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Functionally graded metal matrix composites have attracted the attention of various industries
as materials with tailorable properties due to spatially varying composition of constituents. This
research work was inspired by an application, such as automotive brake disks, which requires
advanced materials with improved wear resistance on the outer surface as combined with
effective heat flux dissipation of the graded system. To this end, graded AIlSi12/Al,0;
composites (FGMs) with a stepwise gradient in the volume fraction of alumina reinforcement
were produced by hot pressing and spark plasma sintering techniques. The thermal
conductivities of the individual composite layers and the FGMs were evaluated experimentally
and simulated numerically using 3D finite element (FE) models based on micro-computed X-ray
tomography (micro-XCT) images of actual AlSil2/Al,0O3; microstructures. The numerical
models incorporated the effects of porosity of the fabricated AlSil2/Al,05; composites, thermal
resistance, and imperfect interfaces between the AISil2 matrix and the alumina particles. The
obtained experimental data and the results of the numerical models are in good agreement, the
relative error being in the range of 4 to 6 pct for different compositions and FGM structure. The
predictive capability of the proposed micro-XCT-based FE model suggests that this model can

be applied to similar types of composites and different composition gradients.
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I. INTRODUCTION

THE metal-ceramic-graded composite materials are
designed to improve thermal properties, corrosion
resistance, and mechanical strength depending on the
target application.'! They can resist high-temperature
gradients and are proficient in reducing thermal stresses.
Smooth transition in thermomechanical properties pre-
vents issues related to delamination and cracking.””! The
aluminum-alumina-graded composites, such as AlSil2/
Al,Oj studied in this paper, are of particular interest for
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structural applications due to their light weight, excel-
lent wear resistance, high strength, and thermal stability.
The thermal properties of aluminum-alumina-graded
composites are critical to their performance in high-tem-
perature environments, such as brake systems, where
heat must be removed as quickly as possible. The AlISil2
matrix exhibits enhanced mechanical and heat transport
properties, while the Al,O3 reinforcement provides
excellent wear resistance. Therefore, the spatially vary-
ing composition of AlSil2/Al,O5 is designed to take
advantage of the properties of each of its constituents,
resulting in material properties essential for modern
automotive brake disk application.

Heat transfer and temperature changes are prevalent
in most physical and chemical processes. Therefore, it is
reasonable to study thermal conductivity, a fundamental
property in the behavior of materials involved in heat
transfer caused by frictional wear. For metal-ceramic
stepwise-graded materials, the overall thermal conduc-
tivity depends on thermal conductivity of its con-
stituents, their volume fractions, and gradient
distribution of each layer. It is possible to control the
overall thermal conductivity of a graded composite by
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designing the composition, number, and sequence of
layers. Therefore, the focus of the research reported in
this paper was to investigate the thermal conductivity
AlSi12/Al,05-graded composites and to provide expla-
nations for the physical effects observed in fabrication
and experiments.

The proper choice of the processing route is crucial as
it significantly affects the microstructure and thus the
thermal properties. Recently, several experimental stud-
ies have been conducted to investigate the thermal
properties of graded metal-ceramic composites using
different processing methods to achieve a continuous or
stepwise gradient. An overview of the manufacturing
methods, applications, and future challenges for the
graded materials has been reported in References 3, 4.

Hot pressing (HP) and spark plasma sintering (SPS)
are two powder metallurgy techniques that are widely
used to produce metal matrix-graded composites.>® HP
uses pressure and a conventional heating source to
densify composite powders, while SPS uses pulsed
electric current to rapidly heat the powders under
applied pressure, resulting in rapid densification and
typically minimal grain growth in a short sintering time.
It has been shown in Reference 7 that the thermal
conductivity of «-Al,Oj-reinforced aluminum matrix
particulate composites produced by conventional pow-
der metallurgy processes can be improved by varying the
volume fraction and particle size of Al,O;. A compar-
ative study of the thermal conductivity of AlSi12/Al,03
composites obtained by squeeze casting of molten
AlSil2 alloy into porous ceramic preforms and by hot
pressing is presented in Reference 8. This study showed
that the composites produced by squeeze casting have
superior thermal conductivity, lower thermal residual
stresses, and lower frictional wear than those produced
by hot pressing. Another study of an AlSil12/Al,05-in-
filtrated ungraded composite showed that the thermal
conductivity decreased with increasing temperature for
different amounts of the pore-forming agent.”? The
studies on four-layer Al/Al,O; FGM samples obtained
by cold compacting followed by hot pressing!'” and
five-layer Al/Al,O; FGM samples obtained by spark
plasma sintering!'"! were focused on the mechanical
properties of these multilayer materials. In recent years,
the SPS technique has been extensively used to develop
Al matrix FGMs reinforced with aluminal'*'¥ or silicon
carbide.'¥ Other fabrication techniques such as cen-
trifugal casting and tape casting have also been used to
produce Al matrix FGMs.!">"") However, little atten-
tion has been paid to the effect of the metal-ceramic
interfaces and the thermal response of these multilayer
composites. In our research, the layered AlSil2/Al,03
composites with different alumina contents were fabri-
cated by HP and SPS techniques to perform a compar-
ative analysis of their thermal conductivities.

Pores in composite materials can significantly affect
their thermal conductivity. The size, shape, and distri-
bution of the pores are essential factors that must be
taken into account. Larger pores and higher concentra-
tions of pores will result in a lower thermal conductivity.
By introducing the ceramic reinforcement (e.g., Al,O3)
into the metal matrix, the densification of the composite

is reduced.!"® It was reported that the relative density of
fully dense composites decreased to 95 pct as the Al,O3
content in the Al matrix was increased.!'”) High com-
pacting pressures resulted in high relative densities and
lower porosity, while porosity increased with higher
AL, O5 content.*” Obviously, the porosity of aluminum
matrix composites obtained by HP and SPS techniques
depend on the process parameters such as sintering
temperature, pressure, heating rate, holding time, and
particle size and distribution. Therefore, the current
study also analyzes the effect of porosity on the thermal
conductivity of AlSil2/Al,0; FGMs produced by HP
and SPS.

