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ARTICLE INFO ABSTRACT

Keywords: Metal-ceramic composites by their nature have thermal residual stresses at the micro-level, which
Finite element modeling can compromise the integrity of structural elements made from these materials. The evaluation of
Micro-XCT

thermal residual stresses is therefore of continuing research interest both experimentally and by
modeling. In this study, two functionally graded aluminum alloy matrix composites, AlSil2/
Al;03 and AlSi12/SiC, each consisting of three composite layers with a stepwise gradient of
ceramic content (10, 20, 30 vol%), were produced by powder metallurgy. Thermal residual
stresses in the AlSil2 matrix and the ceramic reinforcement of the ungraded and graded com-
posites were measured by neutron diffraction. Based on the X-ray micro-computed tomography
(micro-XCT) images of the actual microstructure, a series of finite element models were devel-
oped to simulate the thermal residual stresses in the AlSil2 matrix and the reinforcing ceramics
Al03 and SiC. The accuracy of the numerical predictions is high for all cases considered, with a
difference of less than 5 % from the neutron diffraction measurements. It is shown numerically
and validated by neutron diffraction data that the average residual stresses in the graded AlSi12/
Al;0O3 and AlSi12/SiC composites are lower than in the corresponding ungraded composites,
which may be advantageous for engineering applications.

Thermal residual stress
Hot pressing
Aluminum matrix composites

1. Introduction

Thermal residual stresses are important in any metal-ceramic composite regardless of the specific application. In the case of Al/
Al;03 and Al/SiC composites, the amount of previous work on material properties and their relation to the microstructure is abundant
(e.g., mechanical properties [1-3], thermal properties [4-6], effect of microstructure on residual stresses [7-9]). Previous studies of
functionally graded materials (FGMs) focusing on the material behavior have often been limited to analytical or numerical approaches,
while much less experimental work has been published, apparently due to the difficulty of fabricating FGMs and their complex
microstructure, which makes experimental testing rather cumbersome. Thermal residual stresses (TRS) in functionally graded
metal-ceramic composites can be measured using the same methods as for ungraded composites. Among the available non-destructive
experimental methods, the most commonly used for metal-ceramic composites are X-ray diffraction (XRD) [10], synchrotron X-ray
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20% vol. ALO; + 80% vol. AlSil12 20% vol. SiC + 80% vol. AlISil2

10% vol. AL,O; +90% vol. AlSil2 10% vol. SiC + 90% vol. AlSil2
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Fig. 1. Schematic of the three-layer graded materials (FGMs) studied in this work: (a) AlSi12/Al,03, (b) AlSi12/SiC.

diffraction (SXD) [11], neutron diffraction (ND) [12], Raman spectroscopy (RS) and photoluminescence piezospectroscopy (PLPS)
[13]. The basic principle of diffraction techniques is to measure elastic deformation and lattice distortion based on the shift and
broadening of the diffraction peaks. X-rays, however, are well suited for measuring near-surface stresses because of their limited
penetration depth for metals such as aluminum, which ranges from 30 pm to 100 pm [14]. For bulk metal-ceramic composites, the
neutron diffraction method is more effective due to the high neutron penetration in most materials. The general disadvantage of all
diffraction methods is that they are only applicable to crystalline solids, which is not the case with optical methods (RS, PLPS) [15].
Sometimes it is advantageous to use optical and diffraction methods in parallel to confirm unexpected experimental results on TRS in
composites [16].

Experimental studies of the spatial variation of elastic modulus, compressive strength, and fracture toughness in a continuous FGM
as a function of location to generate property profiles were described in a highly referenced paper [17]. The elastic constants and
thermal expansion coefficients of the FGMs along the gradient directions were evaluated in Ref. [18]. The thermal conductivity of the
FGM was measured by the laser flash method in Ref. [19] and compared with theoretical calculations for the layered material.

Although a distinction is usually made between continuous and discrete gradients for modeling purposes, the actual FGM mi-
crostructures are discrete and random. These highly inhomogeneous microstructures, when composed of thermally dissimilar mate-
rials (such as Al and SiC or Al;03), can result in local residual stresses during fabrication or under thermal or mechanical loading in
engineering applications. Locally concentrated stresses, especially tensile stresses, can initiate microcracks or voids, which can be
detrimental to any material being considered for structural or functional applications [20]. Therefore, the modeling of residual stresses
in FGMs is a top research priority.

