig.3.4) fabricated by HP and SPS in the temperature range from RT to 300 °C.

A key observation was made for the three-layer FGM sample G, having compositions
of 10, 20 and 30 vol.% Al,O3, produced using both HP and SPS methods, when compared to
the two-layer sample F, which contained 20 and 30 vol.% Al,O3. Throughout the entire
temperature range tested, the three-layer FGM demonstrated a consistently greater thermal
conductivity than the two-layer FGM (see Fig.4.10).
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Fig.4.10 Comparison of thermal conductivity measurements for the two-layer FGM (sample F) and the
three-layer FGM (sample G in Fig.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 the heterogeneous medium, knowing the
thermal conductivity and volume fraction of the constituents. These are known as effective
medium theories (EMT) or effective medium approximations (EMA) which belong to the class
of mean-field theories. These include the Maxwell model [85], the Rayleigh model [162], the
Lewis-Nielsen model [88], the Woodside-Mesmer model [163], Bruggeman's general effective
medium theory [164], the Hashin-Shtrikman bounds [165], Voigt's bounds [98], Reuss's bounds
[99], the Hasselman-Johnson model [151], and more. In this study, the following well-known
models were selected to analytically determine the effective thermal conductivity of composites

with varying inclusion volume fractions.

1. The Voigt and Reuss bounds

The Voigt and Reuss bounds based on the general rule of mixtures, provide the simplest
estimates of effective material properties, yet they remain the most widely used. They apply 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 (Eq. (4.1)), while the Reuss bound is used when heat flows
perpendicular to the layers (Eq. (4.2)):

1L Amhe

where V;,,, V. denote volume fraction of matrix, volume fraction of ceramic, while 4,, and A,

stand for thermal conductivity of matrix and thermal conductivity of ceramic, respectively.

2. The Hashin-Shtrikman bounds

Hashin and Shtrikman [165] formulated their bounds using variational principles of
thermomechanics to derive the narrowest bounds 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 upper bounds are expressed as:
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3. The self-consistent method

The self-consistent scheme approximates the effective thermal conductivity of a
heterogeneous composite material when it is treated as a homogeneous equivalent medium. It
assumes each phase in the composite is embedded in an effective medium whose thermal
conductivity needs to be determined. This effective medium is considered self-consistent
ensuring that the thermal behavior of each phase (e.g., heat conduction) matches the overall
response of the composite when averaged over the entire material. Based on the assessment of
the self-consistent approximation the evaluation of conductivity of particulate composite A is

expressed as [166]:

eff)l I V(A — eff)l

A
o L'l (Ac +22ef)]  1Am(Ac + 22epy) (4.5)

The results derived from the analytical models basically do not account for porosity. The
experimental thermal conductivities of the ungraded AlSi12/Al,O3 composites with 10, 20 and
30 vol.% Al,O3 fraction fabricated by HP lie between the Hashin-Shtrikman bounds. They are
closer to the upper bound and the self-consistent estimate (see Fig.4.11). The experimental
thermal conductivities of the ungraded AlSi12/Al,O3 composites with 10, 20 and 30 vol.%
Al;O3 fabricated by SPS lie well within the Voigt-Reuss bounds. However, they are aligned with
the Hashin-Shtrikman lower bound and deviate significantly from the self-consistent model
(see Fig.4.12). This difference is primarily due to the higher porosity of the SPS samples
compared to the HP samples, as shown in Table 4.1.
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Fig.4.11 Comparison of the analytical approximations and experimental data of the effective thermal
conductivity of ungraded AlSil12/Al,O3 composites with different Al,O3 volume fraction, fabricated by

HP.
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Fig.4.12 Comparison of the analytical approximations and experimental results of the effective thermal
conductivity of ungraded AlSil12/Al,O3 composites with different Al,O3 volume fractions, fabricated by

SPS.
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For the analytical estimation of effective thermal conductivity of FGMs, the following

models were considered.
4. The Mori-Tanaka method

The Mori-Tanaka method [167] is an analytical approach to predict the effective thermal
conductivity by modeling a composite as a matrix containing multiple inclusions. It begins with
a single spheroidal inclusion under far-field 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 enables accurate estimation of effective thermal conductivity, even in complex,
multidisperse systems. The effective thermal conductivity of multilayered materials can be

evaluated as shown in the expression (4.6), [168]:

Vin

14V, + (’1’"—;’%) (4.6)
C

Aeff =+ Am —4) +
3

5. The Reuss approximation

The Reuss approximation [99] gives the simple analytical estimation of the thermal
conductivity of layered composite structures, which assumes no interactions between adjacent
layers. The maximum effective thermal conductivity was derived from the experimentally
measured thermal conductivities of the individual layer materials. The formula for calculating
the effective thermal conductivity of n layers arranged in series and oriented perpendicular to
the thermal conductivity measurement direction is provided in the following equation:

tesr

Aerr =
L L L
Lttt 4.7)

The comparison of the Mori-Tanaka method and the Reuss approximation of the
effective thermal conductivity of the two-layer and three-layer AlSi12/Al,O3; FGMs fabricated
by HP and SPS with the experimental results is shown in Fig.4.13 and Fig.4.14, respectively. It
can be seen that the Reuss approximations align very well with the experimental data, both for
the HP and SPS samples. Consequently, the Reuss model, which assumes composite layers
connected in series, emerges as a reliable and efficient tool for approximating the thermal

conductivity of layered FGMs.
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Fig.4.13 Comparison of the analytical approximations and experimental results of the effective thermal
conductivity of two and three layer AlSil12/Al,O3; FGMs fabricated by HP, with different volume
fractions of Al,O3 in each layer.
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Fig.4.14 Comparison of the analytical approximations and experimental results of the effective thermal
conductivity of two and three layer AlSil2/Al,O3 FGMs fabricated by SPS, with different volume
fractions of Al,Osz in each layer.

4.3.3 Numerical evaluation of thermal conductivity

The thermal conductivity of the ungraded AlSi12+vAL,O (v = 10, 20, 30 vol.%)
composites and two and three—layer FGMs was evaluated numerically by FEM using micro—XCT

images of the actual material microstructure to generate mesh models. The complete details on
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mesh generation and numerical simulations are provided in Section 3.8. The micro-XCT-based
FEM model was used to calculate the heat flux in each element. Both cubic and tetrahedral
elements were employed to numerically analyze the effect of the element type on the effective
thermal conductivity of the ungraded composites and the FGMs. From the graphical
representation in Fig.4.15, the tetrahedral elements used in the FE model provide more accurate
numerical results for A, in both HP and SPS composites. Consequently, the cubic model was
excluded from further simulations of the effective thermal conductivity. All subsequent

numerical results presented in the following were derived from the tetrahedral mesh model.
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Fig.4.15 Comparison of the predictive capability of the cubic element vs. the tetrahedral element micro-
XCT-based FEM models used to calculate the effective thermal conductivity of ungraded AlSi12/Al,O3
composite layers with different alumina volume fractions, fabricated by (a) HP and (b) SPS.

To accurately evaluate the thermal conductivity (TC), interfacial thermal conductance
was considered at the interface between the matrix and the inclusions in the micro-XCT FEM
model. Implementation of interfacial thermal conductance (h.) in the FE model was explained
in Section 3.8.3.

In the modeling, an interfacial thermal conductance value of 1.80x10°% W/m’K was used
for the interface between Al and AlOs, as reported in [169]. This value was obtained using
interfacial conductance modal analysis (ICMA) and the atomistic Green's function (AGF)

method. The results were validated by comparing them with experimental data from time-
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domain thermoreflectance (TDTR) measurements [170, 171], as well as with predictions from

the diffuse mismatch model (DMM) [172].

The comparison of the thermal conductivity obtained from the micro-XCT-based FEM
model with the experimental data for the ungraded AlSi12+vAL,O (v = 10, 20, 30 vol.%)
composites is shown in Fig.4.16. For the two-layer and three-layer FGMs fabricated by HP and
SPS the comparisons with the experimental data are shown in Fig.4.17 and Fig.4.18,
respectively. In the case of ungraded composites (Fig 4.16), the micro-XCT-based FEM model
demonstrates exceptional accuracy in predicting the experimental data for all the samples, with
a relative error of less than 4%. Also, for the two-layer and three-layer FGMs, a good agreement
is observed between the numerical simulations and the experimental results, with a relative error
of less than 6%. The error bars shown in Fig.4.16, Fig.4.17 and Fig.4.18 indicate a 5% margin
of error, representing the uncertainty of measurements and precision of the instruments and

used to measure thermal diffusivity by the flash method.
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Fig.4.16 Comparison of the micro-XCT-based FEM model with the experimental results of the thermal
conductivity at RT of AlSi12+vAlLO (v = 10, 20, 30 vol.%) composites fabricated by (a) HP and (b)
SPS.
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Fig.4.18 A comparison of the thermal conductivity at RT obtained from the micro-XCT-based FEM
model with the experimental data for the two-layer and three-layer AlSi12/Al,O3 FGMs produced by
SPS.
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4.4 Thermal residual stresses in AlSi12/Al,O3 composites and FGMs

4.4.1 Measurement of thermal residual stresses

The samples used for measurement of the thermal residual stresses (TRS) were the
ungraded AlSi12+vAl,O3; (v = 10, 20, 30 vol.%) composites and the three-layer FGM
(AISi12+10%Al1,03/AlSi12+20%Al,03/AlSi12+30%Al,03). Neutron diffraction (ND) was
used to evaluate the TRS. The measurements were conducted at the Paul Scherrer Institute (PSI),
Villigen, Switzerland. The TRS generated during the cooling phase of the HP or SPS sintering
process were primarily due to the mismatch in the coefficients of thermal expansion (CTE)
between the metal and ceramic. The coefficients of thermal expansion (CTE) of metal matrix
(AlSi12) and ceramic reinforcement (Al,O3) are listed in Table 3.6.

