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Abstract: Due to the difficult metallurgical conditions during production, advanced processing techniques are
required to produce functionally graded metal matrix composites. In this study, we explored a novel approach
by using a combination of two different methods to produce Functionally Graded 7075 Al / SiCp composites.
First process was direct semi-solid stirring that was used to prevent particle agglomeration, brittle reaction
products, floating or settling of the reinforcements and poor wettability for the production of SiCp (wt. 5-20%)
reinforced aluminum matrix composites. In the direct semi-solid mixing process, the matrix material remains
in a semi-solid state until the reinforcement addition process is completed. The second novel process was
sequential squeeze casting to provide liquid diffusion between two composite layers that were used to produce
functionally graded aluminum matrix composite. The microstructure and interlayer zones were characterized
by using optical microscopy and scanning electron microscopy. The resulting functionally graded material was
subjected to spectrometer analyses, density measurements, and metallographic examinations in order to
determine the characteristics of its layers and interfacial zones, as well as to assess the formation of the graded
structure. The results obtained from this research provide the potential to use this new combined
manufacturing method, which is relatively inexpensive, efficient and easily applicable, in order to produce
functionally graded SiCp reinforced aluminum composites.

Keywords: metal matrix composites; functional graded materials; semi-solid stirring; squeeze casting; SiC;
aluminum alloys;

1. Introduction

Functionally graded materials continue to be developed for the purpose of controlling the
mechanical and physical properties varying along the material cross-section such as strength,
toughness, corrosion resistance, thermal conductivity, etc., by combining structures with different
characteristics. These materials are commonly applied in space technologies and high-tech products
due to their functionality [1-4]. Functionally graded materials are used in various application areas
such as defense industry, aerospace and space industry, energy sector, nuclear energy, medical
industry, biomaterials, automotive, electronic smart structures, and more [5-13]. With the growing
interest in functionally graded materials, new production methods are being explored, experimented
with, and modified in order to meet the increasing demand. This has led to the diversification of
Functionally Graded Materials (FGM) by incorporating various production methods, each tailored to
specific needs [14]. Consequently, the exploration of numerous different production methods has
illuminated various application areas for FGM, expanding its network of applications as a solution
to the needs of advanced engineering materials [15]. The vapor deposition method, which is
commonly used in FGM (Functionally Graded Materials) productions, is primarily applied in surface
coating processes. Its high energy consumption due to the need for high temperatures and the
associated costs of expensive equipment make production methods using gas-phase deposition
disadvantageous in terms of overall cost. However, its advantages, such as effectiveness in complex
geometries and achievement of a final product finish close to the desired shape, contribute to
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expanding its applications. In production, liquid-phase methods such as liquid-phase precipitation,
plasma spray, and centrifugal casting pose challenges, including the inability to control functional
distribution, failure to achieve wetting between reinforcement and matrix, inability to prepare a
homogeneous mixture, clumping, rejecting of reinforcement out of the material, and the occurrence
of undesirable interfacial reactions. Solid-phase methods, such as powder metallurgy, encounter with
issues such as time-consuming mixing, compression, and sintering processes, limited dimensions of
the resulting product, and challenges in precision and control during the production stages. The
measures taken to overcome these problems often significantly increase processing costs. Despite
efforts to address these issues, problems persist in the studies conducted by using gas, liquid, and
solid-phase methods, and solutions are still not at a satisfactory level. With a focus on lower costs,
the Direct Semi-Solid Mixing method is promising as it allows for avoiding the need for high
temperatures, the use of inexpensive equipment, and the desire for controlled internal structure. This
method is described in a patent held by Urkmez Taskin and Taskin [16]. In this method, the
aluminum, which is kept in a semi-solid state, is continuously stirred throughout the process of
adding reinforcement. The viscosity of the composite mixture is relatively high, and the mixing
process breaks down the naturally occurring dendrites, resulting in a semisolid microstructure
surrounded by spherical solid particles dispersed in the liquid. The spherical grain structure which
is called as spherical (non-dendritic) and acquired by working very close to the liquid phase, is
essential for the semi-solid process and thixotropic state. The particle sizes obtained are also favorable
due to working very close to the liquid phase. The combination of semi-solid mixing and sequential
squeeze casting methods for the FGM production has not been encountered with in the literature.
However, the method that closely resembles the proposed approach is the CDC method (Cast-
Decant-Cast), patented in 2008 and licensed by the ECK company. The CDC method involves the
merging of different metals and is particularly used in the production of Functionally Graded
Materials (FGMs) through semi-solid casting. It has been noted to be a more cost-effective,
straightforward, and successful method as compared to other techniques [16-18]. The use of the semi-
solid mixing process, which allows for the creation of a spherical grain structure with good
mechanical properties and achieving desirable grain sizes and homogeneous mixtures, followed by
a compression process to reduce porosity, will bring about a new development in the FGM
production methods. The Semi-Solid Mixing method overcomes challenges encountered with in both
liquid and solid-phase production methods. The reinforcement material can be homogeneously
mixed into the matrix material, eliminating issues such as clumping, rejection of reinforcement from
the mixture, and segregation. Furthermore, the reinforcement and matrix have relatively shorter
contact times at lower temperatures, reducing the occurrence of undesirable interfacial reactions.
Additionally, surface-modified reinforcement particles are effective in preventing these reactions.
Surface modification of the reinforcement by coating or passive oxidation is one of the methods that
prevent the formation of brittle phases between the liquid metal and the reinforcements. This
technique is thought to have high potential for practical manufacturing in preventing undesirable
interfacial reaction and increasing the wettability of the material (Shi, 2001)[19].