Over the past few decades, a variety of modeling
approaches have been used for the investigation of the
thermal properties of FGMs. The most popular empir-
ical, analytical, and numerical models for predicting the
effective thermal conductivity of composite materials
using the properties and volume fractions of constituent
phases are reviewed in Reference 21. Numerical models
for the thermal properties of graded composites are
often used because the intricate shapes of inclusions,
especially in composites fabricated by powder metal-
lurgy techniques do not lend themselves easily to
analytical modeling. The finite element method (FEM)
was used to solve thermal problems for various types of
inclusions. However, obtaining accurate numerical solu-
tions for composites through complex domain dis-
cretization requires a lot of finite elements. In [22-24]
homogenization based on the finite element method
used a 3D FE unit cell to accurately calculate the
effective thermal conductivity of FGMs. In these stud-
ies, the unit cell represented the smallest repeating
structure of the crystalline material describing periodic
arrangements to determine the effective properties of the
material. A good correlation between the FEM results
and the experimental measurements was obtained.
Two-dimensional FE microstructures were implemented
in ABAQUS™ to numerically determine the effective
properties of Al/AlL,O; composites.?* This study
showed detailed 2D microstructural morphologies of
the composites used in the FE modeling that efficiently
captured the thermal effects.

Interfacial thermal resistance is one of the barriers to
achieve higher thermal conductivity in metal matrix
composites. Thermal transport across a metal-ceramic
interface is governed by the interplay between the
different heat carriers. In the metal matrix, heat is
transferred by both electrons and phonons, whereas in
the ceramic phase, phonons are the dominant heat
transfer mechanism. The reflection and scattering of the
heat carriers occurring at the metal/ceramic interface
can have a significant effect on the thermal conductivity
of a composite.” Interfacial thermal conductance /g
(or its reciprocal, interfacial thermal resistance Ry),
defined as a ratio of the heat flux over the temperature
drop across the interface, is a critical property in heat
transport processes in heterogeneous materials such as
MMCs. Comprehensive reviews of the experimental
methods and computational models used to evaluate the
hg at atomistic, nanometric, and micron scale can be
found in References 26, 27. A discrete element model
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was established in Reference 28 for thermal conductivity
of a graded composite made of porous alumina preform
infiltrated by a molten Al alloy. The authors investi-
gated the effect of the thermal contact resistance and
found out that the thermal conductivity of the compos-
ite was extremely sensitive to the presence of imperfect
interfaces which could be reduced by increasing the
interconnection size between particles.

The effect of porosity on the thermal conductivity can
be used to optimize the microstructure of the material
for specific thermal conductivity requirements or to
design new materials with tailored thermal properties. A
numerical model based on FEM in a 3D space has been
used to evaluate the influence of the porosity on the
thermal conductivity of the composite, with good
agreement with experimental data.l*”’

From this brief review of the literature, it is clear that
a considerable amount of research, both experimental
and modeling, has been conducted on the thermal
conductivity of Al/Al,O5-graded composites. However,
assumptions have been made about ceramic particle
size, shape and uniformity of dispersion in the metal
matrix, and limited research has been done on interfacial
thermal conductance in the case of numerical modeling.

The aim of the present study is twofold: (i) experi-
mental evaluation and comparative analysis of the
thermal conductivity of AlSil12/Al,05-graded compos-
ites (FGMs) prepared by two powder metallurgy tech-
niques (HP and SPS), and (ii) numerical simulations of
the thermal conductivity of FGMs by the finite element
method (FEM) using the actual material microstructure
images reconstructed from micro-computed tomogra-
phy (micro-XCT). The effects of graded microstructure,
porosity, and interfacial thermal conductance on the
thermal conductivity of the AlSi12/Al,0; composite
layers and FGMs are analyzed. The micro-XCT-based
FEM models of the thermal conductivity are validated
by comparison with the experimental measurements.

II. MATERIALS AND METHODS

A. Processing of AISil2 Matrix FGMs Reinforced
with AL,O3; Particles

The study material was a stepwise-graded aluminum
matrix composite AlSil2/Al,0; (FGM) consisting of
three AlSil2 layers containing 10, 20, and 30 vol pct of
alumina particles. This composition of the FGM was
chosen to study the effect of the layered graded structure
on the thermal conductivity for this particular AlSil2/
Al,O3 composite system. It is a kind of “model”
composition to reveal essential features of the thermal
conductivity of the graded AlSi12/Al,0; material. For a
real application in brake disks, it would be necessary to
determine an optimal structure of the FGM that would,
on the one hand, effectively dissipate the heat generated
during braking and, on the other hand, ensure reduced
residual stresses in the bulk while improving the wear
resistance of the outer surface of the disk. The individual
composite layers and the FGM were prepared by the
powder metallurgy method using commercial powders
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of AlSil2 (NewMetKoch, average particle size 5 um,
purity 99.99 pct) and Al,O3 (Goodfellow, average par-
ticle size 10 um, purity 99.99 pct). AlSil2 was selected as
the matrix material due to its advantageous mechanical
and thermal properties that make it attractive to the
automotive industry. The raw AlSi12 powder consisted
mainly of two elements, 12.1 wt pct Si and 87.9 wt pct
Al, which is equivalent to the commercially available
AlSi12 alloy. The EDS spectrum and SEM image of the
AlSil12 powder are presented in Figure 1. A schematic
diagram and the associated labels (A through G) of the
single-layer, two-layer, and three-layer samples are
shown in Figure 2.

The powder mixtures were prepared using a planetary
ball mill (Pulverisette 5 Fritsch) with 250 mL vials and
10 mm tungsten carbide milling balls. In order to
obtain a homogeneous distribution of the ceramic
particles in the aluminum matrix, the mixing process
was carried out under the following conditions: rota-
tional speed @ = 100 rpm, ball-to-powder weight ratio
(BPR) 5:1, mixing time 5 hours. Prior to the milling
process, the powders were sealed under an inert atmo-
sphere inside the environmental chamber to avoid
oxygen contamination during the milling process, and
the vials were filled to % full with heptane. After milling,
the powders were dried in a vacuum oven to remove the
liquid medium. Prior to sintering, each layer of the
FGM was individually cold-pressed under a pressure of
100 MPa and carefully stacked to form a single sample
of multilayer composites. This step further smoothed the
interphase between the layers after the sintering process.

The powder mixtures were then compacted using hot
pressing (HP) and spark plasma sintering (SPS) tech-
niques. In both techniques, uniaxial pressure is applied
to powder mixtures stacked in a graphite die, but the
heat source in each technique is different. HP sintering
uses an external graphite heating element, while SPS
uses a high-pulsed electric current to heat the graphite
die, stamps, and powder, inducing Joule heating."” SPS
is applicable to electrically conductive powders such as
AlSi12 + xALO; (x = 10, 20, 30 vol pct) studied in
this paper, as well as non-conductive powders.*'! In the
latter case, heat is transferred from the tool to the
sample by thermal conduction.