The results of the TRS measurements in the ungraded composites and FGM are depicted
in Fig.4.19 as average stresses for (a) the metal matrix (AlSil12), and (b) Al;O3 reinforcement. In
the case of the FGM, each TRS data point in Fig.4.19 a-b represents the average stress within a
particular layer of the graded structure. The measurements indicate that the average stresses in
the reinforcing phase (Al,O3) are compressive (negative sign), while the stresses in the AlSil12
matrix are tensile (positive sign). The data for the Al,O3 phase in the ungraded composites and
FGMs with 10 vol.% Al,Oz content are not included due to the poor quality of the Bragg peaks

in this case caused by the low ceramic phase content.
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Fig.4.19 The average TRS from the neutron diffraction measurements for: (a) the AlSil2 matrix in the
ungraded AlSi12+vALLO; (v = 10, 20, 30 vol.%) composites and the three-layer FGM
AlSi12+10%Al1,03/AlSi12+20%Al,03/AlSi12+30%Al,O3; (b) the Al,O5 reinforcement in the
ungraded AlSil12+vAl,Oz (v = 10, 20, 30 vol.%) composites and the FGM. The data points for the FGM
(triangles) represent the average TRS in AlSil2 or Al,Oj3 in each layer of the FGM.
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From the neutron diffraction measurements of TRS in AlSi12/Al,O3; composites and

three-layer FGM, the following key observations can be made:

1. As the volume fraction of the ceramic particles (Al,O3) in the composites and FGM
increases, the average tensile TRS in the metal matrix and the average compressive

TRS in the ceramic reinforcement increase.

2. The average TRS in the layers of the FGM is lower than that of the corresponding
ungraded composites with the same ceramic volume fraction. This trend is observed
for both the AlSil12 matrix and the Al,O3 reinforcement.

3. The average TRS in the AlSil2 matrix demonstrates a nearly linear increase with the
rising volume fraction of Al,Osz (10, 20, 30 vol.%) for both ungraded composites
and the three-layer FGM.

4.4.2 Numerical evaluation of thermal residual stresses

The FE mesh models based on the actual microstructure of the materials obtained from
micro-XCT were prepared for all the ungraded composites and the FGM in which the thermal
residual stresses were measured by neutron diffraction. The size of the RVE was chosen to be 50
x 50 x 50 elements, which corresponds to a volume of 50 x 50 x 50 um’. The mesh models used
for the composite materials and the three-layer FGM are shown in Fig.4.20 and Fig.4.21,
respectively. The thermal residual stresses in the ASil2 matrix and Al,O3 reinforcement were
calculated for cooling from 500 °C to room temperature (20 °C). The side displacements and
other constraints were assumed to replicate the conditions of the cooling process in the mold,

as described in Subsection 3.1.2.2. The details of the TRS numerical modeling are presented in
Section 3.8.4.

Y

=4

z X

AlSi12+10%Al,03 AlSi12+20%Al,03 AlSi12+30%Al,03

Fig.4.20 The micro-XCT-based FE meshes used in the numerical simulations of TRS in the ungraded
composites AlSil12+vAl,O3 (v = 10, 20, 30 vol.%). Red represents the AlSil2 matrix, while white

represents the reinforcing alumina grains.
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Fig.4.21 The micro-XCT-based FE mesh model used in the numerical simulations of TRS in the AlSil2
and Al,O3 phases of the AlSi12+10%Al,03/AlSi12+20%Al,03/AlSi12+30%Al,03) FGM. Red

represents the AlSil12 matrix, while white represents the reinforcing Al,O3 grains.

A comparison between the TRS results obtained from the numerical model based on the
actual material microstructure (micro-XCT-based FEM model) and the results from the
neutron diffraction measurements shows that the model predicts the experimental TRS data
with remarkable accuracy (see Fig.4.22). This confirms the efficacy of using micro-XCT images
to create FE meshes in the numerical models of TRS behavior in the ungraded AlSil12/Al,O3
composites and the FGM. Analyzing the experimental results in Fig.4.22 a-b, it is evident that
the average TRS in the FGM layers are approximately 10% lower than the residual stresses in
the corresponding ungraded composites. It should be noted that the uncertainty of the neutron
diffraction measurement was less than 5% for all the materials that were tested. Consequently,
it can be concluded that, on a macroscopic level, the average TRS due to cooling in the graded
composite was consistently lower than that in the ungraded bulk composite. The reduced
thermal residual stress in the AlSi12/Al,O3 FGM compared to the corresponding ungraded
composites offers significant advantages for the material's mechanical performance. Lower
residual stresses can enhance key mechanical properties such as flexural strength and fracture
toughness. This is achieved by minimizing the probability of stress—induced cracking, thus
improving the material's ability to withstand mechanical loads. Furthermore, the mitigation of
residual stress resulting from graded composite architecture is a notable benefit for potential
applications of the AlSi12/Al,O3; composites in automotive brake discs, where materials are

exposed to cyclic thermal and mechanical stresses.
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Fig.4.22 A comparison of the average thermal residual stress from the ND measurements with the micro-
XCT-based FEM results for: (a) the AlSil2 matrix of ungraded composites AlSi12+vAl,O3 (v= 10, 20,
30 vol. %) and the FGM; (b) the Al,O3 reinforcement of the ungraded AlSil12+vAl,Oz (v= 20, 30 vol.%)
composites and the FGM. The data for the 10 vol.% Al,Os3 in figure (b) are not included due to the poor

quality of the Bragg peaks caused by the low ceramic content.
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RESULTS for AlSi12/SiC COMPOSITES and FGMs

5.1 Density measurements and porosity

Two fabrication programs were conducted to produce AlSil12/SiC samples for specific
tests: one set for thermal conductivity measurements and another set for evaluating thermal
residual stresses. The powder blends were consolidated using cylindrical graphite molds with
different inner diameters adapted to the respective tests. To produce samples designated for
thermal residual stress measurements, molds with an inner diameter of 33 mm were used, while
for samples prepared for thermal conductivity measurements, molds of 20 mm inner diameter
were taken. This variation of mold diameters was essential to ensure that the sample dimensions

met the requirements of the corresponding measuring devices.

The relative density of the HP and SPS composite samples was evaluated using the
Archimedes method (see Section 3.2). The theoretical density of the composites was determined
using the density of AlSil12 = 2.656 g/cm’, and the density of SiC = 3.21 g¢/cm’ The latter was
obtained from the measurements on pure SiC powder that was sintered in a hot press at 1450°C
for one hour under 30 MPa, which resulted in a pore-free material. The theoretical density,
measured density, relative density and porosity of AlSi12/SiC composites consolidated by HP for
TRS measurements are listed in Table 5.1. The data for AlSi12/SiC composites consolidated by
HP and SPS for the thermal conductivity measurements are displayed in Table 5.2.

Table 5.1 The relative density of AlSi12/SiC samples consolidated by HP (for TRS measurements).

Theoretical density Measured density  Relative density Porosity

Material lo/cm’] l/cm’] (%] (9%)]
AlSi12+10 vol.% SiC 2.706 2.698 99.704 0.296
AlSi12+20 vol.% SiC 2.762 2.750 99.566 0.434
AlSi12+30 vol.% SiC 2.818 2.804 99.503 0.497

Table 5.2 The relative density of AlSi12/SiC samples consolidated by HP and SPS (for TC measurements).

HP SPS
Material Theoretical Measured Relative Measured  Relative
density density density density density
[o/cm’] [o/cm’] (%] lo/cm’] (%]
AlSi12+10 vol.% SiC 2.724 2.680 98.368 2.598 95.383
AlSi12+20 vol.% SiC 2.718 2.726 98.116 2.661 95.806
AlSi12+30 vol.% SiC 2.832 2.776 98.009 2.710 95.694
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The relative density of the hot—pressed samples fabricated in 33 mm diameter molds was
above 99.5% (see Table 5.1). This achievement is due to the well-tuned hot—pressing (HP)
parameters that facilitated flawless sintering. In contrast, the relative densities of the hot—pressed
samples sintered using molds with a 20 mm inner diameter, which also contained 10, 20, and
30 vol.% SiC, were around 98%. This small difference between the two sets of samples is
primarily due to slight variations in the HP process parameters caused by differing climate

conditions and thermocouple calibration.

The relative densities of the SPS samples using molds with an inner diameter of 20 mm,
containing 10, 20, and 30 vol.% SiC, were around 95.0%, which is significantly lower than the
approximately 98% achieved by HP samples. This disparity is due to two reasons: (1) the
insufficient densification of the AlSi12 and SiC powder blends during the SPS process, where
the sintering temperature was set at 547 °C (lower than the HP sintering temperature of 560
°C), and (2) the SPS process employed a much higher heating rate of 70 °C/min compared to
the slower rate of 5 °C/min used in HP. While the temperature of 547 °C was adequate for neck
formation during the diffusion process between the soft metal particles (AlSil2), it was
insufficient to complete the expected bonding between the metal and hard ceramic (SiC)
particles. This limitation arises from the significant difference in melting temperatures between
these materials: AlSi12 has a melting point of approximately 590 °C, as confirmed by differential
scanning calorimetry (DSC) measurements on the AlSil2 powder, while SiC has a much higher
melting temperature exceeding 2,830 °C [125]. It is interesting to note that, despite the SPS
process employing a higher pressure of 40 MPa compared to the 30 MPa used in the HP method,
the resulting composites with 10, 20, and 30 vol.% SiC exhibited lower relative densities than
their HP-processed counterparts (see Table 5.2).

