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In this study, the microstructure and mechanical properties of Al 2024 powder, the prominent type of Al 

2XXX series aluminum alloys widely used in the aerospace industry, and TiO2 and ZrO2 reinforcement 

elements used to improve material properties were investigated. Each reinforcement element is included 

in the material at the rate of 10%. For hybrid composite sample production, 10% hybrid composite 

material was procured by adding each reinforcing element equally. For each sample, powders were 

mixed in a 3D mixer to ensure an equal distribution of matrix powder and reinforcement elements in the 

samples. The samples were churned out by subjecting the two-stage them to a one-way hot press process. 

The furnace temperature was kept at 600 o C to preserve samples. Density and microstructure analyses 

were performed on the formed samples, and the results were evaluated. After all, the Archimedean 

density measurement method was used to obtain final densities, these samples were taken to bakelite for 

optical images, then scanning electron microscope (SEM) and Brinell hardness of the samples was 

measured. The cross-fracture strength test was completed to analyze each sample’s microstructural 

behavior. Finally, the theoretical radiation shielding properties of each sample were investigated. The 

Phy-X/PSD program was used to examine the radiation permeability properties. According to the test 

and analysis results, the effect of reinforcement elements on the material was determined. As a result, 

the highest hardness value measured was 97.5 HB at the 10% ZrO2 -reinforced MMCs. However, the 

relative density of the hybrid composite is better than ZrO2-reinforced MMCs. Thus, the best cross-

fracture strength measured was 635 MPa in 10% hybrid MMCs. The radiation shielding parameters 

showed that the 10% ZrO2 -reinforced MMCs are best for shielding. Therefore, the second reasonable 

material for radiation shielding is hybrid reinforced materials. In the final decision, hybrid composite 

materials became prominent because the distinctive features of each material enhanced the samples. 
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1. INTRODUCTION 

Composites, which are widely used in aviation, are preferred in the industry because they improve the physical 

and mechanical properties of the structure. However, composites reinforced with various reinforcing elements, 

such as ceramics, have become the materials sought in the aerospace industry by providing good wear 

resistance, high hardness, strength, and improvements in corrosion resistance (Naito et al., 2021). The widely 

preferred aluminum matrix composites combine critical lightness and high-strength properties. Features such 

as high wear, low density, and flexible production ability play an essential role in the aerospace industry’s 

preference for aluminum matrix composites (Naito et al., 2021). 2XXX series aluminum alloys are 

distinguished from other series due to their superior machinability and are frequently preferred in aircraft 

structures and the automotive industry. ZrO2 and TiO2 materials have higher densities, according to aluminum 

compounds. Though, they are used as reinforcement elements in MMCs, they improve the properties of 
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materials. The zirconia particles are expected to increase the strength and toughness of the composite due to 

their ability to undergo the stress-induced transformation from a tetragonal to a monoclinic phase (Eckner et 

al., 2016). Titanium dioxide has properties like chemical stability, good optical transparency, wear resistance, 

and mechanical and good thermal properties (Joshua et al., 2018). 

This research examines the mechanical properties of Al 2024 metal matrix composites enriched with TiO2 and 

ZrO2 reinforcing elements to evaluate their use in aerospace. TiO2 and ZrO2 can be examples of ceramic 

materials added to the aluminum matrix to form composite materials. At the same time, hybrid composites 

containing TiO2 and ZrO2 ceramic particles offer better properties by taking advantage of the mechanical 

properties of two different reinforcement elements. Composite material production can be achieved in different 

ways. In this study, three different metal matrix composite samples were produced using the powder metallurgy 

method. The powder metallurgy method provides distinct advantages, such as homogeneous reinforcing 

element distribution and reasonable microstructure control (Gökmen, 2016; Alekhya, 2022). The samples 

produced as 10% TiO2, 10% ZrO2, and 10% hybrid by weight were produced by powder metallurgy method at 

Gazi University laboratories and formed by applying the hot-pressing method. After the hot-pressing method, 

the effect of reinforcement ratio on the microstructure and mechanical properties of the composite material 

was determined by obtaining optical images, scanning electron microscope, cross-fracture tests, and radiation 

permeability analysis.  