The optimum values of the HP and SPS process
parameters were determined experimentally to obtain
the composite samples with a minimum relative density
of 96 pct. For hot pressing, the process was performed
in a Thermal Technology LLC hot press in a vacuum
atmosphere using a graphite mold at a temperature of
560 °C, with a heating rate of 5 °C/min, a sintering
pressure of 30 MPa, and a dwell time of 180 minutes.
The process parameters for spark plasma sintering were
as follows: sintering temperature 502 °C, pressure
40 MPa, heating rate 70 °C/min, and dwelling time 10
minutes. In both sintering processes, HP and SPS, free
cooling to room temperature was applied. The process
parameters were carefully selected and controlled in
order to achieve the best compaction possible without
damaging the equipment. To avoid overheating of the
AlSil12 material during the fast SPS process, which could
lead to AISil2 melting, the dwelling temperature was
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Fig. 1—(a) EDS spectrum of the Al-Si powder mixture, (b)) SEM image of the as-received AlSil2 powder.
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Fig. 2—Scheme of layered AlSi12/Al,03; composite materials with 10, 20, and 30 pct volume content of Al,O;. Each layer was approximately

1 mm thick.

lowered while the sintering pressure was increased
compared to the HP process parameters. This point is
further discussed in Section IV-B. The sample thick-
nesses of the single-layer, two-layer, and three-layer
materials were 1, 2, and 3 mm, respectively.

B. Microstructure Characterization

In order to analyze the microstructure of the AlSil2/
Al,O5; composites in detail, 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 along the cross-sectional direction. The
microstructure was then analyzed by scanning electron
microscopy using the ZEISS Crossbeam 350 system.

In addition, X-ray micro-computed tomography (mi-
cro-XCT) was performed on the Nanotom M (Phoenix/
GE) system, which has been shown to provide hi[%h
quality images for similar metal-ceramic composites.[**!
This non-destructive imaging technique is capable of
accurately reproducing the 3D microstructure of mate-
rials, which is then used as input data for FE meshes in
numerical simulations. The micro-XCT scanning was
performed using a GE Phoenix Nanotom M device at
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the Materials Center Leoben (Austria). The applied
voltage was 160 kV, the current was 135 mA, the voxel
size was 1 micron, the sample dimensions were
1 x 1 x 1 mm®, and the source-to-target distance was
2.3 mm.

C. Density Measurements

The relative densities of the HP and SPS composite

samples were evaluated using the Archimedes’ method.
The theoretical density of the composites was defined
using the density of AlSil2 = 2.656 g/cm® calculated
assuming the densities for Al and Si equal 2.7 and
2.33 g/em?®, respectively. The density of ALO; = 3.95
g/cm” was obtained from experimental measurements
on pure alumina powder sintered in hot press at
1450 °C/1 h/30 MPa, which resulted in a pore-free
microstructure. The immersion liquid was distilled water
at a temperature of 22 °C, with a density of 0.9978 g/
cm”.
The porosities of the AlSi12/Al,0; composite layers
were calculated from their relative densities.??** In
addition, the starting powders of AlSil2 and Al,O; were
analyzed for the presence of nanometric pores by the gas
adsorption method. The adsorption—desorption iso-
therms were recorded on the AutoSorbiQ, Quan-
tachrome analyzer with N, adsorption at — 196 °C
and ASQWIN software.

D. Experimental Evaluation of Thermal Conductivity

Thermal conductivity was determined from the mea-
sured thermal diffusivity of the fabricated composite
layers and the FGMs. Thermal diffusivity was measured
by the laser flash technique using a Netzsch LFA 457
device in the temperature range of 25 °C to 300 °C in an
argon atmosphere.

The equation used for the calculation of thermal
conductivity is expressed as follows:

A=pc,D, [1]

where 4 is the thermal conductivity in W/mK, p is the
density in g/cm?, ¢, is the specific heat in J/gK, and D is
the diffusivity in mm?/s.

E. Analytical Estimation of Thermal Conductivity
of FGMs

An analytical estimate of the thermal conductivity of
stacked composite layers can be obtained by using the
Reuss approximation,®*” without considering interac-
tions between adjacent layers. The analytical maximum
effective thermal conductivity was calculated from the
experimentally measured thermal conductivity of each
material acting as the layer material.

The effective thermal conductivity of n layers con-
nected in series and oriented perpendicular to the
direction of the thermal conductivity measurement is

. . [29].
given by the following formula'="":
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where Aer is the effective thermal conductivity of the
graded composite, f is the total thickness of the
composite, tq, ..., t, and 4;, ... 4, are the thicknesses and
conductivities of the individual layers, respectively.

III. NUMERICAL MODELING DETAILS

The thermal conductivity of the AlSi12/Al,O5-graded
composites was modeled using the finite element method
(FEM) which requires meshing to perform numerical
simulations. First, micro-XCT was used to reconstruct
the actual material microstructure without making any
assumptions about the size, shape, and spatial distribu-
tion of the reinforcing ceramic particles, since all of this
information is captured by micro-XCT. The FE mesh
was then generated using the micro-XCT data and a
commercial image processing tool. Finally, the FE
model was implemented in Abaqus®® to compute the
thermal flux from which the thermal conductivity is
calculated. These steps are detailed below.

A. Mesh Generation

The obtained micro-XCT digital data were applied to
generate the FE meshes mimicking the actual
microstructure of the samples using a commercial image
processing tool Simpleware™ software (Version 4.7;
Synopsys, Inc., Mountain View).?”) One voxel from a
micro-XCT image was represented by one cubic finite
element of 1 x 1 x 1 um’. More details on this ap-
proach can be found in References 29, 32, 38. Based on
the micro-XCT images, cubic and tetrahedron meshes
were developed (Figure 3), which made it possible to
numerically analyze the effect of the element type on the
effective thermal conductivity of the graded composites.

In the AlSi12/A1,0; composites studied, the small
difference in density of the phase materials made it
difficult to obtain a clear boundary between AlISil2 and
AlO3 grains using micro-XCT. It is known that in
micro-XCT there is an interplay between the voxel size
and the contrast. For our modeling purposes, the voxel
size of 1 micron provided satisfactory contrast and a
good representation of the microstructure of AlSil2/
Al,O3. We also performed the micro-XCT experiments
with a voxel size smaller than 1 micron. This resulted in
finer microstructure images but at the expense of the
contrast between the phase materials. As a result, it was
not possible to generate a finite element mesh using the
SCAN IP/FE software from the micro-XCT data
obtained with the voxel size smaller than 1 micron.
Based on our previous experience,*? a threshold-based
grayscale segmentation of the SCAN IP/FE software
was used to build the model, which required an
appropriate level of contrast in the scans. Validation
of the segmentation consisted of comparing the volume
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Fig. 3—Types of mesh based on the micro-XCT images (a) cubic
elements (b) tetrahedron elements.

occupied by Al,Oj3 in the sintered composite with the
volume occupied by the elements representing the Al,O;
phase in the RVE. The difference between the volumes
in the sintered composite and the RVE was less than
0.5 pct for all Al,O5 contents.