This study explores the combined application of the Direct Semi-Solid Mixing and sequential
compression casting methods in the production of Functionally Graded Materials (FGMs). The
synergistic use of these methods is expected to ensure the mass production of larger volumetric
products in the FGM production, offering solutions to the previously mentioned problems and the
production-related issues.

The anticipated outcomes include the production of materials with higher strength, lower
porosity, and controllable mechanical properties. Al7075 was selected as the matrix material in this
study. SiCp-reinforced composites were created at different ratios by using the Direct Semi-Solid
Mixing method. Subsequently, a functionally graded product at the dimensions of 110 mm x 110 mm
x 50 mm was produced by using the sequential squeeze casting method. The innovation of this study
is the use of a new direct semi-solid mixing method that is used when creating composite mixtures
with different reinforcement ratios, and the resulting composites are deposited by using the
sequential pressure casting method in order to obtain functionally graded aluminum composites. In
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addition, ensuring the bonding between composite layers by liquid diffusion and pressure
application is a method that is not applied for the FGM production in the literature. The expected
contributions of this study to the field include providing insights into the simultaneous use of these
methods for obtaining functionally graded metal matrix composite on a mass scale.

2. Materials and Methods

2.1. Materials

AA7075 alloy was used as the matrix material for the production of functionally graded 7075
Al/SiCp composite. In this alloy, copper serves as the primary alloying element, with additional
alloying elements such as magnesium, chromium, and zinc, making it having the highest mechanical
strength among aluminum alloys. AA7075 Al alloys were obtained from Guray Aluminum
Pazarlama ve Sanayi Ticaret Limited Sirketi located in Istanbul, Turkey, and its specifications are
provided in the Table 1., Table 2., and Table 3.

Table 1. Physical properties of Al7075 alloy.

Density 2,81 g/cm?3
Elastic Modulus 71-72 GPa
Specific Heat (273-373 K) 0,97

Linear Expansion Coefficient (293-373 K) 23x10° /°K
Thermal Conductivity (373-673 K) 130 W/m°K
Resistivity (293 K) 0,049x10-¢ Qm

Table 2. Chemical composition of AA7075 alloy.

Weight % Si Fe Cu Mg Mn Cr Zn Ti
Minimum - - 1,2 2,1 - 0,18 5,1 -
Maximum 04 0,5 2 2,9 0,3 0,28 6,1 0,2

Table 3. Mechanical properties of AA7075 alloy.

Heat Treatment Tensile Strength Yield Strength Elongation Hardness
(Rm MPa) (Rp 0,2/MPa) (%) (Brinell)

TO 225 105 17 60

T6 530-570 460-505 10 150

The Green SiC powders (GW Micro) had an average size of 12 um (500 Mesh) according to the
supplier’s data sheets. This material, which is known for its low cost, eas of availability and high
strength, is widely used in technical ceramics, semiconductor technology and photovoltaic
applications with processes such as bonding and polishing. The characteristic properties of SiC
powders are given in the Table 4 and their chemical compositions are given in the Table 5.