Most known and common radiation shielding materials are generally lead-based and polymeric structures 

(McAlister, 2018). TiO2 is a good choice because it is a chemically stable material, and it is known for its 

mechanical properties to improve the flexural and compressive strength of the composite (Nikbin et al., 2019; 

Park et al., 2019). The ZrO2 envelopes the TiO2 with its decent hardness value to become a suitable shielding 

material. As far as is known, there is no available data about the radiation shielding properties of TiO2 and 

ZrO2-based aluminum matrix hybrid composites. Hence, this study enlightens the microstructural properties 

of selected materials and investigates radiation shielding parameters to widen the literature. 

2. MATERIAL AND METHOD 

2.1. Material 

In this research, metal matrix composite samples were produced by Powder Metallurgy (PM) and hot-pressing 

methods. The matrix material is pre-alloyed Al 2024, and TiO2 and ZrO2 powders are used as reinforcement 

elements. The powder’s SEM images do not exist. Though, the SEM images are taken after the production of 

each sample. The matrix alloy's chemical composition and the powders' physical properties are given in Table 

1 and 2, respectively. 

Table 1. Chemical Composition of the Matrix Alloy 

Element Cu Mn Mg Fe Al 

Rate (Weight %) 4,4 1,8 0,25 0,5 Other 

 

Table 2. Physical Properties of Powders Used 

Material 

Physical Properties 

Density (g/cm3) Melting Temperature (℃) Powder Size (µm) 

Al 2024 2,74 502-638 20 µm 

TiO2 4,26 1843 1 µm 

ZrO2 5,68 2370 20 µm 
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2.2. Method 

Pre-alloyed Al 2024 powder was mixed separately in a three-dimensional mixer as separate samples, 

containing 10% TiO2 and 10% ZrO2 by weight. Afterward, 10% hybrid composite powder was mixed in which 

5% TiO2 and 5% ZrO2 were included simultaneously. The turbulent mixer was run for 30 minutes for each 

sample to homogenize. Next, the mixed powders were exposed to a pressure of 400 MPa on a one-way press 

machine and sintered for 1 hour by being thrown into the vacuumed furnace at 600 ℃. At the end of the period, 

the mold removed from the furnace was again subjected to 800 MPa pressure on a one-way pressure machine, 

and then the sample was left to cool. The sample dimensions obtained are 31.2*12.6*6.35 mm. After the 

cooling process, the samples removed from the mold were cut by wire erosion to become cross-fracture test 

products by powder metal sample standards (MPFI-41, 1998). 

In the present study, three metal matrix composite samples containing 10% reinforcement elements were 

obtained using a hot press with the PM method. Three samples were produced from each reinforcement 

material matrix composite, and nine samples were used in the experiments. For sample production, each 

reinforcement element and Al 2024 were added to the mixing bowl in the determined proportions and mixed 

with a turbular mixer for 30 minutes until they became homogeneous. The powder mixtures obtained were 

taken into the lubricated mold and first pressed with a uniaxial hydraulic press under a load of 10 tons and 

made compact. After pressing, the samples were kept in the oven at 600 ℃ for 1 hour and pressed again under 

20 tons of load. Materials whose sample production was completed were subjected to a 3-point bending test. 

Then, bakelite was taken from the broken samples to obtain optical images, and the surface roughness was 

removed. After all, the SEM images were obtained. The gamma behaviors of a novel shielding material of Al 

2024 Metal Matrix Reinforced with TiO2 and ZrO2 were also investigated. The shielding effectiveness of these 

materials for gamma-ray has not been studied until now. In this work, for the first time, the LAC, MAC, TVL, 

HVL, and MFP of Al 2024 Metal Matrix Reinforced with TiO2 and ZrO2 using the Phy-X platform were 

theoretically calculated considering the radiation shielding. Furthermore, all the values calculated for these 

composite materials by running the Phy-X platform were compared. 