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 AlSil12 + 10vol pct Al,O3, AlSil2 +
20vol pct Al,O5, and AlSil2 + 30vol pct Al,O3 were
implemented in the finite element models. The pores
were assumed to be uniformly distributed in the AlISil2
matrix and filled with air, with an estimated thermal
conductivity of air equal to 0.025 W/mK.*”! The
porosity of the material generally leads to a reduction
in thermal conductivity. However, for the samples
consolidated by hot pressing (Figure 4), the effect of
porosity on the effective thermal conductivity was less
pronounced due to the very high relative densities of
these samples.

Figure 5 shows the influence of the type of finite
elements, cubic vs tetrahedron, of ungraded AlSil2/
Al,O53 composites sintered by the HP [Figure 5(a)] and
SPS [Figure 5(b)] on the effective thermal conductivity.
It is evident that the tetrahedron elements used in the
micro-XCT-based FE model give better numerical
results for Agp for both HP and SPS composites.
Therefore, the cubic model was not used in the further
simulations of the effective thermal conductivity.

B. Estimation of the Interfacial Thermal Conductance

When heat is transferred through a material, it
primarily occurs through lattice vibrations or phonons.
In composites, grain boundaries scatter phonons mainly

due to the interfacial thermal barriers between metal and
ceramic, causing them to lose energy and reduce the
overall thermal conductivity of the material.*”) From
the SEM images, it was observed that the interfaces
between the metal matrix and ceramic particles were
rougher for SPS samples than for HP samples, and the
number of interfaces was large. The bonding between
the matrix and the reinforcement, which is correlated
with the HP and SPS processes, could also affect the
thermal conductivities. These facts should be considered
when modeling the thermal conductivity of the graded
composites. Therefore, an imperfect interface FE model
was developed taking into account the effect of interfa-
cial thermal resistance. Such models have been found in
the prediction of the thermal conductivity of metal—ce-
ramic composite materials with imperfect inter-
faces.*!'*”)  Estimating the interfacial thermal
conductance at the microscale for layered composites
is experimentally difficult and requires sophisticated
equipment.*¥ Alternatively, the interfacial thermal con-
ductance can be estimated using the classical mean field
scheme of Maxwell*” and the differential effective
medium (DEM) scheme of Bruggeman.™” In our study,
the interfacial thermal conductance value of 0.01 MW/
m?K was taken from a rigorous experimental test of
atomistic-level theories for the interfacial thermal con-
ductance between aluminum and alumina.*® Reference
46 provides the interfacial thermal conductance of the
aluminum—alumina interface using interfacial conduc-
tance modal analysis and atomistic green function
method and compares it with the experimental time-do-
main thermoreflectance data, experimental data
obtained by Stoner and Maris,*”! another set of
experimental data reported by Hopkins er al.*® as well
as the diffuse mismatch model predictions.*”! In partic-
ular, the interfacial conductance modal analysis predic-
tions showed very good agreement with the
experimental data for aluminum-alumina composite,
hence they were adopted in our study for the modeling
purposes. The assumption of nearly perfect adherence at
the Al,0O3—AlSil2 interfaces is supported by the SEM
images in Figure 6.

Figure 7 shows the implementation of the interaction
properties defined in Abaqus at the interfaces between
metal and ceramic in a single composite layer (sample A,
see Figure 2). The yellow symbols in Figure 7 are the
graphical representation of the contacts between two
deformable bodies in ABAQUS when some contact
properties are applied. This can be done using the
module named “Interactions” in ABAQUS/Standard
simulations. A perfect interface is an idealized interface
between the metal and ceramic phases, where there is no
interfacial thermal resistance or barrier to heat transfer.
The increase in the volume fraction of the ceramic
particles is reflected in an increase in the area of the
interfaces per unit volume of the composite. This
reduces the interfacial thermal conductance and, as a
result, the thermal conductivity."” Similar behavior was
also observed in Reference 51 due to a higher Si content
in Al-Si composites. Figure 8 shows the effect of the
interfacial thermal conductance on the effective thermal
conductivity as predicted by the micro-XCT FEM
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model for 10, 20 pct, and 30 vol pct of Al,O5 in the
AlSi12/Al,05 composites.

C. Micro-XCT FEM Modeling of Thermal Conductivity
of Graded Composites

The FE model was developed using Abaqus™ soft-
ware.*® The finite element meshes were generated from
micro-XCT scans of the microstructure of the samples.
Figure 9 shows the mesh models for the three-layer
FGM and Figure 10 shows the single-layer composite
fabricated by the HP.

Hexagonal, eight-node thermal elements were used to
solve the linear Fourier heat conduction equation in a
three-dimensional domain:

q = —/eis T, 3]

where ¢ is thermal flux, Ao is effective thermal conduc-
tivity, and 7 = Thoy — Teolq- The temperature on the
two opposite faces of the specimen was kept constant,
wherein one of the faces was assumed to be hot
(Thot = 100), and the other face to be cold
(Teola = 0). The remaining specimen’s faces were char-
acterized by the adiabatic state.

In Figure 9 some of the Al,O; domains appear
continuous across the layer interfaces. When finite
elements containing Al,O3 come into contact with other
AlL,O;3 elements at the interfaces during the layer
stacking process in Functionally Graded Material
(FGM) modeling using ABAQUS, a continuous Al,O3
domain is formed across these interfaces. This continu-
ity arises from the merging operation involved in
ABAQUS, where different layers are stacked together,
resulting in a seamless Al,O; domain that spans across
the interface boundaries.



Fig. 6—SEM images showing the adhesion of the AISil2 matrix to the ALO; reinforcement in (a) AlSil2 + 10 pctAl,O3, (b)

AISi12 + 20 pctAl,Os, and (c) AlSil2 + 30 pctALOs.

Contacts between metal (AlSil2)

and ceramic (Al,O5)

Fig. 7—FE model in Abaqus with interactions at the interface between AlSil2 and Al,O5 phases.