Analytical approaches to model the thermal stresses in metal-ceramic composites often rely on the equivalent Eshelby inclusion
method [21], which offers a closed-form solution for stresses generated by ellipsoidal dispersion in an elastic matrix. For example, a
modified Eshelby model was developed in Refs. [22,23] to obtain analytical solutions for thermal residual stresses in ceramic-matrix
composites with ellipsoidal reinforcement, and applied to special cases of disk-shaped, spherical or fiber-shaped reinforcement.
However, when calculating thermal stresses in FGMs, a direct application of the Eshelby solution is not feasible because the RVE
(Representative Volume Element) cannot be easily determined due to the spatial gradient of the microstructure. In continuous thermal
residual stress models, the volume fraction gradient is first estimated from the rule of mixtures [24] or by assuming analytical functions
(e.g., power law) for the changes in the elastic modulus of the FGM before proceeding to the heat transfer equation for the FGM [25].

Numerical models of thermal residual stresses in bulk composites (without gradation or with functional gradation) are now
becoming popular because the actual shapes of the reinforcement, especially in composites produced by powder metallurgy tech-
niques, do not lend themselves easily to analytical modeling [25]. The finite element analysis (FEA) has been used to solve the TRS
problems for various types of inclusions. However, the complex domain discretization for composites requires many finite elements to
obtain sufficiently accurate numerical solutions. Typical inclusion shapes such as spheres, fibers, or whiskers can be modeled using
FEA software packages [26]. FEA has also been used to calculate thermal residual stresses in layered composites [27]. In this study,
TRS models for layered FGMs are of particular interest due to the hot press consolidation technique used to obtain FGMs with a
stepwise gradient in phase materials composition.

Experimental imaging methods such as X-ray micro-computed tomography (micro-XCT), synchrotron tomography and focused ion
beam scanning electron microscopy (SEM-FIB) tomography are used in various fields [28-36] to image the microstructure in three
dimensions. In addition, tomography-based microstructure data have also become attractive as an input for FEM modeling [37]. In
general, the accurate reconstruction of the microstructure is a critical step for FEM modeling. However, by using the digital repre-
sentative volume of the actual microstructure for modeling, assumptions about the microstructure of the material can be avoided. On
the other hand, these experimental techniques have their limitations, as pointed out in Ref. [38]. Once an accurate digital repre-
sentation of the microstructure is available, FEM models based on micro-XCT are quite effective in predicting thermal residual stresses
[39,40] and elastic properties [41] in metal-ceramic composites.

The objectives of this work are: (i) to develop finite element models of the thermal residual stresses using the actual microstructures
of the AlSi12/Al,03 and AlSi12/SiC composites and FGMs reconstructed by 3D X-ray micro-tomography, (ii) to validate the micro-XCT
based FEM models by comparing the numerical results with the experimental data obtained from the neutron diffraction experiments,
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Fig. 2. SEM secondary electron detector images of as-received powders: (a) AlSil12, (b) Al,O3, (c) SiC.

(iii) to confirm that a graded structure of AlSi12/Al503 and AlSi12/SiC composites produced by powder metallurgy can reduce the
process-induced thermal residual stresses in the metal matrix and the ceramic reinforcement.

2. Materials and methods
2.1. Materials preparation

Three-layer graded composites (FGMs) consisting of an aluminum alloy (AlSi12) matrix reinforced with aluminum oxide (Al;O3) or
silicon carbide (SiC) particles were prepared by powder metallurgy. The graded structure and the volume composition of the AlSi12/
Al;03 and AlSi12/SiC bulk FGMs were the same. They consisted of three composite layers of equal thickness with 10, 20, and 30 vol%
of ceramic particles (Al;O3 or SiC) embedded in the AlSi12 matrix as shown schematically in Fig. 1a and b.

The ungraded composites and the FGMs were fabricated in a similar manner. First, powder mixtures were prepared using the
commercially available powders of AlSi12 alloy (NewMetKoch, average particle size 5 pm, purity 99.99 %), Al,O3 (Goodfellow,
average particle size 10 pm, purity 99.99 %), and SiC (Goodfellow, average particle size 10 pm, purity 99.99 %). The particle size
distribution of the powders AlSi12, Al;03 and SiC was determined by laser diffraction using the Mastersizer 3000 particle size analyzer.
The measured weight percentages of Al and Si in the AlSi12 alloy powder were 87.9 and 12.1 wt%, respectively. SEM images of as-
received AlSil12, Al;03, and SiC powders are shown in Fig. 2.