5.2 Microstructure analysis

5.2.1 SEM analysis
The microstructure of ungraded AlSi12+vSiC (v=10, 20, 30 vol.%) composites and the three-

layer FGM was analyzed using scanning electron microscopy (SEM) and micro-computed
tomography (micro-XCT). The methodology is described in Section 3.3. To enable thorough
observation, samples were sectioned both parallel and perpendicular to gradient direction. 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 SEM micrographs of the ungraded composites and FGMs fabricated by HP and SPS

are shown in Fig.5.1. They reveal a homogeneous microstructure characterized by an even
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distribution of ceramic grains (light phase) within the AlSi12 matrix (dark phase). The interface
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
AlSil12 matrix caused during the polishing process in preparation for SEM analysis. Few micro

pores and cracks are observed in both HP and SPS samples.

The seamless transition between the composite layers in the FGMs shown in Fig.5.2 and
Fig.5.4 which occurs during the sintering of the FGMs, accounts for the development of a
metallurgical bond. This bond ensures structural integrity between layers that have stepwise

graded ceramic (SiC) content in the continuous matrix (AlSi12).

5 =
(c) AlSi12+30%SiC

Fig.5.1 SEM micrographs of the etched surface of the ungraded AlSi12/SiC samples sintered by HP: (a)
AlSi12+10%SiC, (b) AlSi12+20%SiC, (c) AlSi12+30%SiC.
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Fig.5.2 SEM micrographs of the interlayer regions in the HP-consolidated two—layer and three—layer
AlSi12/SiC FGMs: (a) AlSi12+10%SiC/AlSi12+20%SiC, (b) AlSi12+20%SiC/AlSi12+30%SiC, and (c)
AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC.
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(c) AlSi12+30%SiC
Fig.5.3 SEM micrographs of the etched surface of the ungraded AlSi12/SiC samples sintered by SPS: (a)
AlSi12+10%SiC, (b) AlSi12+20%SiC, (c) AlSi12+30%SiC.
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Fig.5.4 SEM micrographs of the interlayer regions in the SPS-consolidated two—layer and three—layer
AlSi12/SiC FGMs: (a) AlSi12+10%SiC/AlSi12+20%SiC, (b) AlSi12+20%SiC/AlSi12+30%SiC, and (c)
AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC.
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5.2.2 XRD and TEM analysis

A phase composition analysis of the composite containing 30 vol.% SiC was conducted
using X-ray diffraction (XRD). The analysis revealed the presence of the following phases: Al,
Si, ALOs, and Al4Cs. (see Fig. 5.5). The most intense diffraction peaks corresponded to Al, Si,
and SiC. The peaks corresponding to Al;Os and Al4Cs matched those reported in the literature,
indicating their possible presence at the interfaces between the Al-Si and AlSi—SiC phases.
However, due to the limitations inherent in the XRD dataset, the formation of these compounds
could not be definitively confirmed. Therefore, the TEM experiments were needed to get a

conclusive identification of compounds present.
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Fig.5.5 XRD spectrum for AlSi12+30 vol.% SiC fabricated by hot pressing with possible peaks of Al,O3
and AlL,C; ( to be confirmed by TEM).

In the SPS process, 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 Al,O3, where it changes from one crystal structure to another at high temperatures [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 fabricated by HP. These are primarily

located at the aluminum grain boundaries and also at the interface of Al and SiC (see Fig. 5.6).
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Fig.5.6 TEM micrograph of AlSi12+30 vol.% SiC and EDS elemental maps showing the distribution
of Al, Si, C, and O.

The composition of the thin layer of oxide has been analyzed in detail. Figure 5.7
illustrates the microstructure featuring a Al,Ogz thin layer (=20 nm), accompanied by EDS

mapping and area-specific elemental analysis to reveal its composition.
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Fig.5.7 TEM image, EDX elemental maps, and spot analyses of the Al2Os layer in the AlSi12+30% SiC
composite. Spectra (A), (B), and (C) correspond to EDX area analyses conducted in zones A, B, and C,
respectively.
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Important conclusions can be drawn from this analysis:

1. A higher content of Al and O in the selected area B (Fig.5.7) confirms the presence
of the oxide layer (Al,O3). This is evident from the EDS map and EDX area B. This
finding aligns with earlier studies on the composites produced via hot pressing of Al-

SiC nanocomposites [51].

2. The presence of an oxide layer (Al.Os) surrounding the aluminum (Al) grains and at
the interface between aluminum (Al) and silicon carbide (SiC) is evident, as indicated

by the yellow color in Fig.5.6.

3. There was no silicon (Si) in the aluminum (Al) grains (area C in Fig.5.7) and no

aluminum (Al) in the silicon (Si) grains (area A in Fig.5.7).

4. No indication of aluminum carbide (Al4C;) was observed through the TEM analysis.

5.3 Thermal conductivity of AlSi12/SiC composites and FGM

5.3.1 Experimental evaluation of thermal conductivity

Similarly as for AlSil2/Al,O3 composites, the thermal conductivity was determined
from the measured thermal diffusivity, specific heat capacity, and the density of the fabricated
ungraded composite samples and the FGMs. The detailed methodology is presented in Section
3.4. The thermal conductivity measurements for ungraded AlSi12+vSiC (v = 10, 20, 30 vol.%)
composites and three-layer FGM, obtained using the flash method in the temperature range
from RT to 500 °C, are summarized in Table 5.3.

The experimentally determined thermal conductivities of AlSil2 and SiC are 204.8
W/mK and 240 W/mK, respectively. Therefore, according to the rule of mixtures (ROM), the
thermal conductivity of AlSi12/SiC composites was expected to increase with the volume
fraction of SiC. However, contrary to this expectation, the experimental results revealed a
decreasing trend in thermal conductivity with increasing SiC content. Similar observations have
been reported by other researchers [46,52,173,174]. As illustrated in Fig.5.8, an increase in SiC
volume fraction — 10% in sample A, 20% in sample B, and 30% in sample C — corresponds to
a decrease in thermal conductivity of the composite. This 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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Table 5.3 Thermal conductivity (A) measurements of the HP and SPS sintered ungraded AlSi12+vSiC (v
=10, 20, 30 vol.%) composites and three-layer FGM in the temperature range of 25 °C (RT) -500 °C.
Sample labels (A, B, C, G) denote: sample A (AlSi12+10%SiC), sample B (AlSi12+20%SiC), sample C
(AlSi12+30%SiC), sample G (three-layer FGM AlSil12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC).

T [°C] Thermal conductivity of HP samples, A [W/mK]
Ungraded composites Three-layer FGM

Sample A Sample B Sample C Sample G
25 178.140 129.336 120.517 141.653
50 174.760 129.852 119.612 141.381
100 168.002 130.954 115.564 137.063
150 160.728 129.967 112.474 136.327
200 157.204 128.521 108.566 132.627
250 152.033 127.853 105.837 129.282
300 147.595 126.426 102.513 128.730
350 144.701 124.373 100.175 125.696
400 140.348 122.759 97.578 121.942
450 135.814 119.495 94.366 120.461
500 131.813 115.297 91.925 116.166

T [°C] Thermal conductivity of SPS samples, A [W/mK]

25 153.523 148.469 137.206 142.757
50 154.009 147.180 135.813 142.268
100 152.610 144.182 132.648 139.226
150 151.844 142.169 128.238 137.589
200 149.007 139.213 125.205 134.794
250 148.404 136.315 121.423 132.042
300 147.139 135.235 118.818 131.271
350 146.768 132.654 117.376 128.378
400 143.980 129.902 114.185 124.371
450 140.536 127.572 110.765 123.124
500 137.535 123.632 108.363 119.073
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Fig.5.8 Results of thermal conductivity measurements for the ungraded composites AlSil2 +vSiC (v =

10, 20, 30 vol.%) fabricated by HP and SPS, in the temperature range RT to 500°C.

The reduction in thermal conductivity can be primarily attributed to the following factors:

1. The presence of residual porosity of approximately 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 (Al,O3) 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 (refer to Section 5.2.2). These oxide films act as thermal barriers, impeding

efficient heat transfer across grain boundaries thus reducing the thermal conductivity.

[t is noteworthy that for the three-layer FGMs (sample G in Table 5.3) 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 range RT-500 °C (see Fig.5.9).
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Fig.5.9 Results of thermal conductivity measurements for the three-layer FGMs (samples G in Table
5.3) fabricated by HP and SPS in the temperature range from RT to 500°C.