The effective thermal conductivity can be expressed as
follows>):

L

heft = =
o A Thot - Tcold

[4]
where L is the length of the specimen, A4 is the
cross-sectional area, (Thot — Teold) 1S the temperature
difference across the bottom layer to the top layer of
the specimen, Q is the overall heat flux obtained by

integrating the fluxes across the inlet surface of the ele-
ments, expressed as follows:

ot
Q:/A—ladxdy. [5]

The above equation was used for all the elements to
calculate the thermal flux and the effective thermal
conductivity. The thermal conductivity of the materials
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used in the numerical computations were measured
experimentally at room temperature and are listed in
Table 1.

BFEM (Imperfect Interface) AFEM (Perfect Interface)
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Effective Thermal Conductivity [W/mK]
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Fig. 8 —Effect of imperfect interface on the effective thermal
conductivity obtained from the micro-XCT-based FE model for
different alumina volume fractions.

Materials Color
e []
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IV. RESULTS AND DISCUSSION

A. Microstructure Characterization

The scanning electron microscopy (SEM) images of
the microstructure of the composite layers with 10, 20,
and 30 vol pct Al,O3 prepared by the HP and SPS
techniques are shown in Figure 11. The transition
regions in the two-layer FGMs, sample D, sample E,
and sample F (see Figure 2 for the notation used), are
shown in Figures 12(a) through (c), respectively. The
SEM observations reveal a uniform distribution of
Al,Oj3 particles throughout the volume of the composite
and good quality bonding at the interface between the
two phases. The microstructures of the HP samples
[Figures 11(a) through (c)] show smooth surfaces with
almost no pores or cracks. The pores are barely visible
in Figures 11(a) through (c) because the samples were
almost completely consolidated during hot pressing. The
HP sample with the lowest relative density (99.609 pct)
is sample C with 30 pct Al,O5; content [Figure 11(c)].
Since the applied temperatures were much lower than
those used for sintering Al,O5, we did not observe any

B 30 vol% ALO; + 70 vol% AlSi12
B >0 1019 ALLO, + 80 vol% AlSi12

B 10 vol% ALLO, + 90 vol% AlSil2

Fig. 9—Tetrahedron element mesh model generated with the ScanIP/FE software from the micro-XCT images for the three-layer FGM (sample

G) fabricated by HP.

Fig. 10—Tetrahedron element mesh model generated with the ScanIP/FE software from the corresponding micro-XCT image for the single-layer

composite (sample A) produced by the HP.
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bonds between the ceramic grains. Therefore, for the
purpose of numerical modeling, we considered the
ceramic reinforcement as inclusions immersed in a metal
matrix.

The cooling behavior of AlSil2 and Al,O; was
different as indicated by their thermal expansion coef-
ficients. The in-house measured coefficient of thermal
expansion was 23.7 x 107% (1/deg) for AISil2 and
6.5 x 107° (1/deg) for Al,O5. As a result, the AlSil2
matrix was subject to tensile thermal stresses and was
therefore more prone to pore formation than the
alumina. Consequently, the pores were assumed to exist
only in the metal matrix or at the interface between the
reinforcement grains and the matrix. Due to the high
plasticity of AlSil2, larger pores were flattened and the
measured porosity of the material consisted mainly of
nanometric pores, which are very difficult to detect.
Micro-XCT is well suited to identify pores, but in the
materials analyzed they were below the resolution of the
Nanotom M device used in this study. The assumption
that most of the pores exist in the AISil2 matrix was
confirmed to some extent by the volume distribution of
nanopores obtained by the gas adsorption method. As
will be shown later, the total volume of nanopores in the
AlSil12 matrix was five times higher than in the alumina
reinforcement.

The SEM micrographs of both HP and SPS samples
[Figures 11(a) through (f)] show two distinct regions in
the AISil2 matrix. Since Si is characterized by limited
solubility in Al, the SEM images show pure Al matrix
with Si grains (black phases). Due to the different
processing time, the size and number of Si grains in the
HP and SPS samples are different. The irregularly
shaped ceramic particles are visible as black grains with
light contours [Figures 11(a) through (f)]. Note that the
AlSi12 matrix is spatially continuous throughout the
composite structure. This allows for heat dissipation as
the AlSi12 matrix is the primary heat transfer material
in these composites. For this reason, there is a significant
decrease in the thermal conductivity of the composite
samples as the ceramic content increases (see Table 1V).
Furthermore, the smooth transition between the com-
posite layers observed in Figures 12(a) through (c),
achieved during the sintering of the FGMs, explains the
formation of a metallurgical bond that allows structural
integrity between layers with different chemical
compositions.

B. Density of Composite Layers

The carefully tuned parameters of the HP process
made it possible to achieve relative density exceeding
99 pct for all samples of AlSil2/Al,05; composites, as
confirmed by density measurements shown in Table II.
According to the DSC measurements performed, the
melting point of the AlSil2 powder was approximately
590 °C, while the sintering temperature in the HP
process was set at approximately 560 °C. This temper-
ature, being not far from the melting point of AlSil2,
caused the AISil2 matrix to behave plastically, which in
turn facilitated a defect-free pressing of hard alumina
particles into a soft AlSil2 matrix under the pressure

applied in the HP. A similar mechanism of consolida-
tion in Al matrix composites has been reported in
Reference 53. The combined effect of the sintering
temperature of 560 °C and the pressure of 30 MPa
resulted in almost complete consolidation of the AlSil2/
Al,O53 composite layers sintered by the HP.

Generally, the SPS technique tends to produce mate-
rials that are well consolidated.®™ However, in the
present study, the AlSi12/Al,03 composites with 10, 20,
and 30 vol pct of alumina consolidated by the SPS
showed slightly lower relative densities to their HP
counterparts (Table II). It should be recalled that the
sintering temperature in the SPS process was set at
502 °C, which was significantly lower than in the HP
case. This was the programmed temperature for SPS,
but inside the mold the temperature may be a little
higher. The reason for reducing the sintering tempera-
ture in the SPS process was the fact that when the
programmed temperature was raised above 502 °C, the
AlSil2 powder in the mold started to melt. This was due
to the much higher heating rate in SPS (70 °C/min)
compared to HP (5 °C/min), which caused a higher
temperature gradient during heating. The temperature
gradient of SPS resulted in a hot center and a colder
outer volume due to Joule heating. In the case of HP,
the temperature gradient was built up in the opposite
direction. According to our observations from the
laboratory, a higher temperature would lead to melting
of the AISil2, which was an undesirable scenario. On
the other hand, the pressure applied in the SPS process
was 40 MPa compared to 30 MPa in the HP process,
but ultimately the relative densities of the SPS samples
containing 10, 20, and 30 vol pct alumina were slightly
lower than the corresponding composites prepared by
the HP route, as shown in Table II.