The mixing process was carried out in a planetary ball mill (Pulverisette 5, Fritsch) at a speed of 100 rpm, using 10 mm diameter
tungsten carbide balls (ball-to-powder weight ratio BPR = 5:1). The total mixing time was 5 h, divided into mixing sessions in an inert
gas atmosphere (argon) which lasted about 15 min and with cooling intervals of about 45 min. The consolidation process of the powder
blends was performed in a cylindrical graphite mold with an inner diameter of 33 mm, placed in a hot press (Thermal Technology HP-
20-4650) under a sintering temperature set at 560 °C, with a heating rate of 5 °C/min, sintering pressure of 30 MPa, and a dwell time of
3 h. Cooling to room temperature was performed in the mold without load.

Consolidation of the FGM samples was carried out by putting predefined volumes of the three powder blends in the mold and
sintering them in one step. The thickness of each composite layer of the FGM was approximately 2 mm. It was determined from the
volume of each powder which was calculated from the mass of the powder blend used and the theoretical densities of the constituent
materials, assuming perfect compaction of the composite layers. As can be seen from Table 4 in Section 3.2, almost fully dense
composites were achieved after optimization of the sintering process. The process parameters (i.e. sintering pressure, temperature, and
dwelling time) for the FGMs were the same as for the ungraded composites.

2.2. Microstructure analysis

We characterized the microstructure of the fabricated composite materials by conducting scanning electron microscopy (SEM)
experiments. The samples were cut one-fourth way across the diameter and along the thickness using a wire cutter. Next, the samples
were ground and polished along the cross-sectional direction. The prepared samples were analyzed by using ZEISS Crossbeam 350
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Reconstructed 3D data from micro-XCT

Fig. 3. Schematic of the microstructure reconstruction workflow illustrating the image processing steps. The left image shows the segmented XCT
data. The middle image shows the meshing of the graded material from the micro-XCT scans for the volume of interest of 100 x 100 x 100 pm®. The
image on the right shows the meshed data used for residual stress modeling.

Cubic Tetrahedral

Fig. 4. Comparison of cubic (left) and tetrahedral (right) finite element meshes on an example of AlSil2 + 20%SiC composite.

Table 1
Volume fractions (vol%) of the ceramic reinforcement in the FE mesh models based on micro-XCT images.

AISi12 + 10% AISi12 + 20% AlISi12 + 30% AlSi12 + 10%  AlSi12 + 20%  AlSil2 + 30%
AlL,O3 AlL,O3 AlL,O3 SiC SiC Sic

Al,03 volume fraction in micro-XCT based 9.89 21.11 29.78 10.31 20.45 30.90
FE mesh [%]

scanning electron microscope with a secondary electron detector and 5 kV voltage.

X-ray micro-computed tomography (micro-XCT) was performed and the three-dimensional images of the samples were recon-
structed. The composite specimens prepared for micro-XCT experiments were cuboidal in shape, with the base of a square having a side
of 1 mm and a height of approximately 10 mm. A volume of interest with 100 x 100 x 100 pm® was used for the meshing and
subsequent numerical modeling of the thermal residual stresses. The micro-XCT experiments were performed on a Nanotom M
(Phoenix/GE) system, with a voltage of 62 kV and a current of 230 pA. The voxel size was optimized with respect to image contrast and
was set to about 1 x 1 x 1 pm®. With these settings the imaging of the contours between the AlSi12 grains and the ceramic grains was
feasible, a crucial condition for the subsequent segmentation and FE mesh generation.

2.3. Density measurement

The densities of the AlSi12/Al,03 and AlSi12/SiC composite samples were measured by the Archimedes method. The theoretical
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Fig. 5. Results of numerical calculations of Young’s modulus for different RVE sizes (cubic elements).

Table 2

Elastic constants and coefficients of thermal expansion of the matrix and the reinforcing ceramics used in the FEM calculations.
Material constant AlSi12 Al,O3 SiC
E (GPa) 70 @ 380 @ 410 @
Poisson’s ratio 0.35 [25] 0.22® 0.15®
CTE (1/deg) 23.7 x 107 ® 6.5 x 107 @ 4.0 x107°®