2.3. Characterization 

Densities of the samples produced by applying a hot press with powder metallurgy method were determined 

according to Archimedes principle by using Sartorius brand balance with 0.0001 g precision and density kit. 

The composite samples obtained were sanded under water with 240-400-800-1200 grit sandpapers for 

characterization and then polished using 1 and 3 µm diamond paste on the polishing felts. The interfaces of 

ZrO2 and TiO2 particles dispersed in the produced hybrid composites with the matrix material were examined 

with the help of a Leica brand optical microscope and JEOL JSM 6060LV Scanning Electron Microscope 

(SEM), and EDS analyzes were made. Fractured surfaces were characterized with the help of SEM. The 

hardness measurements of the composite samples were measured as Brinell using the Emco test duravision 

2000 brand hardness measuring device. The hardness values were determined by taking the average 

measurements from 5 regions for each sample. Cross-fracture tests of sintered and extruded samples were 

performed using Instron 3369 model test device. Cross-fracture tests were performed by taking the average of 

3 samples for each composite. MPIF Standard 41 and previous studies were taken as references in preparing 

the test samples and executing the tests (Gökmen, 2016). 

3. RESULTS AND DISCUSSION 

3.1. Density and Microstructure Analysis 

The densities are calculated for manufactured composites, and the microstructure of the samples is 

characterized. As the density of Al 2024 is 2.78 g/cm3, the reinforcement materials, which are TiO2’s density 

is 4.26 g/cm3, and ZrO2’s density is 5.68 g/cm3. Thus, the content ratio of each sample is 10% mixed with 90% 

Al 2024. In the beginning, theoretical densities are calculated, as shown below. 
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𝑑10% 𝑇𝑖𝑂2
=

90% (𝐴𝑙2024) + 10% (𝑇𝑖𝑂2)

100
 𝑑10% 𝑇𝑖𝑂2

=
250.2 + 42.6

100
= 2.928

𝑔

𝑐𝑚3
 

𝑑10% 𝑍𝑟𝑂2
=

90% (𝐴𝑙2024) + 10% (𝑍𝑟𝑂2)

100
 𝑑10% 𝑍𝑟𝑂2

=
250.2 + 56.8

100
= 3.07

𝑔

𝑐𝑚3 

𝑑10% 𝐻𝑦𝑏𝑟𝑖𝑑 =
90% (𝐴𝑙2024) + 5% (𝑇𝑖𝑂2) + 5% (𝑍𝑟𝑂2)

100
 𝑑10% 𝐻𝑦𝑏𝑟𝑖𝑑 =

250.2 + 28.4 + 21.3

100
= 2.998

𝑔

𝑐𝑚3 

The theoretical density of 10% TiO2 reinforced Al 2024 is 2.93 g/cm3, 10% ZrO2 reinforced Al 2024 is 3.07 

g/cm3, and finally, the 10% hybrid (5% both TiO2 and ZrO2) reinforced Al 2024 metal matrix composite is 

calculated as 2.99 g/cm3. After the sample production, the density of each sample is calculated according to 

the principles of Archimedes. In Figure 1, the comparison of the theoretical and actual densities is graphed. 

The Archimedes density results are lower than the theoretical densities of the samples. The closer results are 

obtained in Al 2024 without reinforcement element, and the most distant results are observed in 10% ZrO2 

reinforced MMCs. In the metal matrix composite prepared by using both reinforcement elements, changes in 

the density values were determined after the sintering and pressing processes. Even if the reinforcement 

element percentage is the same for every sample, we are getting different densities because the particle size 

used is different for each element powder. It is known that as the particle size increases, the powder metal 

material’s density will decrease (Rahimian et al., 2009). 