The AlSi12/Al1,0; composites sintered by HP and SPS
are almost fully dense (Table II), except for the SPS
sample with the highest alumina content (30 pct). From
the SEM images in Figure 13, it can be seen that the
AlSil2 matrix in the AlSil2 + 30 pctAl,O5 (SPS) com-
posite does not fill all the voids between the densely
packed ceramic particles due to a shorter exposure to
temperature. This is then reflected in the increased
porosity of 2.49 pct of the AlSi12 + 30 pctAl,Os (SPS)
sample vs 0.39 pct AlISil2 + 30 pctAl,O; (HP).

As mentioned in Section II-C, we also performed
experiments based on the gas adsorption method to
confirm or reject the assumption of the presence of
nanopores in the HP-sintered AlSil2 and AlL,O3; pow-
ders. The experiments on AutoSorbiQ, Quantachrome
analyzer revealed the presence of nanopores in both
AlSil12 and Al,O5; powders. The total pore volumes per
unit mass in the diameter range (0.35 to 375 nm), which
is close to the limits of the instrument, are shown in
Table III. It is noted that the total volume of nanopores
in the AlSi12 (HP) matrix is five times larger than that in
the alumina phase.

C. Thermal Conductivity of AISil2

Before discussing the thermal conductivity data
obtained by the flash method for the AIlSi12/Al,03
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Table I. Thermal Conductivities of the Phase Materials Used in the Numerical Models

Thermal Conductivity (W/mK)

Processing Route AlSil2 Al,O4 Pores (Air)
Hot Pressing (HP) 204.8* 33.0% 0.025
Spark Plasma Sintering (SPS) 188.0* 33.0% 0.025

*Measured in-house on AlSil2 and Al,Os; sinters.

(d) AlSi12+10 vol% ALO; (SPS)

1

" (©) AlSi12+30 vol% AlLOs(HP)

" *

(e) AlSil12+20 vol% ALO; (SPS) (f) AlSi12+30 vol% ALO; (SPS)

Fig. 11—SEM micrographs of HP-sintered AlSil2 with (@) 10 vol pct Al,O3, (b) 20 vol pct Al,Os, (¢) 30 vol pct Al,O3 and SPS-sintered AlSil2

with (d) 10 vol pct ALOs, (e) 20 vol pct Al,O3, and (f) 30 vol pct AL,Os.

- >

SAISi12+10%A1,0;

e

AISi12+30%A1,0; 8

N g o . 20 um

Fig. 12—SEM micrographs of the interlayer regions in HP-consolidated two-layer FGMs: (a) sample D, (b) sample E, and (¢) sample F

(according to the notation in Fig. 2).

composites and FGMs, it is first necessary to discuss a
discrepancy noticed in the thermal conductivity mea-
surements at room temperature (RT) for pure AlSil2
sintered by HP (204.8 W/mK) vs pure AlSi12 sintered by
SPS (188.0 W/mK). As can be seen in Figure 14, this
discrepancy is pronounced at RT and disappears as the
temperature rises above 250 °C.

It was essential to find physical reasons for this
behavior of the two AlSil2 sinters as it could affect all
thermal conductivity data for AlSi12/Al,O; composites
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and FGMs. The porosities of pure AlSil2 (HP) and
AlSil2 (SPS) samples were negligible, as shown in
Table II. Consequently, it could not be the reason for
the difference in thermal conductivities of the two
AlSi12 materials. The other hypothesis was that during
the SPS and HP processes, which differed primarily by
the heating rate (70 deg/min for SPS vs 5 deg/min for
HP) and dwelling time (10 vs 180 minutes) but also in
the sintering temperature (502 °C vs 560 °C due to the
heating concept) and pressure (40 vs 30 MPa), some new



phases could have been formed that reduced the thermal
conductivity of the SPS sample. However, this hypoth-
esis was not supported by the EDX analysis performed
on the AlSil2 (HP) and AlSil2 (SPS) samples.

On the other hand, the SEM analysis revealed that the
average sizes of Al grains in the AlISi12 (HP) and AlSil2
(SPS) samples were distinctly different (Figure 15).
Using the ASTM E112 grain size measurement proce-
dure,” the average Al grain size was found to be
2.80 um in the HP sample and 1.69 um in the SPS
sample. Also, the Si secondary phase in both samples
shown in Figure 15 were of different sizes. It has been
shown in the literature (e.g., 56) that larger grains have
higher intrinsic thermal conductivity. Grain size also
controls the number of grain/grain boundaries and thus
the interface thermal resistance, which is higher for
fine-grained materials.**-**) Consequently, the difference
in thermal conductivity between the AlSil2 (HP) and
AlSil2 (SPS) samples shown in Figure 12 could be
attributed to these two effects related to the larger grain
sizes in the HP samples than in the SPS samples. It
should be noted that the grain growth effect, which is a
drawback of the slow HP processes because it negatively
affects the material strength, plays a positive role for
heat transfer, which is evident from the higher thermal
conductivity values for the AlISil2 (HP) samples shown
in Figure 14.

The decrease in thermal conductivity of the AlISil2
(HP) sample with increasing temperature from RT to
300 °C (Figure 14) is typical behavior for metals, where
thermal conductivity is mainly caused by the motion of
free electrons. As the temperature increases, the molec-
ular vibrations increase, which in turn decreases the
mean free path of the molecules. As a result, they
impede the movement of free electrons and reduce the
thermal conductivity. On the other hand, the thermal
conductivity behavior of the AISil2 (SPS) sample in the
temperature range of RT-300 °C initially shows an
increasing tendency and a plateau around 150 °C.
Several factors can affect the thermal conductivity of
aluminum alloys, including the size of the aluminum
grains as discussed above and the properties of the
secondary phases.°”) To explain the effect of thermal
conductivity variation of the AlSi12 (SPS) sample with
temperature (Figure 14), we performed SEM analysis of
the sample at RT and after heating it to 300 °C. The
obtained SEM images [Figures 16(a), (b)] show no
significant growth of Al grains!®® or spheroidization of
Si precipitates’®® to account for an increase in thermal
conductivity after heating to 300 °C.°*®! However, some
elliptical nanopores are visible at the boundaries of Al
grains [Figure 16(a)], which disappeared after heat
treatment [Figure 16(b)]. This pore annealing could lead
to an increase in the thermal conductivity. The process
of nanopores closure continued as the temperature
increased which is reflected in the increasing conductiv-
ity AlSil2 (SPS) sample (Figure 14). At a certain
temperature level (about 150 °C), the closure of the
pores was complete and there was no further increase in
the thermal conductivity (a plateau in Figure 14).