Table 4. Characteristic Properties of SiCp Reinforcements.

Particle Tvpe Particle Type Size Density Tensile Strength Elastic Modulus
yp (um) (gt/ cmd) (GPa) (GPa)
SiC 15- 340 3,2 3 480

Table 5. Chemical Composition of SiCp Reinforcements.

Products Particle Size SiC% Free C % Si % SO:2% Fe203%
SiC F240- F800 99,5 0,10 0,10 0,10 0,05
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The Summary of the squeeze casting conditions and designation for the production of FG-
7075/SiCp is given in the Table 6.

Table 6. Summary of the squeeze casting conditions and designation.

Application (within a 5-layer

o . o o
Condition SiC Addition (wt%) FDM)
AA7075 - 1st layer
AA7075+ 5 % SiC 5 2nd layer
AA7075+ 10 % SiC 10 3rd layer
AA7075+ 15 % SiC 15 4th layer
AA7075+ 20% SiC 20 5th layer

The oxidation process of SiC particles was carried out in an electric furnace in air at atmospheric
pressure. SiC particles were kept in the electric furnace at 1100°C for 5 hours, then removed from the
furnace and allowed to cool at room conditions [19].

2.2. Preparation of FG-7075/5iCp

The combination of semi solid stirring and squeeze casting methods was used for the production
of FG-7075/SiCp. The composite mixtures that will form the layers were prepared by direct semi-
solid mixing. Matrix alloy was used in small pieces to control the viscosity of the mixture and to
ensure that the desired amount of matrix material was added during mixing for the product. The
mixing process was carried out under inert gas Nz. For each layer, approximately 0.6 kg of alloy was
heated to 635°C-655°C. This temperature range is the semi-solid state temperature for 7075 Al alloy
and the alloy is kept in this temperature range until the entire reinforcement is homogeneously
distributed in the alloy. The process of maintaining metals in the semi-solid state is described in detail
in the reference 5. The homogenized composite slurry was poured into a mold (110 mm x110 mm x
50 mm) heated to 340°C after raising the temperature by 5-10°C in order to make it easier to pour into
the mold and solidified by applying 100 bar pressure in the press. Thus, the first 7075 layer of the FG-
7075/SiCp structure, being the unreinforced aluminum layer, was formed (Figure 1.).

For the 2nd layer; Pre-oxidized ceramic particle reinforcement material, which
was heated to a total of 5% by weight, was added to the matrix material prepared by
heating to the semi-solid temperature range. While the matrix material was at semi-
solid temperature, low-speed mixing and mashing processes were applied with
mixer and masher having different end profiles in order to ensure that the
reinforcement particles were dispersed into the matrix material. Then, the composite
slurry was poured onto the first layer in the mold placed under the press table, and
the upper mold was closed and the pressing process was carried out. Thus, the
formation of the 2nd layer was achieved and a 2-layer FG-7075/SiCp was obtained.
This process was repeated with different reinforcement ratios (10%, 15%, 20% SiCp)
until the 3rd, 4th and 5th layers were formed and, 5-layer FG-7075/SiCp production was
carried out (Figure 1. and Figure 2. ).
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Figure 2. Cross-section of 5-layer FG-7075/SiCp.

2.3. Microstructural Characterisation

In order to determine the characteristic properties of the functional graded material obtained as
five layers, a precision cutting device was used in the sample preparation process for the analyzes to
be performed. Test specimens were extracted for microstructure analysis, spectrometer analysis,
density measurements and SEM-EDS analysis.

For each layer of the composite FGM, spectrometer analyses were performed by using an Optical
Emission Spectrometer (OES) device for 5 different zones (Figure 3).
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Figure 3. Schematic view of the spectrum analysis samples and measurement zones.

The densities of the samples were measured by using a Mettler Toledo precision balance with a
sensitivity of 0,001g, which can measure according to the Archimedes principle.

Vertical section of FGM

Samples from layers

Samples from transition zones

Figure 4. Schematic view of the zones of the density measurement samples.