5.3.2 Analytical estimation of thermal conductivity of AlSi12/SiC three-layer FGM

For the analytical estimation of thermal conductivity of the three—layer FGM

(AISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC), the Reuss approximation was used. The
results for the FGM samples sintered by HP and SPS are presented in Fig.5.10 and Fig.5.11,

respectively.
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Fig.5.10 Comparison of the Reuss approximations with experimental results of the effective thermal

conductivity of three-layer AlSi12/SiC FGM fabricated by HP.
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Fig.5.11 Comparison of the Reuss approximations and experimental results of the effective thermal

conductivity of three-layer AlSi12/SiC FGM fabricated by SPS.

It is observed that the Reuss approximation of the effective thermal conductivity of AlSi12/SiC
three-layer FGM fabricated by both HP and SPS was very close to the results obtained from the
experimental measurements by the flash method. Therefore, 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 of the thermal conductivity of the AlSi12/SiC composites and FGMs was
performed mainly to investigate the influence of interfacial thermal resistance caused by the
Al,O3 layers surrounding the AlSi12 and SiC grains on the overall thermal conductivity. This
was achieved by comparing two models: one that accounted for the interfacial thermal resistance
offered by the Al,O3 layers (see Fig.5.12 (b)), and another that did not consider any thermal
resistance at the AlSil12-SiC interface (see Fig.5.12 (a)).

It is recalled that a thin film of Al,O3 surrounding the AlSil2 and SiC grains in the
AlSi12/SiC microstructure was identified through TEM analysis; however, these films were too
thin to be captured by micro-XCT. To account for these layers, contact interfaces were defined
between AlSil12 and SiC, with the contact thickness proportional to the Al,Oj3 film thickness of
about 10 nm (refer to Fig.5.7). An appropriate interfacial thermal conductance value of 38.46
MW/m2K [175], measured using a transient thermoreflectance technique, was assigned.
Implementation of the interfacial thermal conductance (h.) in the FE model is explained in

Section 3.8.3.
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(a) (b)

Fig.5.12 The micro-XCT FEM model of AlSi12+30vol.%SiC composite fabricated by HP: (a) with the
interfacial thermal resistance at the at the AlSi12-SiC interface included; (b) without the interfacial
thermal resistance.

Figure 5.13 presents a comparison of the results for the thermal conductivity at room
temperature of the AlSi12/SiC composite samples fabricated by HP, obtained from the FEM
model with and without the interfacial thermal resistance (ITR) accounted for, with the
experimental measurements by the flash method. The same comparison for the AlSil12/SiC
composite samples fabricated by HP is plotted in Fig.5.14.

As shown in Fig.5.13 and Fig.5.14, the FEM model, which does not consider the
interfacial thermal resistance of the Al;Os 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 experimentally observed trend. In contrast, the FEM model
which accounts for the interfacial thermal resistance of the Al;Os layer, shows a declining trend
in thermal conductivity with increasing SiC content, and closely matches the experimental data
for 10, 20 and 30 vol% of SiC. This indicates that the interfacial thermal resistance of the Al,O;
layer plays a significant role in limiting the heat transfer. This trend also holds true for the three-
layer FGM (refer to Fig.5.15) where interfacial thermal resistance is a key factor influencing

thermal conductivity.
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Fig.5.13 Influence of the interfacial thermal resistance (ITR) of the ALOs layer on the thermal
conductivity at room temperature (RT) of the AlSi12/SiC composites fabricated by SPS as a function of
the SiC volume fraction.
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Fig.5.14 The influence of interfacial thermal resistance (ITR) of the AlLOs layer on the thermal
conductivity at RT of the AlSil12/SiC composites fabricated by HP as a function of the SiC volume

fraction.
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Fig.5.15 The influence of the interfacial thermal resistance (ITR) of the Al,O3 layer on the thermal
conductivity at RT of the AlSi12/SiC three-layer FGMs produced by HP and SPS.

5.4 Thermal residual stresses in AlSi12/SiC composites and FGMs

5.4.1 Measurement of thermal residual stresses

To assess thermal residual stresses in ungraded AlSil12+vSiC (v = 10, 20, 30 vol%)
composites and the three-layer FGM, neutron diffraction (ND) measurements were conducted

at the Paul Scherrer Institute (PSI) in Villigen, Switzerland.

The samples were fabricated by hot pressing at 560 °C, with a heating rate of 5 °C/min,
applying 30 MPa pressure, and held for 3 hours. Samples were allowed to cool freely in the
furnace from the sintering temperature (560 “C ) to room temperature without any load. The
resulting residual stress field during the cooling was primarily due to the mismatch in the
coefficients of thermal expansion (CTE) between the AlSil2 and SiC. The coefficients of
thermal expansion (CTE) of metal (AlSi12) and ceramic (SiC) are listed in Table 3.6.

The average residual stress from the ND measurements in the ungraded composites and
FGM are depicted in Fig.5.16 for (a) the AlSil12 matrix, and (b) SiC reinforcement. For the
FGM, each TRS data point in Fig.5.16 a-b represents the average stress within a particular layer
of the graded structure. Similarly as in AlSi12/Al,O3 composites and FGMs, the average TRS
in are compressive in the reinforcing phase (SiC) and tensile in the AlSi12 matrix. Measurements
from the 10 vol.% SiC in Fig.5.11 (b) are not included as a result of the insufficient resolution

of the Bragg peaks.
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Fig.5.16 The average TRS from the ND measurements for: (a) the AlSil2 matrix in the ungraded
composites  AlSil2+vSiC (v = 10, 20, 30 vol%) and the three-layer FGM

AlSil12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC; (b) the SiC reinforcement in the ungraded
AlSi12+vSiC (v = 10, 20, 30 vol.%) composites and the FGM. The data points for the FGM (triangles)
represent the average TRS in AlSil12 or SiC in each layer of the FGM.

Three key observations were made from the neutron diffraction measurements of TRS in

AlSi12/SiC composites and three-layer FGM:

1. As the volume fraction of the SiC reinforcement increases, the residual stress in the
AlSil2 matrix exhibits higher tensile stress, while the ceramic phase SiC experiences

higher compressive stress.

2. The average residual stresses in the layers of the FGM are reduced in comparison with
the average TRS in the ungraded composite having the same SiC volume fraction.
This effect is observed for both the AlSil12 matrix and the SiC reinforcement.

3. The average TRS in the AlSil2 matrix of the AlSi12/SiC ungraded composites
increases nonlinearly as the volume fraction of SiC increases (see. Fig.5.16 (a)). This
is at variance with the AlSi12/Al,O3 case, where this relationship was nearly linear

(see Fig.4.19 (a)).

5.4.2 Numerical evaluation of thermal residual stresses

The FE mesh models were prepared from the micro-XCT experiments for all the
AlSi12+vSiC (v = 10, 20, 30 vol%) composites as well as the three-layer FGM. Residual stresses
in these materials were measured using neutron diffraction (ND). The dimension of the RVE
was chosen to be 50 x 50 x 50 elements, which represents to a volume of 50 x 50 x 50 pm’. The
numerical mesh models used for the AlSi12+SiC composites and the three-layer FGM are
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shown in Fig.5.17 and Fig.5.18, respectively. To conduct the numerical simulation, the thermal
stress within the material was calculated for a temperature range of 500 °C to room temperature
(20 °C). The side displacements and other constraints were considered to replicate the
conditions during the sintering process using the mold and die, as described in the materials
and methods Subection 3.1.2.2. The numerical modeling of the computation of TRS are
presented in details in the Section 3.8.4.

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

Fig.5.17 The micro-XCT—-based FE meshes imported to numerical simulations of TRS in the ungraded
composites AlSi12+vSiC (v = 10, 20, 30 vol.%).

AlSi12+30 vol.% SiC

AlSi12+20 vol.% SiC

AlSi12+10 vol.% SiC

Fig.5.18 The micro-XCT—-based FE mesh used in the numerical simulations of TRS in the AlSi12/SiC
three-layer FGM.

The micro—XCT=based FEM model was used to simulate thermal residual stress
distributions. The ceramic reinforcement was modeled as linear elastic, and the AlSil2 matrix
was modeled as elastic-plastic (see Section 3.8.4 for details). Exemplary results of the TRS

numerical simulations in the ungraded AlSi12/SiC composites are shown in Fig.5.19 a-f.
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Fig.5.19 Distributions of the thermal residual stress (ox) in the AlSil2 matrix (a, ¢, e), and the SiC
reinforcement (b, d, f), obtained from the micro-XCT-based FEM simulations for the AlSil12+vSiC (v=

10, 20, 30 vol.%) ungraded composites.
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Fig.5.20 Distributions of thermal residual stress (o) in the AlSi12 phase (a) and the SiC phase (b),
obtained from the numerical simulations for three-layer FGM

(AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC).

The excellent agreement between the numerical predictions from micro-XCT-based
FEM models and the neutron diffraction measurements as shown in Fig.5.21. validates the
accuracy of the microstructure-based simulation approach. This highlights the central role of
the micro-XCT based FE meshes in the numerical models of the TRS behavior in the ungraded
AlSi12+vSiC (v= 20, 30 vol.%) composites and the FGM. It is evident that the TRS in the FGM
layers are approximately 10% lower than the TRS in the corresponding ungraded composites,
considering the neutron diffraction measurement uncertainty error is less than 5% for all
materials. Moreover, the micro-XCT-based FEM model successfully captured both the
nonlinear behavior of average TRS in the AlSil2 matrix for the ungraded composites with 20
vol.%SiC (as shown in Fig.5.18a), and the linear TRS response observed for the 30 vol.%SiC
(Fig.5.18b), further demonstrating the model’s capability to accurately predict TRS in the AlSil2

matrix of ungraded composites across different ceramic contents.