After heat treatment to 300 °C, the thermal conduc-
tivity of AlSil2 (HP) and AISil2 (SPS) samples was
again evaluated at RT. For the AISi12 (HP) sample, it
was equal to 200.3 [W/mK], which was lower than 208.4
[W/mK] obtained for this sample before heat treatment.
On the other hand, for the AlSi12 (SPS) sample, it was
equal to 196.4 [W/mK], which was higher than 188.3
[W/mK] obtained for this sample before heat treatment.
Considering that the measurement error in this exper-
iment was about 5 pct, it can be concluded that the RT
thermal conductivity of AlSi12 (HP) and AlSil2 (SPS)
samples after heat treatment approached the same level.
This experimental fact can also be considered as an
argument in favor of the nanopore annealing mecha-
nism being responsible for thermal conductivity
stabilization.

It should be noted that grain growth as such was not a
subject of investigation in this work. However, the
observed differences in grain structure in AlSil2 (HP)
and AlSil2 (SPS) samples due to the different process
conditions of HP and SPS provide a plausible explana-
tion for the lower thermal conductivity of AlSil2 (SPS)
compared to AlSi12 (HP) at room temperature.

In addition to the grain growth of AlSil2 caused by
the sintering process, it may also occur when the AlISil2/
Al,O3 composite is applied as a brake disk material.
During intensive car braking, especially in high-perfor-
mance cars, the temperature of the brake disk can
significantly exceed 500 °C, and further grain growth of
AlSil2 can occur, especially in the fine-grained AlSil2
(SPS) matrix material. This in turn will increase the
thermal conductivity of AlSi12 (SPS) and bring it to the
conductivity values of AlSil12 (HP). Detection of grain
growth during car exploitation could be used as an
indicator of thermal load on a brake disk. Knowing the
initial AISil12 grain size after sintering, any additional
heat treatment will support grain growth. This idea may
be more effective for the AlSil2 (SPS) as this material
seems to have more potential for grain growth in the
application phase.

Figure 17 shows an SEM micrograph of an area of
pure AlSil2 sintered by HP together with the EDS map.
The interfaces between the Si and Al grains are sharp
and show no defects or pores. As the AlSil2 alloy
powder was produced by the atomization process, a
uniform distribution of elements was observed in the
EDS analysis of the raw powder. During prolonged
exposure to sintering temperature near the melting point
of Al, precipitation of Si grains occurred according to
the binary phase diagram of Al-Si. A smooth interface
between the Si and Al grains in pure AlSil2 sintered by
HP (Figure 17) improved the interfacial bond stren%th
and increased the thermal conductivity of the sinter.[’”!
Therefore, it is understandable that the HP samples had
a higher thermal conductivity in the temperature range
RT-150 °C than the SPS samples directly after sintering.
The higher thermal conductivity of the pure AlSil2 (HP)
material carried over to the thermal conductivity of the
composite layers and FGMs where this material was
used as the matrix.
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Table II. Measured Densities and Calculated Porosities of AlSi12/Al,0; Composites Fabricated by HP and SPS

Hot Pressing (HP)

Spark Plasma Sintering (SPS)

Relative
Theoretical Measured Relative Porosity Measured Den- Density Porosity

Material Density (g/cm®) Density (g/cm®) Density (Pct) (Pct) sity (g/em?) (Pct) (Pct)
AlSil2 2.656 2.654 99.940 0.060 2.653 99.902 0.098
AlSil2 + 10vol pct 2.787 2.778 99.676 0.324 2.771 99.424 0.576

AL O3 (Sample A)
AlSil2 + 20vol pct 2918 2913 99.812 0.188 2.906 99.572 0.428

Al,O3 (Sample B)
AlSil2 + 30vol pct 3.050 3.038 99.609 0.391 2974 97.511 2.489

Al,O5 (Sample C)

Voids between the densely
packed ceramic particles.

Fig. 13—Porosity of AlSil2 + 30 pctAl,O3 samples sintered by (¢) HP and (b) SPS.

Table III. Total Volume of Nanometric Pores and Average Pore Diameter in AlSi12 (HP) and Al,O3; Powders Measured by the
Gas Adsorption Method

Sample Total Pore Volume (cm?/g) Average Pore Diameter (nm)
AlSil2 (HP) 0.078 4.40
AlLO3 0.015 5.82

D. Thermal Conductivity of Composite Layers
and FGMs

The thermal conductivity data obtained by the flash
method for the AlSi12/Al,0; layered composites with
different alumina volume fractions in the temperature
range RT-300 °C are summarized in Table IV. The most
interesting case of the three-layer FGMs (sample G)
prepared by HP or SPS is graphically shown in
Figure 18.

From the analysis of the data for the single-layer
composites in Table IV, it is evident that increasing the
volume fraction of alumina, sample A (10 pct), sample B
(20 pct), and sample C (30 pct), decreases the thermal
conductivity of the composite layer. This effect is
observed for both the HP and SPS samples over the
entire temperature range of the experiment, although it
is more pronounced at lower temperatures. Another
observation from Table IV is that the thermal
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conductivities directly after sintering of the single-layer
samples (A, B, C) sintered by HP are consistently higher
than their SPS counterparts (D, E, F). This may be
related to a combination of two effects: (i) the effect
discussed above that the AISil2 (SPS) matrix material
has a lower thermal conductivity than AISil2 (HP) (see
Figure 14), and (ii) the effect of the higher porosity of
the SPS samples (D, E, F) compared to the HP samples
(A, B, C) as seen in Table II. Similar behavior to the
single-layer composites is observed in Table IV in the
two-layer HP and SPS composite samples D, E, F, with
ceramic volume contents of 0/10, 10/20, and 20/30 pct,
respectively. It should be noted that the two-layer
samples D and E, both HP and SPS, had the highest
thermal conductivities of all the samples tested. The
thermal conductivity of the three-layer FGM (sample G)
was consistently higher than that of the two-layer FGM
(sample F) throughout the temperature range of the
experiment.
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Fig. 14—Measured thermal conductivity of unreinforced AlSil2 samples sintered with HP and SPS in the temperature range RT-300 °C.
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Fig. 15—SEM micrographs of unreinforced AlSil2 samples sintered by () HP and (b) SPS.

Figure 18 shows the variability of the thermal
conductivity (1) data of the three-layer HP and SPS
FGM samples over the temperature range RT-300 °C.
As mentioned above, the FGM produced by HP has a
significantly higher thermal conductivity than that
produced by SPS over the entire temperature range,
with a difference of 22 pct at RT. Also, a systematic but
slight decrease in 4 is observed with increasing temper-
ature. This effect is more pronounced for the HP
samples.