FG-7075/SiCp was fabricated as a block and then samples were sectioned for microstructural
analysis from different zones with a precision cutting device. Prior to metallographic preparation,
the density of the samples taken from the different layers (Figure 4) of the cross section was measured
by using the Archimedes principle. A Nikon Eclipse L150 metallurgical optical microscope was used
to analyze the layers of the FG-7075/SiCp grain structure. The samples were prepared for
metallography through successive grinding steps by using various levels of SiC papers and then
subsequently polished by using 6 um, 3 um, 1 um diamond suspension and 0.02 m colloidal silica,
respectively. Furthermore, SiC particles in the transition zone and matrix -SiCp interfaces (Figure 5)
were examined by using a Cambridge S4-10 Stereoscan scanning electron microscope (SEM) at 20
keV. Energy Dispersive X-ray Spectroscopy (EDS) for Elemental composition of the different layers
of the FG-7075/SiCp samples were carried out by using the integrated Ortec 6230 EDS system.

Transition zones

Figure 5. Microstructure examination zones.
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SEM analysis was also performed in order to observe the globular structure formed as a result
of the semi-solid mixing process.

3. Results and Discussion

Effect of Direct Semi-Solid Stirring and Sequential Squeeze Casting

All layers on the cross section of the 7075/SiC FGM block produced by direct dispersion of
oxidised SiC particles into the semi-solid matrix. This method was used to obtain homogeneous
mixtures without mixing problems such as agglomeration, settling to the bottom of the mixture and
undesirable reaction products. In addition to the SEM and EDS analyses, the spectrometer analyses
and density measurements were carried out in different zones of each layer in order to discuss the
success of the method. The results of the spectrometer analysis show the layers with different
reinforcement ratios on the sample and the elemental distribution within these layers, as presented
in the Table 7.

Table 7. Spectrometer results for different layers.

Si Fe Cu Ti Mn Mg Cr Zn Al
1st Layer 0,061 0025 0,516 0,0555 0,0287 1,57 0257 400 934
2nd Layer 2,420 0639 1,210 0,0489 00817 269 0159 457 881
3rd Layer 6,420 0,831 1,450 0,0343 01670 2,80 0241 479 831
4th Layer 14,32 0,798 1,690 0,0360 0,0441 238 0200 550 748
5th Layer 20,84 1,030 1,600 0,0344 00253 2,01 0190 494 687

In the spectrometer analysis performed on the FG-7075/SiCp block section, the change in Si
element in the composition of SiC used as a reinforcing material increased proportionally with the
increase in reinforcement ratio while the ratios of the other elements remained relatively constant
along the increasing reinforcement in the cross-sectional direction. The presence of increasing
amounts of SiC reinforcing particles in each layer shows that the FGM structure is formed as expected
in terms of SiC reinforcement ratios.

Density measurements were made on the samples taken from the functionally graded material
layers and transition zones. The Table 8 shows both the measured density values and the theoretical
densities and porosity. The values obtained as a result of the density measurements show that the
density increases with increasing reinforcement ratios as expected. However, the densities in the
transition zones were measured differently from the previous and subsequent composite layers. This
indicates partial melting in this zone during production, resulting in localised mixing of the two
adjacent layers. On the other hand, in certain transition zones, there were higher or lower density
zones in comparison with the previous and subsequent layers. The higher density zones suggest that
during partial melting and solidification under pressure, liquid diffusion takes place between layers
with different reinforcements, and the reinforcing particles mix and increase the reinforcement ratio
in this zone, while the lower density transition zones suggest that the reinforcements drain this zone
during the mixing of liquid layers. Microscopic examination showed that there was no precipitation
or displacement of reinforcement in the lower density zones. However, it was observed that pore
formation was dominant in these zones. In particular, high porosity due to mixing processes was
observed in the high reinforcement transition zones, confirming the results of the density
measurement.

Table 8. Results of the density measurement of FG-7075/SiCp layers and transition zones.

SiCo% Measured Density Theoretical Density Porosity
e (g/cm3) (g/cms) (0/0)
0% 2.787 2.81 1.06

0-5% 2.790 - -
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5% 2.799 2.83 1.413
5-10% 2.805 -
10% 2.812 2.85 1.403
10-15% 2.845 - -
15% 2.840 2.87 1.045
15-20% 2.831 - -
20% 2.848 2.89 1.73
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FG-7075/SiCp

Figure 6. Density distribution along the Cross-Section of FG-7075/SiCp sample.