101



@ Composites (Experimental) @ Composites (Experimental)

O Composites (FEM) O Composites (FEM)
B FGM (Experimental) B FGM (Experimental)
OFGM (FEM) OFGM (FEM)
250 - -400
20 k 420
210 é -440
_ 190 -460 £
rﬁ 170 -é E -480 _é
=z I = ¥ -
£ 150 _- (£ -500 -- g
=130 o ~ 520 f
mo £ E | 540 £ bl
0 E 60 k g
70 F -580 E
0 10 20 30 40 10 20 30 40
vol.% SiC vol.% SiC
(a) (b)

Fig.5.21 Thermal residual stress comparison between experimental data and FEM results for (a) the
AlSil2 matrix in ungraded AlSil12+vSiC (v = 10, 20, 30 vol.%) and FGM, and (b) the SiC reinforcement
in ungraded AlSil12+vSiC (v = 20, 30 vol.%) composites and FGM.

5.5 Coefficient of thermal expansion of AlSil12/SiC composites and
FGMs

As mentioned in Section 3.5 The dilatometric experiments were carried out for three
continuous cycles of heating and cooling with an intermediate holding for 30 mins from -60 °C
to 500 °C using a thermal-mechanical analysis equipment. For example, a relative change in
specimen length and a temperature vs time plot for the hot pressed ungraded AlSi12+20%SiC
composite is shown in Fig.5.22.
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Fig.5.22 Relative change in the length of sample and temperature vs time during the dilatometric

experiments of hot-pressed ungraded AlSi12+20%SiC composite.

As already mentioned in Section 3.5, the measurements were performed in the

longitudinal and transverse directions on the following samples:

1.  Ungraded composites AlSi12+vSiC (v= 10, 20, 30 vol.%)

2. Three-layer FGM (AlSi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC) along the longitudinal
direction

3. Three-layer FGM (AlISi12+10%SiC/AlSi12+20%SiC/AlSi12+30%SiC) along the transverse
direction.

The direction along which pressure is applied during consolidation is called the longitudinal
direction, while the direction perpendicular to this pressing axis is termed the transverse
direction (see Fig. 3.14).

The CoE measurements for the ungraded and graded AlSil12/SiC samples sintered by
HP and SPS are shown in Fig.5.23 and Fig.5.24, respectively. They show that the CTE of the
ungraded composites decreases as the volume fraction of the metal matrix (AlSil12) gradually
decreases due to the increasing ceramic content. The measurements taken in the longitudinal
direction in the three-layer FGM closely align with those of the composite reinforced with 20
vol.% SiC. Conversely, in the transverse direction, the CTE of the three-layer FGM slightly
exceeds that of the 30 vol.% SiC-reinforced composite beyond 100 °C, for both HP and SPS
samples as shown in Fig.5.23 and Fig.5.24, respectively.
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Fig.5.23 Results of CTE measurements of the HP ungraded AlSi12+vSiC (v= 10, 20, 30 vol. %)
composites in the longitudinal direction and the three-layer FGM in both the longitudinal and transverse

directions.
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Fig.5.24 Results of the CTE measurements of the SPS ungraded AlSi12+vSiC (v= 10, 20, 30 vol. %)
composite samples in the longitudinal direction and the three-layer FGM in both transverse direction

and longitudinal direction.
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CHAPTER 6

WEAR TEST RESULTS

It should be recalled that the wear behavior of the produced composites was not the
main focus of this thesis. Nevertheless, for the sake of completeness a preliminary wear study
was carried out on representative samples of two ungraded composites, AlSi12+30%Al,O3 and
AlSi12+30%SiC, produced by hot pressing, by means of a linear abrasion test using the Taber
apparatus (see Section 3.7). These two samples were chosen as the ceramic-rich outer layers of
the FGM in contact with the brake pads. The measured wear resistance was compared with
composites with a higher ceramic content, AlSi12+40%Al,O3 and AlSi12+40%SiC, and with

the grey cast iron (GCI) from a standard Brembo brake disc used in serial cars.

Earlier investigations [176-178] indicate that AMMC:s reinforced with ceramic materials
typically demonstrate superior wear resistance compared to their respective unreinforced alloy.
However, under specific conditions, the wear performance of AMMCs may be comparable to or
even lower than that of pure Al alloys [179,180]. Largely, AMMC:s reinforced with hard ceramic
into the Al alloy offer good wear resistance, ultimately enhancing the overall wear performance
of the tribo-system [181]. However, many investigations suggest, comparing AMMCs with GCI,
that the GCI shows better wear resistance. For instance, it was found in [182] that the loss of
weight was 0.0116 g in a cast iron brake disc, while AMMC experienced 0.0063 g weight loss
which is 46% lower than the cast iron brake disc. However, AMMCs can achieve weight
reduction of 30-60% as compared with GCI rotors [183].

Fig.6.1 shows the linear abrasion worn surfaces of samples with AlSi12 + 30%Al,0s3,
AlSil12 + 40%Al,03, AlSil12 + 30%SiC, and AlSil2 + 40%SiC as the outermost layer of FGM

samples, along with a GCI sample prepared from a standard Brembo brake disc.

AlSi12+30%Al,03 AlSi12+40%Al1,03 AlSi12+30%SiC

AlSi12+40%SiC GCI (grey cast iron)

Fig.6.1 The worn surfaces of samples for tribological studies.
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To identify the main wear mechanisms, SEM micrographs of the worn surfaces were
analyzed (Fig.6.2). The weight percentages of the elements present on the wear track surface and
in the wear debris were determined using EDAX analysis. From the SEM analysis the main wear
mechanisms in the selected AlSi12/SiC specimens were found to be three-body abrasion and

delamination.

b i Direction of sliding
Wear
debris

S WIS

© 4' )

Fig.6.2 SEM micrographs of the composite sample surfaces after the Taber wear test: (a)
AlSi12+30%Al1,03, (b) AlSi12+40%Al1,03, (c) AlSi12+30%SiC, and (d) AlSi12+40%SiC.

Three-body abrasion mechanism

The narrow and wider grooves parallel to the direction of sliding, resulting from abrasive
wear can be observed in worn surface of sample Fig.6.2 (b) and Fig.6.2 (d). The narrow grooves
are likely from the hard ceramic particles within the composite. During the consolidation of
AMMC:s, hard ceramic particles are embedded in the soft AISil2 matrix, and these particles are
exposed on the surface as the soft Al matrix peels off during the initial rubbing process. In the
Taber test, which uses a flat end pin, the surface layer of the Al matrix is first removed, exposing
the ceramic particles. As a result, a three-body abrasive wear mechanism occurs in which the
AlSi12 matrix undergoes plastic deformation, causing further detachment of ceramic particles.
Fig.6.3 (a) and Fig.6.3 (b) show the exposed ceramic debris and Fig.6.4 (a) shows the detached

counterpart debris on the wear track. This reinforcing phase released as wear debris acts as a
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third-body abrasive in the Al matrix [184]. The two factors influencing three-body abrasive
mechanism are (i) the weak bond between the metal and the ceramic, which hinders resistance
to abrasive wear [163,164,158,159], and (ii) the hardness of the counterpart (abrasive ceramic
pin H-10 Calibrade). The inclusion of ceramic reinforcements significantly improves the wear
resistance of these composites under two-body abrasive and adhesive wear conditions. However,
over time, where hard counterpart material with sharp grains can easily remove the ceramics, the
wear resistance of these composites tends to replicate that of the AlSil2 matrix due to the

prevalence of three—body abrasive wear mechanisms.

(b)

Fig.6.3 SEM micrograph of (a) AlSi12+30 vol.%AlOs sample (b). AlSi12+40 vol.%ALOs sample

indicating the exposed ceramic debris and debris from counterpart.

Delamination mechanism

Delamination mechanism causes removal of material from the wear surface with initial
abrasive wear in terms of micro-ploughing, grooves and cracks transforming into intense
adhesive, delamination and plastic deformation at severe conditions [185]. When two surfaces
contact, abrasive wear occurs as hard asperities on one surface interact with the softer surface,
leading to micro-ploughing, where material is laterally displaced instead of being removed [186].
This repeated interaction creates a smoother surface while generating stress concentrations that
can initiate subsurface damage. As the surfaces continue to slide against each other, plastic
deformation occurs beneath the surface. This deformation can lead to the nucleation of cracks
at the subsurface level [187]. Subsurface cracks and their extension to the surface cause debris
to form and peel off from the worn surface (refer to Fig.6.2 (a)). The plastic deformation
developed by shear stress in subsurface layers of material increases the accumulation of
dislocation results in cracks perpendicular to the direction of sliding [188]. Further microcracks
can deepen, and spread, leading to fatigue failure. In short, plastic deformation progresses into
different stages starting from delamination, breaking of grain structures, cracking around the
fragments and then crushing of the fragments as shown in Fig.6.2 (c). Composite sample
AlSi12+40% Al, O3 under sliding wear conditions undergoes plastic deformation and gradual