2 Measured in-house on AlSi12 and Al,O3 sinters.
b Data from the powder producer.

Table 3
The data for the elasto-plastic material behavior from Ref. [47] implemented here in Abaqus to model the AlSil2 matrix behavior.
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
Table 4
Density of the ungraded AlSi12/Al,03 and AlSi12/SiC composites measured by the Archimedes method.
Material Theoretical density, TD [g/cm®] Measured density [g/cm®] Relative density [%TD]
AlSi12 + 10%Al,03 2.787 2.778 99.676
AlSil12 + 20%Al,03 2.918 2.913 99.812
AlSi12 + 30%Al1,03 3.050 3.038 99.609
AlSi12 + 10%SiC 2.706 2.698 99.704
AlSi12 + 20%SiC 2.762 2.750 99.566
AlSil12 + 30%SiC 2.818 2.804 99.503

densities necessary to calculate the relative densities of the composites were determined using the density of AlSi12 = 2.656 g/cm?,
which was calculated from the densities of Al = 2.7 g/cm® and Si = 2.33 g/cm?, respectively. The density of Al,03 = 3.95 g/cm® was
obtained from the measurements on pure alumina sinter consolidated in the hot press at 1450 °C/1h/30 MPa, which resulted in a fully
dense material. The immersion liquid was distilled water at a temperature of 22 °C, with a density of 0.9978 g/cm®.

2.4. Measurement of thermal residual stresses

The ungraded AlSi12/A1,03 and AlSi12/SiC composites as well as the three-layer FGMs considered in this work are bulk materials.
Therefore, the neutron diffraction (ND) technique was used to evaluate the thermal residual stresses in these materials due to its
significant penetration depth. When measuring TRS by diffraction methods, whether X-ray diffraction or neutron diffraction, it is
important to remember that residual stresses are not measured directly. In these methods, the measurable property is the interplanar
distance d. To determine the deformation of the crystalline lattice, we compare the measured interplanar distances in the sintered
composites with the measured interplanar distances in the residual stress-free materials (starting powders). Combining Bragg’s law
A=2dsin6 and the relation d = 2n/q, the elastic strains due to residual stress can be calculated as
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Fig. 6. SEM - secondary electron detector images of AlSi12/Al,03 composites with (a) 10 %, (b) 20 %, (c) 30 % of Al,03, and AlSi12/SiC composites
with (d) 10 %, (e) 20 %, and (f) 30 % of SiC. The magnification is 1000x.

di—dy qq. .
=21i=xy,z 1)
do q; y

E =

where d is the interplanar distance between the lattice planes obtained from the ND measurements on pure AloO3 powder (reference
state), go is the corresponding Bragg peak position in the reciprocal space obtained from the powder measurements, d; are the
measured interplanar distances in x, y, z directions, g; are the corresponding Bragg peak positions in these directions.

Once the deformations in the tested materials are determined from Eq. (1), the thermal residual stresses can be calculated using the
Hooke’s law (Egs (2)—-(4)).
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It should be mentioned that in the above equations and the numerical modeling of residual stresses (Section 2.4), isotropic me-
chanical properties were assumed for both the matrix and the reinforcing ceramic materials. While this assumption is reasonable for
the AlSi12 matrix, it may not hold for Al;03 and SiC having in mind that monocrystals of these ceramic materials are anisotropic [42,
43]. However, when multiple ceramic crystals are randomly oriented, as it is the case for the sintered Al,O3 and SiC grains (crystallites)
in the composites studied, it seems plausible to assume isotropic behavior for the ceramic reinforcements as well [44,45].

The neutron diffraction experiments were conducted using the pulse overlap time-of-flight diffractometer POLDI at the Swiss
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Fig. 7. SEM - secondary electron detector images of the interlayer regions in the FGMs between the following layers: (a) AlSi12 + 10%Al,03 and
AlSi12 + 20%Al1,03, (b) AlSi12 + 20%Al1,03 and AlSi12 + 30%Al503, (c) AlSi12 + 10%SiC and AlSil12 + 20%SiC, (d) AlSil2 + 20%SiC and AlSi12
+ 30%SiC. The upper layers are always those with the lower ceramic volume fraction. The magnification for all images is 500x

continuous spallation neutron source SINQ in Villigen PSI. Measurements were taken at five points on the specimens, in three
orthogonal directions — one normal (radial) and two in-plane (axial and hoop) directions, for all the samples, namely: (i) bulk com-
posites AlSi12+xAl;03 (x = 10, 20, 30 vol%), (ii) bulk composites AlSi12+xSiC (x = 10, 20, 30 vol%), (iii) for each composite layer
within the three-layer FGM sample AlSi12+4xAl;03 (x = 10, 20, 30 vol%), and (iv) for each composite layer within the three-layer FGM
sample AlSi12 + xSiC (x = 10, 20, 30 vol%).