Similar to this study, Prabhu (2017) used the centrifugal casting method to produce functionally
graded composites from 7075 aluminium alloy reinforced with 6% and 9% SiC and they confirmed
that increasing the reinforcement ratio leads to an increase in material density [20]. They found
porosity above 3% in 9% SiCp reinforced FDM. In this study, the density results shown in the Table
8 and the Figure 6. increase as the reinforcement ratio increases in compliance with the literature. In
this study, the porosity was found to be less than 2% in all layers. In the FGM material obtained by
the successive application of semi-solid mixing and pressure solidification, the highest porosity rate
of about 1.5% was measured in the zone with 20% SiCp reinforcement, indicating that the applied
method can produce a less porous structure [21,22]. It has also been observed that porosity increases
with increasing reinforcement ratio in FGM material, but both this rate of increase and the functional
graded transition are more controllable than in centrifugal casting in terms of microstructure [20,23].

The SEM (Scanning Electron Microscopy) images and the EDS (Energy Dispersive Spectroscopy)
analyses of SiC reinforcement powders before and after oxidation are shown in the Figure 7. The SEM
image before oxidation shows that the powders have a size range of 12um-15um and have sharp
edges. The SEM and EDS analyses after oxidation show the presence of oxide layers on the SiC
particles.
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Figure 7. SEM and EDS Analyses of SiCp.

The Figure 8. shows that the SiC reinforcement particles were wetted by Al 7075 matrix material.
The EDS analysis carried out did not reveal any voids or undesirable phases around the SiC grains.

Spectrum 1

< Al

a
= 1 2 3 - S L3 7 -] 9 19
Full Scale S883 cts Cursor: 0 000 keV|

Element Weight% Atomic%

C 28.66 48.43

Al 0.45 0.34

Si 70.89 51.23

Totals 100.00

20pm Electron Image 1
Figure 8. SEM and EDS analyses of SiC reinforcement particles within the aluminum matrix.

In the SEM images shown in the Figure 9. at the magnifications of x1000, x2500 and x5000, it can
be seen that after the oxidation applied to the SiC particles, a well oxidised surface resulted in more
successful wetting and bonding between the particles and the matrix.
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Figure 9. SEM images at the magnifications of x1000, x2500, and x5000, respectively.

In the SEM image shown in the Figure 10.(a), the intermediate zone between the 0% - 5% SiCp
layers and the interfaces of these layers can be seen as a faint line. In the interface zone, there is
evidence that some of the SiC has been transferred to the unreinforced zone. Bonding by partial
melting between the layers is indicated by the lack of a straight and distinct shape in this line in the
interface zone and the transition of the reinforcement into the unreinforced layer by partial melting.

SEl  15kV — ) ) |1 M SEI  15kV ) —— 500 M
TUBITAK TUBITAK

SEl  15kV x5 — () 01T} SEl  15kV — () 0NM
TUBITAK TUBITAK

(©) (d)

Figure 10. SEM image of the transition zone with (a) 0-5% SiCp, (b) 5-10% SiCp,(c) 10-15%SiCp and
(d)15-20% SiCp.

In the SEM image shown in the Figure 10.(b), the intermediate zone between the 5%-10% SiCp
layers and the junctions of these layers are seen as an indistinct line. The zones where the line becomes
less distinct are thought to be partial diffusion zones. The SEM image in the Figure 10.(c) shows the
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intermediate zone between the 10%-15% SiCp layers and the junctions of these layers. In the interface
zone, a transition zone was formed where the SiC particles were homogeneously distributed and no
proportional difference was observed in this zone.

In the SEM image shown in the Figure 10.(d), the intermediate zone between the 15%-20% SiCp
layers and the junctions of these layers are almost indistinct. A transition zone was formed where the
SiC particles were homogeneously distributed and no proportional difference in the layer transition
was observed. It is observed that successful bonding is achieved as the reinforcement content
increases, although there are small agglomerations between the composite layers.

~J

= ‘Signal A = SE1 Date 119 Apr 2023 i) EHT = 2000k = Date :19 Apr 2023
WO = B5mm Photo No. = 385 Time :15:50:59 WD = 95mm Phato No. = 360 Time :16:56.47

Date :19 Apr 2023
Phato No. = 389 Time :15:58:13

(c) (d)

Figure 11. SEM photographs of 5% SiCp zone at the magnifications of a) 100X, b) 250X, c) 500X and
d) 1000X, showing the formation of globular grains and the separation surfaces formed at the grain
boundaries.