material transfer to the counterface as shown in Fig.6.2 (d).
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The wear mechanism of reference material GCI slightly differs from the wear mechanism
of composite materials. Fig.6.4 represents the SEM micrographs of tribosurface of a GCI sample
cut from the Brembo brake disc. SEM micrographs reveal minor cracks and voids on the wear
tracks. The wear debris held on the wear track mainly of counterspecimen was revealed by the
EDS spot (see Fig.6.4 (c-e). When cast iron wears, it undergoes subsurface plastic deformation,
which leads to crack formation and ultimately debris generation. This process supports the
delamination theory (see Fig.6.4 (b)). Few evidence of adhesion was observed (Fig.6.2. (d)).
When the main wear mechanism is related to delamination and plastic deformation, the
material hardness has the dominant influence on abrasive wear [189].
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Fig.6.4 (a-c) Scanning electron micrographs of debris, voids and cracks obtained from wear
experiments of metallographically polished surfaces of grey cast iron tribosurface. (d) SEM-EDS spot
analysis of grey cast iron tribosurface for identification of various elements present at point 1 and point
2 in figure (c). (e) SEM-EDS analysis of grey cast iron tribosurface for identification of various elements

present at point 3 in figure (c).
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Mass loss calculations for the material samples after the wear test are listed in Table 6.1
and depicted graphically in Fig.6.5. It can be seen that the AlSil12 alloy reinforced with 30%
ceramic (Al;O3 or SiC) has a better wear resistance than the alloy reinforced with 40% ceramic,
which is a somewhat counter-intuitive result. The relative mass loss for the hot pressed
AlSi12+30%Al,03 and AlSil12+30%SiC samples, was 0.209% and 0.129%, respectively. For the
AlSi12+40%Al,03 and AlSi12+40%SiC samples the relative mass loss increased to 0.895% and
0.223%, respectively.

Table 6.1 Mass loss calculations for the composite samples after the Taber linear abrasive test.

Material Initial mass Mass after test Mass loss Relative mass loss
() ) (2 (%)
AlSi12+30%AL0:; 20.244 20.202 0.043 0.209
AlSi12+40%AL0Os 8.7530 8.6750 0.078 0.895
AlSi12+30%SiC 22.442 22413 0.020 0.129
AlSi12+40%SiC 10.196 10.173 0.023 0.223
Grey cast iron 42.560 42.558 0.001 0.004
0.09 1.00%
0.08 0.90%
0.07 0.80%
O,
006 0.70% ~
e 0.60% &
2 0.05 2
—= 004 0.50% 2
g 0.40% =
0.03 o
0.30%
0.02 0.20%
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0.00 0.00%
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Fig.6.5 Comparison of mass loss of the composite samples and GCI.
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This difference in wear performance can be attributed to the distinct wear mechanisms
present in composites which are influenced by different levels of surface porosity. Specifically,
higher porosity leads to increased surface roughness in the sample. The pore-induced surface
roughness of the AlSi12+40%Al,03 and AlSi12+40%SiC samples (i.e. porosity of 7.84% and
4.23%, respectively) results in a lower hardness. The inferior densification of the AlSi12-matrix
composites with 40% of the ceramic phase is the effect of the sintering process itself (described
in detail in Section 4.1) The ceramic particles are readily exposed to the surface due to
densification process making them easily removable. This leads to a material transfer from the
worn surface to the counterspecimen surface. The composites with less than 30% ceramic
content (i.e. AlSi12+10% ceramic and AlSi12+20% ceramic) were also tested for wear resistance
and significant material loss was observed. This is primarily due to the lower content of the
ceramic reinforcement, which leads to substantial plastic deformation of the softer AlSil2

matrix. These results are not included here due to their low scientific significance.

It is needed to have more than 20% ceramic particles in AMMC:s to achieve better wear
resistance and friction properties [183]. From Fig.6.6, it is seen that the AlSi12 matrix reinforced
with 30 vol.%Al,O3 and SiC have the optimum wear resistance. Comparing AlSi12+30%Al,O5
with AlSi12+30%SiC, the latter has superior wear resistance. This is primarily due to SiC grains
preventing the slipping of large primary silicon particles during wear, thereby imparting wear
resistance [190]. There are a number of studies on Al alloys reinforced with Al,O3 and SiC using
powder metallurgy technique showing that Al alloys reinforced with SiC have better wear
resistance than Al alloys reinforced with Al,O3 particles [166,167,159,160]. It was also showed
in [184] that Al composites reinforced with ceramic particles in the range of 2-30 wt.% show
superior wear resistance when SiC is selected rather than Al,O3 reinforcement. Compared to
all the composites samples under study, GCI has the least relative mass loss i.e. 0.004%. The
improvement in the wear resistance of GCI can be related to its microstructural characteristics,
including a pearlitic matrix and the distribution of graphite flakes, which contribute to GCI
mechanical properties and hardness. Additionally, graphite present in GCI may acts as a solid

lubricant for hard grains of the counter sample to remove material at loading conditions [191],

(192].
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Fig.6.6 (a) Comparison of the wear rate (cm’/cm) after wear tests for all the samples, (b) comparison of

the specific wear rate (cm’/N.cm) for all the samples.

Table 6.2 Wear rate relative to the reference material (GCI).

Specific wear rate  Wear rate relative

Material (x107 em’/N.cm) to GCI
AlSi12+30%Al20s 0.1973 93.705
AlSi12+40%AL0Os 0.1019 176.468
AlSi12+30%SiC 0.3716 48.370
AlSi12+40%SiC 0.1148 54.531
Grey cast iron 0.0021 1.000

Table 6.2 shows the specific wear rates relative to the reference material grey cast iron
(GCI). It is evident that the outer layer of the FGMs suffered more abrasive wear than the GCI.

The possible reasons are outlined below.

The abrasive ceramic pin (H-10 Calibrade, Taber Industries) is a non-resilient, vitrified
pin designed to evaluate steel and ferrous alloys for resistance to abrasion. Examining the brake
pads, abrasive ceramic pin are suited for than grey cast iron discs. For the Al brake discs the

Non-Asbestos Organic (NAO) brake pad materials are more compatible with due to their low
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hardness and poor tribological performance [193]. Secondly, the Taber wear test using a flat pin
of 6 mm diameter does not completely represent the brake disc-brake pad tribological system
due to the smaller contact surface area. It is recommended to utilize a more appropriate counter
sample, preferably one prepared from the brake pads specifically designed for composite brake
discs. Additionally, employing wear tests that utilize a larger contact surface is essential for
accurately representing the brake system, which is crucial for the intended application of the

brake disc material.
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CHAPTER 7

COMPARISON of AlSi12/Al;03 and AlSi12/SiC as POTENTIAL
BRAKE DISC MATERIALS

This chapter presents a comparison of the thermal conductivity and thermal residual stress
between AlSil2/Al,O3 and AlSi12/SiC FGMs. Based on the results, key observations are
reported regarding their potential application as brake disc materials in the automotive sector.

Graded aluminum matrix composites, particularly those reinforced with Al,O3 or SiC, are
being explored as alternatives to traditional GCI or ceramic matrix composite materials for
automotive brake discs. They offer several key advantages over conventional brake disc materials.
A notable benefit is their capacity to significantly reduce weight compared to GCI, which
contributes to enhanced fuel efficiency. Achieving this weight reduction is essential for
improving vehicle performance and reducing energy consumption. A comparative analysis of the
relative density of the AlSil12/Al,O3 and AlSi12/SiC composites consolidated by the HP and
SPS techniques reveals several salient findings. Firstly, the relative density of AlSi12/Al,O5
samples is higher than that of AlSi12/SiC samples. Secondly, the HP samples demonstrate
higher density compared to the SPS samples. These observations are presented in graphical form
in Fig.7.1.
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Fig.7.1 Comparison of the relative density of AlSi12/Al,O3 and AlSil12/SiC composites produced by
hot pressing (HP) and spark plasma sintering (SPS). The solid columns represent the HP samples, whereas

those with the broken line contours represent the SPS samples.
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The AlSi12/Al,03 and AlSi12/SiC composite samples fabricated in this study using powder
metallurgy techniques (HP and SPS) exhibit a measured density not exceeding 3 g/cm? (Fig.7.2).
This is at least two times less than the density of GCI (7 g/cm?) [194], which is commonly used

material for serial brake discs.

mAISi12 m AlSi12/A1,05 ® AlSi12/SiC ® Grey cast iron i1 Respective SPS samples

7.15

2.654 2.778 2,678 2.913 2.75 3.038 2.804

Density [g/cm’]

AlSil2  AlSi12+10 AlSil2+10 AlSi12+20 AlSi12+20 AlSi12+30 AlSil12+30 Grey cast
vol.% vol.% SiC  vol.% vol.% SiC  vol.% vol.% SiC iron
Ale3 A1203 A1203

Fig.7.2 Comparison of the density of the AlSil2/Al,O3, AlSi12/SiC composites and pure AlSil2
compact measured in-house with the density of GCI [194].