 

Figure 1. Comparison between the theoretical and the Archimedes density for each sample 

Figure 2 shows the optical microscope images of 10% TiO2, 10% ZrO2, and 10% Hybrid composite samples. 

Figure 2 includes the maximized microstructural images showing the relation between the particle and matrix 

material interface. It is observed that particles are dispersed equally in the Al 2024 matrix with the guidance 

of these figures. Also, the micropores are independent of each other and when these images are analyzed there 

are partial flocculation occurs in material samples. 
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Figure 2. a) Optical image of 10% TiO2 reinforced Al 2024, b) Optical image of 10% ZrO2 reinforced Al 

2024, c) Optical image of 10% Hybrid reinforced Al 2024 

After the optical microscope images are taken, the EDS analysis is done to analyze the elemental distribution 

of each sample. 

Figure 3 and 4 show the selected point’s elemental distribution of TiO2 and ZrO2 separately. At point number 

2 for Figure 3a, it can be seen that TiO2 and Al 2024 materials are mixed, and the intermediate phase is 

comprised. For Figure 3b and 4b, The ZrO2 is clearly observed in point 1. 

  

Figure 3. a) EDS image of 10% TiO2 reinforced Al 2024, b) EDS image of 10% ZrO2 reinforced Al 2024 
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Figure 4. a) Elemental analysis for obtained points in 10% TiO2 reinforced Al 2024 image, b) Elemental 

analysis for obtained points in 10% ZrO2 reinforced Al 2024 image 

The hybrid composite sample’s EDS analysis resulted in Figures 5 and 6. The obtained points 2 and 4 are 

investigated in figures. As a result, the ZrO2, TiO2, and the compounds of Al 2024 were observed from EDS 

analysis.  

 

Figure 5. EDS image of 10% hybrid reinforced Al 2024 
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(a) 

 
(b) 

Figure 6. a) Elemental analysis for point 2 in 10% hybrid reinforced Al 2024 image, b) Elemental analysis 

for point 4 in 10% hybrid reinforced Al 2024 image 

The SEM images after the hot press given in Figure 7 supports the partial aggregation detected between the Al 

2024 matrix and the particles. It is known that in powdered metal composite materials, particles cause 

agglomeration and pores, and this affects the material’s performance (Dobrzański et al., 2005). In the 

examinations, it was observed that the agglomeration caused by the reinforcement particles in the structure 

before the extrusion process occurred more, the agglomerations were distributed after the extrusion process, 

and a more homogeneous structure was formed.  

SEM images showing the distribution of TiO2 and ZrO2 particles in the Al 2024 matrix are given in Figure 3. 

According to the images given in Figure 3, it can be said that the particles existing in the composite are 

homogeneously distributed. Partial voids were observed between the matrix surface and TiO2 and ZrO2 

particles, as well as partial particle aggregation in some regions according to the SEM images given in Figure 

7, at 7b and 7c. However, it has been determined that these particle aggregations do not exist in the entire 

composite structure. It is thought that the hot extrusion process disperses the particle aggregations and supports 

the homogeneity of the ceramic particle distribution in the matrix. Gaps were observed between the Al 2024 

matrix and the ceramic particles. When the SEM image of the hybrid composite given in Figure 7, at 7d is 

examined, it is seen that the ZrO2 particles are partially clustered around the TiO2 particles. 
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Figure 7. a) SEM image of Al 2024, b) SEM image of 10% TiO2 reinforced Al 2024, c) SEM image of 10% 

ZrO2 reinforced Al 2024, d) SEM image of 10% Hybrid reinforced Al 2024 

3.2. Mechanical Properties 

In Figure 8, each TiO2 and ZrO2 reinforced Al 2024 hot-pressed metal matrix composite’s Brinell hardness 

values can be reviewed. It is normal to observe that as the particle amount increases in the Al 2024 matrix, the 

hardness increases (Leyi et al., 2011). The lowest hardness value is measured at 80.52 HB in 10% TiO2-

reinforced Al 2024 elements. Also, the highest hardness value is observed in 10% ZrO2-reinforced Al 2024 

material. That makes sense to get a hybrid metal matrix composite’s hardness is 83.74 HB, an average for 

overall observation. The highest hardness value is measured as 97.5 HB in the Al 2024 sample containing 10% 

by weight of ZrO2. When the hardness values of samples containing the same amount of TiO2 and ZrO2 in the 

Al 2024 matrix are compared, it is observed that the hardness values of the composites containing ZrO2 are 

significantly higher. 