In the Figure 11., it can be seen from the SEM photographs obtained from the sample taken from
the 5% SiCp layer at the magnifications of 100X, 250X, 500X and 1000X, respectively, that the
separation surfaces between the grains are suitable for the globular structure. It can be seen that the
globular structure of the grains expected from semi-solid mixing was successfully achieved and
maintained.
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Figure 12. SEM images of zones with 0%, 5%, 10%, 15% and 20% SiC reinforcement.

In the SEM images shown in the Figure 12. at the magnifications of x1000 and x2500, it can be
seen that the surface of the SiC particles has undergone significant oxidation following pre-oxidation,
resulting in wetting and binding between the particles and the matrix. In addition, the presence of
intermetallic formations and microvoids can be seen in certain zones (al,a2=0% SiC; b1,b2=5% SiC;
c1,c2=10% SiC; d1,d2=15% SiC; el1,e2=20% SiC).

The light microscope images of the zones with SiCp reinforcement of 0%, 5%, 10%, 15% and 20%
and the junctions of these zones were taken at the magnification of 5X. The images labelled with a, c,
d and g in the Figure 13. represent intermediate zones (junctions). The images b, d, f and h belong to
the main zones of the layers.

In the Figure 13a, it can be seen that the interface line between the zones with 0 % and 5 % SiC
reinforcement has almost disappeared and there is no significant void or oxide layer, which is
indicative of a good bond. A partial diffusion zone (DB) is observed where the line is absent in the
intermediate zone, and adhesion is observed where the line is present, as shown in the Figure 13c. In
the main zones, there is generally agglomeration to some extent. The Figure 14. illustrates the
functionally graded 7075A1/SiCp composite structure (FGM) by combining optical images taken at
the same magnification from the intermediate and main zones.

Transition zones Main zones
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(& (h)

Figure 13. Light microscopy images of transition zones a) AA7075-%5 SiCp, c) %5-%10 SiCp, e) %10-
%15 SiCp, g) %15-%20 SiCp and main zones b) %5 SiCp, d) %10 SiCp, f) %15 SiCp, g)%20 SiCp of the
FG-7075/SiCp composites.
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Figure 14. FG-7075A1/SiCp Composite Structure.

4. Conclusions

A new processing path for metal matrix FGMs was developed by combining semi-solid mixing
and squeeze casting. The functionally graded AA7075/SiCp composite were obtained by these two
methods. The following conclusions can be drawn from this study:

e  Semi-solid mixing was found to be an effective and efficient method of achieving homogeneous
dispersion of SiCp in AA7075 Al alloy. This process prevented the movement of SiCp to the
surface, precipitation and largely eliminated agglomeration of SiCp particles during mixing.

e  Semi-solid mixing and sequential squeeze casting were used together in order to produce
functionally graded metal matrix composite, and the production of FG-AA7075/SiCp composite
was successfully achieved by casting the composite mixture with five different reinforcement
ratios and solidifying it under pressure in each layer.

e  The addition of 5-20 wt% SiCp to AA7075 Al by using the semi-solid mixing method resulted in
an increase in density with increasing reinforcement ratio. The SEM results revealed a good
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interfacial bonding between SiCp and Al-matrix. This was an important finding due to the
addition of SiCs at different ratios, indicating a cost-effective incorporation of the particles.

e It was observed that the composite mixture poured in liquid form onto the solidified first layer
formed a partial melting and combined with the layer underneath by forming a transition zone
under pressure.

e  The densities at the intermediate transition zones of the two high reinforcement layers were
generally measured higher than the layers before and after the transition zone. These results
indicate that partial melting occurred in this zone during production and that two layers were
locally diffused with each other.

e  Porosity was found to be within the range of 1%-1.7% over the entire cross section. This value is
lower than the porosity value obtained when the particle reinforced composites were produced
by other methods. It was observed that the sequential application of the squeeze casting
method was effective in achieving this result.

A new processing path for metal matrix FGMs was developed by combining semi-solid mixing
and squeeze casting. 7075 Al matrix FGMs were obtained by these two methods. By optimising the
casting temperature and pressure according to the type of matrix material and by changing the
number of layers, the thickness of the layers and the type and proportion of the reinforcing material,
FGMs with different functions can be produced by this method. For the practical use of FGMs in
the future, studies on the production processes are required to be continued. Further research will
open up a new field and market for FGMs.
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