2.5. Numerical modeling of thermal residual stresses

The numerical model used to determine the residual stresses generated during the manufacturing process of the ungraded com-
posites and the FGMs is based on the actual microstructure of the materials obtained from micro-XCT. Development of a finite element
model based on the actual material microstructure involves: (i) micro-XCT imaging, where X-rays are passed through the body from
multiple angles, detectors measure the intensity of the X-rays and this data is processed by a computer to produce cross-sectional
images (slices) of the internal structures; (ii) image segmentation, which is performed on the micro-XCT scans to identify different
materials within the scanned object. This process involves delineating boundaries between different structures or materials of interest
within the images; (iii) mesh generation, where the object of interest is divided into small geometric elements, typically triangles or
tetrahedra for 3D models, to form a mesh. In micro-XCT based FEM models the segmented XCT images are used to generate the mesh. If
a mesh is made of cubic elements, a voxel is represented by one cubic element; (iv) assigning material properties such as density,
elasticity, and conductivity to each element based on the properties of the corresponding material identified in the micro-XCT scans;
(v) simulation, where the mesh and material properties are defined, and the FEM simulations are performed to analyze the behavior of
the object under various conditions. The process of building the model is shown schematically in Fig. 3.

In this paper, the micro-XCT images of the microstructure of the sintered materials are processed using ScanIP/FE software
(Simpleware Ltd., Exeter, UK) to obtain a three-dimensional RVE with the reproduced composite microstructure consisting of the
AlSi12 matrix and the ceramic reinforcement. The volumes occupied by the two phases in the model correspond to their volumes in the
real material, while the use of tetrahedral elements with additional smoothing allows accurate reproduction of the microstructure
(Fig. 4).

It can be seen from Fig. 4 that the tetrahedral elements properly represent the microstructure of the material, while the cubic
elements lead to a significantly worse representation of the actual composite microstructure. When constructing the numerical mesh
models to determine residual stresses in the composites, an accurate representation of the microstructure is the key. An incorrectly
constructed finite element mesh can lead to erroneous results from the model. Stress concentrators may appear at unsmoothed grain
boundaries and the calculation results can be distorted. The quality of the numerical mesh model used in this work can be evaluated by
comparing the volume fraction of the ceramic reinforcement in the actual composite with the volume occupied by the finite elements
representing the ceramic material in that composite. This comparison is shown in Table 1. The volume fractions of AlyO3 and SiC
obtained from the micro-XCT analyses differ only slightly from the nominal values of 10, 20, and 30 vol%.
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(d) (e) ()

Fig. 8. Segmented images of ungraded composites obtained from micro-XCT characterization: (a)—(c) AlSi12+xAl;03 (x = 10, 20, 30 vol%); (d)-(f)
AlSi12+xSiC (x = 10, 20, 30 vol%).

Another issue in stress modeling is the selection of an appropriate model size, i.e., the selection of the RVE size. Different methods
for determining the RVE are presented in Ref. [46]. Based on the definitions described there, the following operating scheme is
proposed to determine the size of the RVE.

1. Create an FE mesh large enough to match the real microstructure (from SEM images and micro-XCT scans) and preserve the phase
volume fractions of the composite; determine the effective elastic properties for the model, such as Young’s modulus;

2. Create smaller and smaller FEM meshes, maintaining the phase composition of the composite, and verify that the calculated
modulus for such a mesh does not differ from the result obtained for the larger mesh;

3. The smallest mesh that satisfies the above conditions can be considered as the size of the RVE.

According to the procedure described above, a numerical analysis of the effect of the RVE size on the value of effective Young’s
modulus was performed for AlSi12/SiC composites containing 10, 20, and 30 vol% SiC using meshes with 100 x 100 x 100 pm?, 75 x
75 x 75 pm®, 50 x 50 x 50 pm>, 35 x 35 x 35 pm® and 25 x 25 x 25 pm®. The Young’s modulus was calculated from the normal
reaction forces along two opposite faces of the sample with prescribed constant normal displacements at the surfaces and otherwise
zero tractions (mixed boundary conditions). The modulus was calculated in 3 directions, and the differences in the modulus values
were small, less than 3 %. The results of the simulations are shown in Fig. 5 (the average value from 3 directions).

It can be seen from Fig. 5 that the results of the FEM calculations are almost identical for 100x100x100, 75x75x75, and 50x50x50
elements, while they diverge for meshes with a smaller number of elements. Therefore, the size of the RVE is chosen to be 50x50x50
elements, which corresponds to a volume of 50 x 50 x 50 pm®. The number of inclusions found to be sufficient for RVE is estimated as
25, 45 and 60 for 10, 20 and 30 vol% of ceramic phase content, respectively.