In addition to the thermal properties and processing-induced thermal residual stresses,
which are the main focus of this dissertation, the basic mechanical properties of a series of
AlSi12/Al0s and AlSi12/SiC composites with varying volume fractions (10%, 20%, and 30%)
were measured to provide a more general characterization of the materials under investigation.
Table 7.1 presents the measured values of fracture toughness, bending strength, and Vickers
hardness for the composites produced by HP. The addition of Al,O3; and SiC enhanced the
bending strength of composites. Between the two, Al,O3 provided a greater improvement in
strength compared to SiC reinforcement. This is primarily due to several metallurgical and
microstructural factors. Firstly, Al,O3 forms stronger interfacial bonds with the metal matrix
because of its superior chemical compatibility and wetting behavior during sintering [195].
Secondly, Al,Oj3 particles are generally more uniform in size and spherical in shape (see Fig.3.3),
promoting better dispersion within the matrix and reducing stress concentrations. In addition,
Al,O3 has a CTE closer to that of AlSil2 (see Table 3.6), which reduces thermal mismatch
stresses during cooling after sintering (see Table 7.2). This helps preserve the interfacial integrity
of AlSi12/Al,0O3 composites and FGMs, minimizing microcracking. The addition of Al,O3 and
SiC enhances composite bending strength but compromises fracture toughness due to limited
plastic deformation, brittle crack propagation along particle interfaces, and defects like particle

agglomeration, residual porosity acting as the stress concentration sites, and unreacted silica. It
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is evident from Table 7.1 that the bending strength values of the AlSi12/SiC composites are
inferior to those of AlSil12/Al,O3 composites, both produced by HP. This may be attributed to
the Hall-Petch relationship, which states that decreasing grain size leads to enhanced strength
due to an increase in grain boundaries, which impede dislocation movement. Since both
composites share the same metal matrix (AlSi12), the variation in reinforcement particle size,
with Al,O3 at 5pm and SiC at 10 um, likely results in finer grain structures in the Al,O3-
reinforced composites. Furthermore, smaller Al.Os particles may also restrict grain growth
during processing more effectively and thereby improve strength. The Vickers hardness behavior
shows a clear trend of increasing hardness with the increasing volume percentage of both Al,O3
and SiC reinforcements in the AISil2 matrix. It is important to note that the values reported
are based on macro Vickers hardness measurements, which cover a substantial portion of the
material. This ensures that the readings account for both the matrix and reinforcement phases,

providing a reliable representation of the composite’s overall hardness behavior.

Table 7.1 Mechanical properties of AlSi12/Al,O3 and AlSi12/SiC composites produced by hot pressing
(HP). The bending strength and the fracture toughness (SEVNB probe) were measured in four-point

bending. The Vickers hardness was measured under 2 kg force.

Material Fracture toughness Bending strength Vickers hardness
[MPaVm] [MPa] [HV2]
AlSi12+10 vol.% Al,O3 12.4 +0.81 648.21 £ 19.22 64.90 + 0.41
AlSi12+20 vol.% Al,O3 9.23 +0.82 700.08 + 7.11 82.73 + 1.70
AlSi12+30 vol.% Al,O3; 8.75 +0.54 766.98 + 8.78 106.3 + 2.94
AlSi12+10 vol.% SiC 12.9 +0.51 625.38 +9.19 63.00+ 1.16
AlSi12+20 vol.% SiC 9.31 +0.67 647.69 £ 8.92 78.80 + 1.16
AlSi12+30 vol.% SiC 8.83 £0.4 * 103.7 + 2.15

“ The bending strength for AlSi12+30 vol.% SiC is not available due to technical difficulties encountered in this
test.

During the braking, kinetic energy is converted into thermal energy through friction,
generating significant heat. Efficient heat dissipation is crucial to prevent brake fade and thermal
cracking, which can compromise both safety and performance. In this study, the three-layer
AlSil12/Al,03 FGM fabricated by HP exhibits the highest thermal conductivity, followed by
AlSil12/SiC FGM produced by HP and SPS, respectively. Their thermal conductivity reaches
approximately 140 W/mK for the entire temperature range from O to 300 °C as shown in
Fig.7.3. By selecting two ceramic reinforcements with significantly different thermal
conductivities, as described in the Section 3.1.1, the study aimed to investigate the influence of
the reinforcement’s thermal conductivity on the overall thermal behavior of the graded

composites. Interestingly, despite this large difference, the measured thermal conductivities of
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the hot-pressed three-layer AlSi12/Al,O3; and AlSi12/SiC FGMs were found to be nearly
comparable across the temperature range from room temperature to 300 °C as shown in Fig.7.3.
This can be explained by the decrease in the ability of AlSi12/SiC FGMs to conduct heat due
to the alumina coating forming around the Al and Si grains, as discussed in Subsection 5.3.1.
Additionally, both types of FGM demonstrate more than twice the thermal conductivity of grey
cast iron, as depicted in Fig.7.4. Although grey cast iron is traditionally used for brake discs due
to its relatively high thermal conductivity, the superior heat dissipation of AlSi12/Al,O3 and
AlSi12/SiC FGMs makes them promising alternatives for automotive brake discs provided that
their wear resistance is higher or comparable with that of GCI. However, as demonstrated in
Chapter 6, the wear resistance of the AlSi12/Al,O3 and AlSil12/SiC composites, as measured
by the Taber abrasive test, was significantly lower than that of GCI. On the other hand, to
definitively state that AlSi12/Al,O3 and AlSil12/SiC composites are less resistant to frictional
wear than GCI, a properly designed test rig mimicking the real braking system must be used. At

this time, the issue remains open and further research is required.
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Fig.7.3 Comparison of thermal conductivity of the HP and SPS samples of three-layer AlSi12/Al,O3
and AlSi12/SiC FGMs with the GCI and an unreinforced AlSil2 compact.
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Fig.7.4 Comparison of measured thermal conductivity of three-layer AlSi12/Al,O3 and AlSi12/SiC
FGMs with GCI at room temperature (thermal conductivity of GCI taken from [29]).

One key objective of this study was to demonstrate that implementing a graded structure
effectively reduces thermal residual stresses in both the metal matrix and ceramic reinforcement
of AlSil12/Al,Ozand AlSi12/SiC composites. A comparative analysis of residual stress in these
materials reveals that the residual stress in the ceramic phase is compressive due to its lower
thermal expansion coefficient, which in turn induces tensile stress in the aluminum matrix. This
pattern is consistent for both materials (Fig.7.5). It is to be noted that the average TRS in the
matrix and the reinforcement are practically equal in both AlSi12/Al,O3 and AlSi12/SiC for
the ceramic content of 20 vol.%. However, as the reinforcement content (Al2Os or SiC) increases
to 30%, the tensile residual stress in the matrix and compressive stress in the ceramic phase also
increase being significantly higher for AlSi12/SiC than AlSi12/Al,O3. It is known that residual
stress is influenced by the geometry and size of the reinforcement particles [196,197]. In this
regard, AlSil12/SiC exhibits higher stress levels compared to AlSi12/Al,O3, likely due to the
distinct shapes of the 40 um SiC particles as compared to the 10 pum Al,O3 particles.

Neutron diffraction experimental analysis (Fig.7.5) further reveals that residual stresses
within the FGM layers are approximately 10% lower than those in their ungraded samples. In
contrast, grey cast iron casting generates significant and uneven residual stresses within the
material [198]. During mechanical machining of components, extrusion and friction are the
primary factors contributing to the development of residual compressive stress [161]. The
reduction of thermal residual stress in FGMs plays a crucial role in improving key mechanical

properties, particularly flexural strength and fracture toughness, which are essential for the
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durability and performance of these materials. Lower residual stress levels enhance structural
integrity, reducing the risk of premature failure due to thermal fatigue or cracking. Given these
advantages, the improved thermal stress distribution in FGMs makes them highly suitable for
applications such as automotive brake discs, where the mechanical strength and thermal stability

are critical for long-term performance.

Considering only the density, thermal conductivity and thermal residual stress levels in
the AlSi12/Al,0O5 and AlSi12/SiC FGMs, it is difficult to definitely state which material would
be a better choice to replace the GCI. A slight advantage is demonstrated by the hot-pressed
AlSi12/Al,03 FGM due to its lower TRS and slightly higher thermal conductivity at a
comparable density to AlSi12/SiC.
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Fig.7.5 Comparison of average thermal residual stress in the hot-pressed ungraded composites and

three-layer AlSi12/Al;O3 and AlSi12/SiC FGMs measured by neutron diffraction.

Table 7.2 presents the percetage reduction in average TRS in AlSil12/Al,O3 and
AlSi12/SiC, with 10 %, 20% and 30% ceramic content for ungraded and graded composites.
The TRS reduction in AlSi12/Al,O3 both graded and ungraded composites becomes more
pronounced at 30 vol.% ceramic content. It is approximately 40% lower than AlSi12/SiC for
the metal phase and approximately 4-10% lower than in AlSi12/SiC for the ceramic phase.
Overall, the AlSi12/Al,O3 both graded and ungraded consistently exhibit reduced TRS in both
the metal matrix and the ceramic phase when compared to AlSi12/SiC.
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Table 7.2 Reduction in (%) of the average thermal residual stress (TRS) in AlSi12/Al,O3 ungraded
composites and FGMs compared to AlSi12/SiC counterparts.

FGM Ungraded composite
Vol.% of ceramic ~ TRSin AlSil2  TRS in AL,O; TRS in AlSi12  TRS in AL,O;
10 26.51% - 25.56% -
20 0.88% 9.03% 0.79% 4.77%
30 40.00% 10.6% 39.24% 4.38%
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SUMMARY, CONCLUSIONS and FUTURE RESEARCH

8.1 Summary

The doctoral thesis successfully achieved its primary objective of investigating the
influence of material microstructure on the thermal conductivity and processing-induced
thermal residual stresses of two Al-matrix graded composites, AlSi12/Al,O3 and AlSil12/SiC.
This was accomplished through a meticulously designed experimental program, supported by

microstructure-based numerical modeling.