In the literature, it is known that ZrO2 particles have higher hardness values according to the TiO2 particle 

(Kumar et al., 2019; Paul & Islam, 2021). It was determined that the hardness value of the Al 2024 matrix with 

the TiO2 and ZrO2 reinforced hybrid composite was higher than the composite sample containing 10% 

TiO2reinforced Al 2024 matrix composite. It is thought that the 5% ZrO2, which is one-half of the 10% 

reinforcement elements in the hybrid composite, together with the high density obtained after the pressing 

process caused an increase in hardness value. 

In Figure 9, the strength and elongation values obtained after the cross-fracture test applied to Al 2024 MMCs 

are given. Ceramic-based composites have high hardness values, and they need to be produced in smaller 

dimensions. Thus, the TRS method is optimum for ceramic-based MMCs. Tensile stress is the most common 

and one of the most accurate tests to measure the elastic deformation of the sample. Nevertheless, this research 

focused on the effect of porosity ratios on the sample’s rupture strength. Porosity is an important problem in 
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parts produced with powder metallurgy. This test method is interesting because the transverse rupture strength 

test is very sensitive to porosity levels (Fang, 2005). The highest cross-fracture strength was obtained in the 

composite sample reinforced with 10% Hybrid with 635 MPa. The cross-fracture value obtained in the 

composite samples containing ZrO2 was higher than the samples reinforced with TiO2. The highest elongation 

amount reached in the produced MMCs was determined in Al 2024 samples without reinforcement elements, 

and the lowest elongation value was determined in composites containing 10% TiO2. The change observed in 

the elongation values is parallel with the hardness of the MMCs. It is thought that the change observed in the 

cross fracture and elongation amounts of 10% hybrid composite materials is due to the increase in density in 

parallel with this situation, where the TiO2 and ZrO2 particles gather around each other and improve the 

particle/matrix interface with the extrusion process. The cross-fracture strength relates to the hardness values 

of the material. It is expected that materials with high hardness also have high cross-fracture strength (Kim et 

al., 2005; Qian et al., 2005). Thus, the materials containing ZrO2 particles showed better cross-fracture strength 

than the TiO2-reinforced MMCs in Figure 9. The hybrid composite sample has the best strength because the 

relative density results of the hybrid composite are better than the ZrO2-reinforced MMCs. As the relative 

density increases, the porosity amount decreases. In addition to this, the material’s strength against dislocation 

formation increases (Bin et al., 2006; Kim et al., 2016). Figure 9 shows that the hybrid MMC sample resulted 

from better cross-fracture strength than the ZrO2-reinforced MMCs. 

 

Figure 8. Brinnel Hardness Test Results of Samples 
 

 

Figure 9. Transverse Rupture Strength Results of 10 wt. % Reinforcement Elements with Al 2024 
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3.3. Radiation Shielding 

Radiation can be defined as the energy traveling in the medium. The source of radiation can be investigated as 

natural and artificial. (Gökmen et al., 2022) Natural radiation sources are radiation that occurs without human 

contribution. Also, the radiation can be examined in two subtopics which are ionizing and non-ionizing 

radiation. The alpha, beta, and neutron particles are particle-based ionizing radiations, and the X and gamma 

rays are electromagnetic radiations (Sürücü & Subaşı, 2021; Gökmen et al., 2022). The situation that 

distinguishes ionizing radiation from non-ionizing radiation is that the charge balance in the atom is disrupted 

as a result of ionizing radiation removing electrons from the atom or binding electrons to the atom (Sürücü & 

Subaşı, 2021). 