Based on previous experience [20], a linear elastic material model is used for the ceramic reinforcements in the numerical sim-
ulations, while an elastic-plastic material behavior is assumed for the AlSi12 matrix. The material data used in the numerical calcu-
lations are listed in Table 2.

The elasto-plastic behavior of the AlSi12 matrix was modeled using the experimental stress—strain curve from Chen et al. [47] and



W. Weglewski et al. Finite Elements in Analysis & Design 241 (2024) 104239

200

#®Residual stress in AlSi12 (Composite) - Experiment

®Residual stress in AlSi12 (FGM) - Experiment

Stress [MPa]
L]

00

o0

50
AIS12+10%AL0;  AISi12+20%AL,0;  AlSi12+30%A1,04

(a)

-400

-450

-500
® Residual stress in Al203 (Composite) - Experiment

Stress [MPa]

@ Residual stress in Al203 (FGM) - Experiment
-550

-600
AISi12420%AL0;  AISi12+30%A1,04

(b)

Fig. 9. Results of TRS measurements for AlSi12/Al,03 materials: (a) AlSi12 matrix in the ungraded AlSil12+xAl,O3 (x = 10, 20, 30 vol%) com-
posites vs. AlSi12 matrix in the FGM; (b) Al;O3 reinforcement in the ungraded AlSi12+xAl;03 (x = 20, 30 vol%) composites vs. Al,O3 reinforcement
in the FGM.

implementing it directly into the Abaqus program. The parameters in Table 3 were determined in Ref. [47] for room temperature. In
general, the behavior of the AlSi12 alloy is temperaturedependent, but this has not been considered at the present stage.
In order to model the cooling process from T}, = 500 °C to RT (20 °C) in the mold, the following boundary conditions are assumed.

e Step 1: All surfaces are blocked and a pressure of 30 MPa is applied on the top surface. A predefined temperature field is assumed
(hot pressing);

e Step 2: All surfaces are blocked and the pressure of 30 MPa is removed. A predefined RT field is applied (cooling in the mold);

e Step 3: All surfaces of the sample are unblocked except for the bottom surface (sample removal after cooling).

3. Results and discussion
3.1. Microstructure

The SEM images of the ungraded AlSi12/Al,03 and AlSi12/SiC composites are shown in Fig. 6. The distributions of the ceramic
reinforcements in both composites are relatively homogeneous. However, the Al;O3 grains tend to be elongated, whereas the SiC
grains tend to be equiaxed polygonal. This difference in shape should be kept in mind when analyzing the TRS behavior in AlSil2/
Al;03 and AlSi12/SiC composites and FGMs later in this section. Due to the carefully selected parameters of the HP process, the
porosity of the sintered AlSi12/Al;03 and AlSi12/SiC composite samples is very low (see Table 4) and is not considered in the nu-
merical models of the TRS.

The SEM images of the interlayer regions in the three-layer AlSi12/Al,03 and AlSi12/SiC FGMs are shown in Fig. 7, with the upper
layers having the lower ceramic volume fraction. It can be seen that the FGM layers are well bonded and the AlSi12 forms a continuous
matrix across the layers. It is essential for heat dissipation during cooling from sintering temperature to RT. The images in Fig. 6 show
no pores in the material, and the interface between the ceramic and metal is smooth without gaps.

Micro-XCT scans of the ungraded composites with the Al;03 and SiC reinforcements are shown in Fig. 8. A voxel size of about 1 pm
is used for x, y, and z-direction. The volume of interest is 100 x 100 x 100 prn3.
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Fig. 10. Results of TRS measurements for AlSi12/SiC materials: (a) AlSil2 matrix in the ungraded AlSi12+xSiC (x = 10, 20, 30 vol%) composites vs.
the AlSi12 matrix in FGM; (b) SiC reinforcement in ungraded AlSi12+xSiC (x = 20, 30 vol%) composites vs. SiC reinforcement in the FGM.

3.2. Density

The results of the density measurements of the AlSi12+xAl;03 and AlSi12+xSiC (x = 10, 20, 30 vol%) composites are shown in
Table 4. As can be seen from the relative density data, both types of composites are very well consolidated, with porosity not exceeding
0.5 %.