The manufacturing process, utilizing hot pressing (HP) and spark plasma sintering (SPS)
consolidation techniques, was optimized to produce flaw-free, high-quality ungraded
composites and FGMs. Experimental optimization focused on design parameters, such as the
content of ceramic, number of layers, thickness of each layer, and process parameters for both
HP and SPS. The study systematically compared the quality of materials fabricated via hot
pressing and spark plasma sintering, evaluating their respective advantages and limitations in
terms of their processing conditions. The proposed two-step consolidation technique (cold
compaction and hot pressing) of powder blends leading to seamless bonding between layers,

enabling a smooth transition of properties in the proposed stepwise graded structure.

Thermal conductivity measurements, conducted using the laser flash method, alongside
residual stress assessments via neutron diffraction, provided critical insights into the thermal and
mechanical stability of the composites. Furthermore, comprehensive microstructural
characterization employing SEM, TEM, XRD, and EDX enabled a deeper understanding of the
relationship between microstructure and its impact on thermal conductivity and processing-
induced residual stresses in these materials. A numerical model for computing thermal
conductivity and thermal residual stresses was developed directly from the material's real
microstructure, enabled by the high quality of the micro-XCT scans and the better selection of
finite element shapes and smoothing methods. A comparison of the numerical results with
experimental data revealed the capability of these modeling techniques to predict thermal
conductivity and TRS in the Al-matrix FGMs. In addition, the coefficient of thermal expansion
and tribological behavior of these composites were analyzed to assess their suitability for potential

applications in automobile brake discs.

120



8.2 Conclusions and Future Research
The following are the key conclusions drawn from the dissertation:

The quality and structural integrity of the ungraded composites and three-layer graded
composites AlSil2/Al,O3; and AlSil2/SiC were successfully achieved through optimized
processing conditions. SEM analysis confirmed a uniform distribution of ceramic particles,
indicating strong bonding quality. The aluminum alloy formed a continuous matrix across the
layers, ensuring a smooth transition that facilitated the formation of a strong metallurgical bond.
Notably, no macro-pores or cracks were detected, further validating the reliability of the
composite structure. Additionally, the choice of consolidation technique played a crucial role in
determining the final density of the composites. The lower and well-controlled heating rate of
hot (HP) compared to spark plasma sintering (SPS) resulted in the HP samples exhibiting slightly
higher density, with a maximum percentage difference of 3.58%. Furthermore, when comparing
AlSi12/Al,05 and AlSil12/SiC composites, the Al,O3-reinforced composites exhibited higher
density than the SiC-reinforced composites. Specifically, for HP processing: The relative density
of AlSi12/SiC was 98% and the relative density of AlSil12/Al,O3 was 99%. For SPS processing:
The relative density of AlSi12/SiC was 95% and the relative density of AlSi12/Al,O3 was 98%.
These results highlight the influence of both material reinforcement and consolidation

technique on the final density of the composites.

The thermal conductivity in AlSi12/Al,O3 and AlSil12/SiC composites and three-layer
FGMs is strongly influenced by the processing method and ceramic content. Despite using the
same starting powders and achieving similar densities, the HP samples exhibit higher thermal
conductivity than SPS samples. This difference is related to the processing techniques leading to
differences in the densification and grain growth in the final sinters. Since the grain size and
grain boundaries significantly impact the heat transfer, the HP samples exhibit a superior
thermal performance. This observation confirms Hypothesis 2, which stated that grain size of

the metal matrix can affect the thermal conductivity of these composites and FGMs.

Additionally, a linear decline in thermal conductivity is observed with increasing ceramic
content in AlSil12/Al,O3 and AlSi12/SiC composites. Particularly in AlSi12/SiC composites,
although SiC reinforcement is generally expected to enhance thermal conductivity, the results
exhibit an unexpected negative trend. This is attributed to the presence of Al;O3z coatings
formed during the sintering using hot pressing and spark plasma sintering at the metal-ceramic
interface, which hinders the heat transfer. This phenomenon is further confirmed by XRD and
TEM analysis, validating the impact of interfacial reactions on thermal performance. This
supports Hypothesis 3, which proposed that the formation of new phases during sintering affects
the thermal conductivity of AlSi12/SiC composites and FGMs.
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The experimentally determined thermal conductivity and micro-XCT-based FEM
results show a relative error of within 4% for ungraded composites and 8% for FGMs, validating
the proposed numerical model for predicting thermal conductivity. Finally, when comparing
both material thermal conductivity measurements of three-layer FGMs with those of grey cast
iron and unreinforced AlSil12 alloy, the HP-fabricated Al,Oz-reinforced FGM exhibited the
highest thermal conductivity, followed by SiC-reinforced FGMs produced via HP and SPS.
Notably, the thermal conductivity of both FGM types was at least twice as high as that of grey

cast iron, the conventional material used for automotive brake discs.

Thermal residual stress measurements were conducted using the neutron diffraction
(ND) technique and compared with micro-XCT-based FEM modeling. The measured and
computed residual stresses in both the ceramic and metal phases of the ungraded and graded
composites remain well below their respective ultimate compressive and tensile strengths. On
average, the residual stresses within the FGM layers decreased by approximately 10% compared
to the ungraded composite, demonstrating that the selected design parameters effectively
minimize the average residual stresses. This outcome directly confirms Hypothesis 1, which
stated that average TRS in FGMs would be lower than in ungraded composites.

Thermal residual stress is primarily influenced by the shapes and sizes of the ceramic
particles used in the composites. In the present study, the AlSi12/SiC composites and FGM
exhibit higher stress levels. Finally, the experimentally measured TRS and micro-XCT-based
FEM results show a relative error of within 4%, validating the proposed numerical model for
predicting TRS in graded Al-matrix composites. This confirms Hypothesis 4, which asserted
that micro-XCT-based finite element models, when properly configured, can accurately predict
thermal conductivity and TRS in these composites and FGMs.

These findings highlight the critical role of processing techniques and the impact of
graded microstructure minimizing thermal residual stresses during production. This
demonstrates the potential of graded structures for high-performance applications, such as
automotive brake discs, where strength and durability are essential.

The measurements showed that the coefficients of thermal expansion (CTE) of the
AlSil12/SiC composites are by approximately 32% lower than that of the unreinforced
aluminum alloy (AlSil2) matrix. The thermal expansion of the AlSil2/SiC composites is
influenced by the ceramic content, and the behavior of the graded AlSi12/SiC composites
closely follows the rule of mixtures. A similar trend in thermal expansion is anticipated for

graded AlSil12/Al;O3 as well.

Tribological studies have shown that Al alloys reinforced with ceramic particles provide
optimal wear resistance at a certain ceramic content. Wear tests conducted on samples with 10%,
20%, 30%, and 40% Al,O3 and SiC showed that the samples with 30% ceramic content had
the best wear resistance. Furthermore, when comparing AlSi12+30%Al,O5; with
AlSi12+30%SiC composites, the Al alloy reinforced with 30% SiC exhibited superior wear
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resistance. However, the ceramic-rich layer of the graded sample experienced more abrasive wear
in the linear pin—on—flat test than the reference material, grey cast iron, due to the testing

conditions and the use of an unsuitable counterpart material.

Overall, the outcome of this dissertation will enable a better understanding of the design
and thermal behavior of the AlSi12/Al,O3 and AlSi12/SiC graded composites with reduced
thermal residual stresses (TRS), making them less prone to uncontrolled fracture under service
conditions. And its findings could influence industries seeking lightweight structural materials
with high thermal conductivity, minimal thermal expansion, high wear resistant and high

specific strength.
The following outcomes can be considered as highlights of this dissertation:

e A complete chain of interrelated research blocks of “fabrication, characterization, and
modeling” was employed. Having all individual elements of this research chain under
control made it possible to ascertain the key impacts of the graded composite structure

on the thermal properties and thermal residual stress under investigation..

e The proposed numerical modeling tool, using actual material microstructure images
obtained through micro-computed tomography (micro-XCT), offers predictive
capability for residual stresses which cannot be achieved by the micromechanical models
based on the Eshelby’s solution [199]. In particular, the micro-XCT FEM model
properly captured the nonlinear behavior of tensile residual stresses in the AIS12 matrix
of ungraded AlSi12/SiC composites and FGMs. Moreover, this modeling approach can
support expensive and time-consuming measurement techniques such as neutron
diffraction and synchrotron diffraction, by utilizing the results from micro-XCT-based
finite element (FE) modeling.

e Across the varying material compositions and processing methods, the micro-XCT-
based finite element (FE) models consistently achieved high predictive accuracy with

errors below 10%, demonstrating remarkable robustness and versatility.

Future research on the topics considered in this thesis should be focused on addressing
specific issues such as accurate assessment of the thermal behavior at the interface. This could
be approached by comparing the experimental results with a numerical model in which
interfacial thermal conductance is incorporated, using interfacial thermal conductance values
estimated experimentally through methods such as Time-Domain Thermoreflectance (TDTR),
Frequency-Domain Thermoreflectance (FDTR), and others.

In the process of sintering of Al/SiC composites and FGMs, an increase in the SiC
content results in a decrease in thermal conductivity due to interfacial reactions that occur at
elevated temperatures. Increasing the size of the SiC particles and adding silicon to the

aluminum matrix can help mitigate these effects, though trade-offs remain. Future research

123



should focus on advanced processing methods, alloying strategies and optimized graded
structures to improve the performance of aluminum matrix composites (AMMCs) in high-

performance applications.
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