As seen in Figure 10a, the lowest LAC value among the samples was calculated as Al 2024 without 

reinforcement. The LAC values of the other samples are pretty close to each other. However, when evaluated 

among them, the highest LAC value was measured as 10% doped ZrO2. The samples following this value are 

hybrid-doped Al 2024 and 10% doped TiO2, respectively. The LAC value generally decreases and increases 

inversely with the energy. The MAC value is procured by dividing the LAC values by the sample densities. 

Accordingly, Figure 10b shows that the lowest MAC value was calculated for Al 2024 without reinforcement 

material, while the highest MAC value was assessed as 10% doped TiO2. In general, HVL and TVL values 

were examined in Figure 11 to determine the material that gives the best shielding properties among the four 

composite materials. The material thickness values required for material radiation shielding increased in direct 

proportion to the increase in energy. The sample Al 2024 without reinforcement that required the most material 

thickness for shielding was approximately 10 cm for HVL, while it was 40 cm for TVL. The half-value layer 

of the 10% ZrO2 reinforced MMCs are measured at ~9 cm, and the tenth-value layer is measured at ~32 cm. 

The material requiring the lowest thickness was determined as 10% doped ZrO2. In this case, the best shielding 

properties were determined as 10% doped ZrO2, 10% doped hybrid, 10% doped TiO2, and undoped Al 2024, 

respectively. Figure 12 shows that the distance required for photon collision is less in low-energy regions, but 

the distance increases gradually in higher energy ranges where pair production and Compton scattering can 

occur. The lowest distance is measured at ~13 cm in 10% ZrO2-reinforced MMCs. Figure 13 shows the 

effective atomic mass number and the number of electrons of each sample. Results showed that 10% ZrO2-

reinforced MMCs are significantly higher than others. 

 

Figure 10. a) The linear attenuation coefficient of each sample versus Energy, b) The mass attenuation 

coefficient of each sample versus Energy 
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Figure 11. a) The half-value layer alteration of each sample versus Energy, b) The tenth-value layer 

alteration of each sample versus Energy 
 

 

Figure 12. The mean free path alteration of each sample versus Energy 
 

 

Figure 13. a) The effective atomic mass number alteration of each sample versus Energy, b) The number of 

electrons of each sample versus Energy 
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4. CONCLUSION 

The samples are produced by the powder metallurgy method. For each sample, the production method, which 

is a hot-pressed powder metallurgy method, is done to strengthen the samples. After all, optical images of these 

samples are taken from bakelite. The optical images show that the materials mixed homogeneously and the 

porosity distribution over the sample. The highest hardness value among the samples taken from Brinell 

hardness values was observed as 97.5 HB in 10% ZrO2-added samples. After that, a 3-point bending test was 

done to investigate the relationship between the maximum load applied to the sample and the elastic 

deformation. The TRS test was the best option due to the sample size. Results show that the maximum load is 

read in a 10% hybrid reinforced Al 2024 sample. The maximum applied load at the breaking point is calculated 

as 9180.713 N. The maximum flexural stress at break is also read in the 10% Hybrid reinforced Al 2024 

sample. In conclusion, the Radiation shielding test results, the MAC, LAC, HVL, TVL, and MFP values are 

calculated. When the radiation shielding values of the samples are examined, LAC and MAC values show the 

absorption capacity of the material. High values indicate a good absorption capacity. The HVL, TVL, and 

MFP values determine the shielding properties. Low values indicate that the material has a good shielding 

capacity. According to the logarithmic increase in energy, the most absorptive sample is observed as a 10% 

ZrO2-reinforced Al 2024 sample. The hybrid composite sample has close results with the 10% ZrO2. The most 

vulnerable material from all of the samples is decided as Al 2024 sample without reinforcement. This leads us 

to understand that each material and reinforcement element have different advantages, and they provide 

improvement for the material’s shielding properties. 
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