3.3. Thermal residual stresses

The results of the TRS measurements are shown in Fig. 9a and b for the alumina-reinforced ungraded composites and the corre-
sponding FGM. Fig. 10a and b shows the TRS data for the silicon carbide-reinforced ungraded composites and the corresponding FGM.
Separate graphs show the average TRS in the metal matrix (AlSi12) and the ceramic reinforcement (Al;O3 or SiC). Whenever in the
figures we refer to the TRS in an FGM, it should be understood as the average TRS in a given layer of that FGM. For example, the red dot
in Fig. 9a corresponding to AlSi12 + 20%Al;03 on the x-axis, represents the average TRS in the AlSi12 matrix of the AlSil2 + 20%
AlO3 layer within the three-layer AlSi12/Al,03 FGM.

For both materials, the measured stresses in the reinforcing material (Al;03 or SiC) have a negative sign (compressive stresses), and
a positive sign (tensile stresses) in the AlSi12 matrix. This is a typical distribution of stress fields resulting from the difference in the
coefficients of thermal expansion of the two materials (see Table 1). When the composite material is cooled in an enclosed space, such
as the graphite mold used in the sintering process, the metal shrinks, but this process is partially blocked by the ceramic material with a
lower coefficient of thermal expansion (creating tensile stresses in the metal). On the other hand, the ceramic material with the lower
coefficient of thermal expansion is influenced by the matrix material, which causes additional compression of the ceramic material
through greater shrinkage during cooling (creating compressive stresses in the ceramic) [8]. For both Al,O3 and SiC-reinforced
composites, the same trend can be observed: a higher level of residual stress in the metal matrix (tensile stress) and a higher level
of residual stress in the ceramic phase (compressive stress) with the increasing volume fraction of the ceramic.

Stresses in the graded materials are generated in a similar manner. It is worth noting that for both types of reinforcement, Al,O3 or
SiC, the average residual stresses in the layers of the FGMs (red symbols in Figs. 9 and 10) are lower (regardless of sign) than the
stresses in an ungraded composite with the same volume fraction of the ceramic phase (blue symbols in Figs. 9 and 10). This
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(b) (e)

(©) ®

Fig. 11. FE meshes used in the numerical simulations of TRS in the ungraded composites: (a—c) AlSi12+xAl,03 (x = 10, 20, 30 vol%), and (d-f)
AlSi12+xSiC (x = 10, 20, 30 vol%).

observation applies to both the AlSi12 matrix and the Al;O3 or SiC reinforcements. In addition, a lower level of thermal residual stress
is observed in AlyOs-reinforced materials (Fig. 9) than in SiC-reinforced materials (Fig. 10). This is due to the smaller difference in
coefficients of thermal expansion (CTE) between the AlSil12 matrix and Al;03 compared to AlSil12 and SiC (see Table 2).

An interesting behavior is observed for the TRS in the AlSil12 matrix of the two composites in Figs. 9a and 10a. While for
AlSi12+xAl;03 the average TRS in the AlSil2 matrix increases linearly with the increasing volume fraction of alumina (x = 10, 20, 30
vol%), this is not the case for the AlSi12+xSiC (x = 10, 20, 30 vol%) composites, where nonlinear behavior is observed due to a
significant jump in TRS in the matrix for AlSi12 + 30%SiC (Fig. 10a). The different values of the coefficients of thermal expansions of
Aly03 and SiC are responsible for the higher TRS in AlSi12+xSiC (x = 10, 20, 30 vol%). However, the nonlinearity of TRS in the AlSi12
matrix of AlSi12 + 30%SiC cannot be attributed solely to this difference in the CoEs. A plausible explanation for this effect is the
microstructure of both composites, as shown in Fig. 6. It can be seen that the morphology of the two composites is different. In AlSi12/
Al,0O3 samples (Fig. 6a—c) the Al,Og3 grains are of different sizes, while the AlSi12/SiC samples contain larger SiC grains of similar sizes.
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(a) (b)

Fig. 12. FE meshes used in the numerical simulations of TRS in the FGMs (a) AlSi12/A1,03, (b) AlSi12/SiC.
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Fig. 13. Examples of TRS distributions in: (a) three-layer FGM AlSi12/Al,03, (b) SiC phase of the ungraded composite AlSi12 + 30%SiC, (c) AlSi12
matrix of the ungraded composite AlSil2 + 30%SiC.
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Fig. 14. Comparison of the thermal residual stress measurements in the AlSil2 matrix (a) and ceramic reinforcement (b) with the FEM results for
the ungraded AlSi12+xAl,03 (x = 10, 20, 30 vol%) and the FGM.