Figure 19 shows the comparison of the experimentally
measured thermal conductivity for the two-layer FGM
samples (D, E, F) and the three-layer FGM sample G
obtained by HP, with that of gray cast iron over the
temperature range RT-300 °C. Gray cast iron is a
conventional material used in the manufacture of brake
disks for passenger cars. From Figure 19 it can been
seen that the thermal conductivity of the three-layer
FGM (sample G) exceeds the thermal conductivity of
gray cast iron by a factor of 3 in the temperature range
RT-300 °C, which is favorable for the rapid dissipation

of heat from the braking system. Under normal braking
conditions, the temperature of the brake disks varies
between 150 °C and 250 °C. However, in high-perfor-
mance cars or under extreme thermomechanical load-
ing, the operating temperature in the brake disk/pad
pair can temporarily reach 500 °C or higher. The
aluminum matrix composites reinforced with SiC or
alumina particles have recently become commercially
available for brake disks. They can be used in vehicles
where the maximum operating temperature does not
exceed 450 °C making them suitable to small cars or
rear brakes.®” Other solutions for Al-based brake disks
include integration of ceramic matrix composites
(CMCs) and an Al alloy.[*!

It should also be noted from Figure 19 that graded
composites produced by hot pressing maintain almost
constant thermal conductivity over the entire tempera-
ture range RT to 300 °C. This is in contrast to the
results reported in Reference 9 for an AlSil2/Al,0;
interpenetrating phase composite (IPC) produced by
pressure-assisted infiltration of a molten AlSil2 alloy
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Fig. 16—SEM images of (a) AlSil2 (SPS) sample at RT with
nanopores visible at Al grain boundaries as indicated by arrows, (b)
AlSil2 (SPS) sample after heat treatment at 300 °C without
nanopores; white arrows in image (b) indicate surface damage
caused by sample preparation for SEM.

into a porous ceramic preform, where the thermal
conductivity decreased with increasing temperature
from RT to 300 °C.

E. Thermal Conductivity of Composites and FGMs:
Comparison with Modeling Results

The thermal conductivity data obtained by the flash
method were used to validate the micro-XCT FEM
model introduced in Section III. Figure 20 shows a
comparison of the results obtained from the micro-XCT
FEM model with the experimental data for three
single-layer composites (samples A, B, C) consolidated
by hot pressing. It is noted that the micro-XCT FEM
model predicts the experimental data for all the samples
with remarkable accuracy (relative error less than 4 pct).

Figure 21 shows a comparison of the numerical
simulations by the micro-XCT FEM model with the
experimental results of the thermal conductivity at RT
for the two-layer FGMs with 0/10, 10/20, 20/30 pct
alumina (samples D, E, F) and the three-layer FGM
with 10/20/30 pct alumina (sample G) fabricated by the
HP. Similar to the single-layer case, the agreement
between the numerical simulations and the experimental
results for the two- and three-layer FGMs is good, with
a relative error of less than 6 pct. The error bars shown
in Figures 20 and 21 correspond to a 5 pct error based
on the precision of the instruments used to measure
thermal diffusivity by the flash method.

In addition to the numerical simulations by the
micro-XCT FEM model, in Figure 21 we have added
the Reuss estimates of the thermal conductivities for the
two- and three-layer FGMs calculated using Eq. [2]. It
can be seen that the Reuss estimates are surprisingly
close to the experimental data. Therefore, the Reuss
model for composite layers connected in series can be
used as a fast approximation of the thermal conductivity
of the layered MMCs.

Fig. 17—SEM micrograph showing interfaces between Si and Al grains in HP-sintered AlSil2 sample (left) and EDS map (right).
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Table IV. Measurements of the Thermal Conductivity (4) of AlSi12 Matrix Layered Composites Reinforced with Different

Volume Fractions of Al,Oj3 in the Temperature Range 25 °C (RT) to 300 °C

Thermal Conductivity of HP Samples, 2 (W/mK)

Single Layer Two-Layer Three-Layer (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, 4 (W/mK)
Single Layer Two-Layer Three-Layer (FGM)
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
Sample labels (A through G) refer to those in Fig. 2.
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Fig. 18—Results of thermal conductivity measurements of
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Fig. 19—Comparison of the experimentally measured thermal
conductivities of the two-layer FGMs (samples D, E, F), the
three-layer FGM (sample G) fabricated by HP, and the gray cast
iron used in brake disks.
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Fig. 20—Comparison of the micro-XCT FEM model with
experimental results of the thermal conductivity of single-layer
AlSil12/A1,0;5 (HP) composites with 10, 20, and 30 vol pct of
alumina (samples A, B, C) at room temperature.

V. CONCLUSIONS

This work is a combined experimental and modeling
study to evaluate the thermal conductivity of AlSil2/
Al,Os-layered composites prepared by hot pressing
(HP) and spark plasma sintering (SPS). The relative
densities of the fabricated materials were above 99 pct
for the HP and above 97 pct for the SPS samples. An
increase in porosity was observed as the volume fraction
of ceramic reinforcement increased from 10 to 30 pct.
Porosity in the composite structure and an increase in
interfacial thermal resistance resulted in a decrease in
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Fig. 21—Comparison of micro-XCT FEM results and Reuss estimates [Eq. 2] with experimental measurements at room temperature of thermal
conductivity for two-layer FGMs (samples D, E, F) and the three-layer FGM (sample G) fabricated by the HP.

thermal conductivity. A discrepancy was observed in the
thermal conductivity of pure AlSi12 (HP) and AISil2
(SPS) samples measured immediately after sintering. A
difference in grain size revealed by SEM analysis was the
main reason why the thermal conductivity of SPS
samples was lower than that of HP samples.

Accurate predictions of the thermal conductivity, with
a relative error of less than 4 pct for single-layer and
6 pct for two- and three-layer composites, were obtained
from the proposed micro-XCT-based FEM model,
where micro-XCT images of the actual material
microstructure were used to develop finite element
meshes. Unlike the micromechanical models, the micro-
XCT-based FEM model makes no assumptions about
geometrical characteristics of the material microstruc-
ture and can be used to predict the thermal conductivity
of other composites or different composition gradients
provided that the micro-XCT technique is suitable for
these materials. It should be added that the simple Reuss
estimate of the effective thermal conductivity of the
layered materials was very close to the results obtained
from the more complex micro-XCT-based FEM model.
Therefore, it is recommended for use when a fast
estimate of the effective thermal conductivity of the
layered metal-ceramic composites is required.
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