It was reported in the literature that grain size and shape of ceramic reinforcement can affect thermal residual stresses in metal-ceramic
composites (e.g., Refs. [48,49]). In our work, especially for 30 vol% of SiC, the influence of different shapes and size distributions of SiC
grains (Fig. 6f) compared to Aly,O3 grains (Fig. 6¢) may contribute to the observed jump of TRS measured in the AlSil2 matrix
(Fig. 10a).

The results of the neutron diffraction measurements in the reinforcement of the ungraded composites and the FGMs with 10 vol%
Al;03 and 10 vol% SiC are not shown in Figs. 9b and 10b due to the poor quality of the peaks caused by the low content of the ceramic
phase.

3.4. Numerical results and comparison with measured data

Models of thermal residual stresses are prepared for all ungraded composites and FGMs in which the residual stresses were
measured by neutron diffraction, namely AlSi12 matrix and xAl,03 reinforcement (x = 10, 20, 30 vol%), AlSi12 matrix and xSiC
reinforcement (x = 10, 20, 30 vol%). The figures below show the numerical grids used for the composite materials (Fig. 11a-f) and the
FGMs (Fig. 12a and b).

Fig. 13 shows examples of thermal residual stress distributions obtained from the FEM calculations for the FGM with the Al,O3
reinforcement (Fig. 13a), as well as for the SiC reinforcement and the AlSil2 matrix of the AlSi12 + 30%SiC ungraded composite
(Fig. 13b and c).

The average thermal residual stress in metal or ceramic is calculated as a sum of the average stresses in jth elements multiplied by
the volume of jth element and divided by the total volume of metal or ceramic, respectively [50].

ii

1 &
=5 DAV, ®)
=1

where n is the number of elements and ¢; is the stress 6xy, 0y, and o, in the jth element, V;is the volume of the jth element and V is the
total volume of metal or ceramic, respectively.

Comparisons of the average TRS measured in the ungraded composites and the FGMs with the average TRS obtained from the
numerical models, calculated according to Eq. (5) are shown in Fig. 14a and b and Fig. 15a-b.
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Fig. 15. Comparison of the thermal residual stress measurements in the AlSi12 matrix (a) and the ceramic reinforcement (b) with the FEM results
for the ungraded AlSi12+xSiC (x = 10, 20, 30 vol%) and the FGM.

A comparison between the results from the numerical model based on the actual microstructure and the results from the neutron
diffraction measurements shows that the model predicts the experimental data with very good accuracy. The error is less than 5 % for
all materials considered. In addition, the FE meshes are based on the micro-XCT images of the actual microstructure of the tested
materials, which helped to correctly predict the TRS behavior. In particular, the model properly captures the nonlinear TRS behavior in
the AlSi12 matrix of the ungraded and graded AlSi12+xSiC (x = 10, 20, 30 vol%) composites (Fig. 15 a).

4. Conclusions

The main objective of this work was to develop an accurate and reliable numerical model of thermal residual stresses for AlSi12/
Al;03 and AlSi12/SiC sintered bulk composites based on the actual material microstructure using micro-XCT data. The numerical
results of the average residual stresses predicted by the micro-XCT FEM model were compared with the neutron diffraction data and
found to be in close agreement (differences did not exceed 5 %). This accuracy is due to the good quality of the micro-XCT scans and the
proper selection of the finite element shape and smoothing technique.

The second objective of this work was to demonstrate that the use of an FGM structure reduces the level of thermal residual stresses
in the metal matrix and ceramic reinforcement of the AlSi12/Al,03 and AlSi12/SiC sintered bulk composites. From the analysis of the
experimental results shown in Figs. 9 and 10 and the numerical simulations shown in Figs. 14 and 15, it can be seen that the residual
stresses in the FGM layers are about 10 % lower than the residual stresses in the corresponding ungraded composites. Residual stresses
in functionally graded materials are generally lower than in corresponding ungraded composites due to their gradual variation in
composition and properties. The experimental fact reported from our research that the TRS in the ungraded layers is about 10 % higher
than TRS in such layers in the FGM can be attributed primarily to gradually changing coefficients of thermal expansion in the FGM
[51]. Although our FGMs have a stepwise gradient (layered composite), the fine-tuned process parameters of pressure-assisted sin-
tering make the interfaces between the layers virtually invisible. As a result, there is an almost a smooth transition in material
properties, which reduces stress concentrations at interfaces. The lower level of thermal residual stresses in the FGMs compared to the
corresponding ungraded composites can have an effect on mechanical properties such as flexural strength and fracture toughness. This
may be beneficial for potential applications of the AlSi12 matrix composites, such as brake disc materials in the automotive industry.
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