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Aluminum matrix composites have recently gained increased 

attention for structural applications in many industries due to their 

excellent properties. In this research, machining scraps of coarse-

grained Al2024-T3 alloy were used to prepare nanostructured 

Al2024 alloy and Al2024-2wt.%TiO2 nanocomposite. Then, 

tribological behavior of bulk nanostructured Al2024 alloy and 

Al2024-2wt.%TiO2 nanocomposite, produced by 10 h of mechanical 

alloying and subsequent hot-pressing at 500 C for 20 min, was 

investigated. Hardness measurements on the samples revealed that 

the hardness value of mechanically alloyed and hot-pressed Al2024 

alloy reached a value of  198 HV, which was  41% higher than 

that for the initial coarse-grained Al2024-T3 alloy (140 HV). The 

average hardness values of Al2024-2wt.%TiO2 nanocomposite was 

found to be 238 HV, which showed ~ 20% increase compared with 

that for the nanostructured Al2024 alloy. The wear resistance of 

samples changed in the order of coarse-grained Al2024 alloy 

<nanostructured Al2024 alloy <Al2024 2wt.%TiO2 nanocomposite, 

where the wear rate of the Al2024-2wt.%TiO2 nanocomposite was 

about 0.66 of that for the nanostructured Al2024 alloy. For all 

samples, the wear took place by a combination of abrasion, adhesion, 

and delamination mechanisms. A mechanically mixed layer (MML) 

containing a considerable amount of Fe and O was formed on the 

worn surface of all samples. 
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1. Introduction 
Aluminum matrix composites (AMCs) have 

allocated considerable attention in the past decades 

because of their excellent properties such as low 

coefficient of thermal expansion, high elastic 

modulus, high specific strength, and increased wear 

resistance over most conventional materials [1-3]. 

These properties make AMCs an attractive choice for 

structural applications in aircraft, automotive and 

military industries [4, 5]. The fabrication methods to 

produce particulate reinforced AMCs are mainly 

divided into two types: solid-state process [6-8] and 

liquid state [9, 10]. Liquid state techniques (such as 

casting) have some disadvantages like poor wetting 

between Al and ceramic particles and the formation 

of undesirable compounds due to the chemical 

reactions at high temperatures. These disadvantages 

make the fabrication of AMCs through casting 

methods very difficult and degrade the mechanical 

properties of the composite [11-13]. Powder 

metallurgy is another approach for the fabrication of 

AMCs by mixing the powders of the Al alloy with 

ceramic particles followed by consolidation. Avoiding 

detrimental interfacial reaction because of a lower 

manufacturing temperature and the possibility of 

adding higher amounts of reinforcement particles are 

advantages of this process [14-16]. In general, 

mechanical alloying (MA) is often used to prepare 

AMCs powder. MA is a solid-state processing 

technique which completely carried out at room 

temperature [17]. This process can produce metal 

matrix composite powders with a uniform dispersion 

of the reinforcement particles in the matrix. In this 

process, reinforcement particles being well embedded 

into the matrix particles through a repeated process 

of cold welding, fracturing, and re-welding [18-21]. 

MA is also capable of producing nanostructured 

materials, and as a result, nanostructured composite 

powders can be obtained using this method [22, 23]. 

Ceramic particles such as SiC and Al2O3 are the most 

widely used materials as reinforcement in AMCs 

[24]. TiO2 is one of the most promising ceramic 

materials because of its high hardness and elastic 

modulus, superior corrosion resistance, and good 

wear behavior [25, 26]. Nevertheless, the use of TiO2 

as reinforcement in aluminum alloys has received 

little attention. Sivasankaran et al. [27] investigated 

the sinterability and hardness of Al6061-TiO2 micro 

and nanocomposites prepared by high energy ball 

milling and subsequent cold pressing and sintering. 

Their results revealed that the hardness of 

nanocomposites was around 3-4 times higher than that 

for microcomposites. Bera et al. [28] demonstrated 

that Al7075-nano TiO2 composite synthesized by 

mechanical milling and consolidated by equal channel 

angular pressing had improved mechanical properties 

compared with the monolithic Al7075 alloy. 

Karunanithi et al. [25] showed that Al7075-TiO2 

composites fabricated by powder metallurgy method 

had better corrosion resistance in comparison with 

Al7075 alloy. Kumar and Rajadurai [26] investigated 

the influence of TiO2 content on wear characteristics 

of Al-15%SiC composite produced by powder 

metallurgy. Their results indicated that wear resistance 

and microhardness increased with the increase of 

TiO2 content. Although in recent years, Al2024-TiO2 

nanocomposite has been fabricated by stir casting 

method [29], no study in the field of preparation and 

characterization of Al2024-TiO2 nanocomposite by 

powder metallurgy can be found in the literature. 

Therefore, the objective of this study was to prepare 

a bulk Al-TiO2 nanocomposite by MA and hot-pressing 

methods. Then, the wear behavior was investigated 

under dry sliding conditions and was compared to 

that for nanostructured and coarse-grained Al2024 

alloys. The TiO2 content (2 wt.%) was selected so 

that both excessive agglomerations were avoided and 

full dense samples could be obtained after HP, as 

high volume fraction of reinforcement in Al matrix 

composites reduces compressibility and enhances 

agglomeration of the second phase particles [30, 31].   

2. Experimental procedure 
The materials used in this study were residual 

machining scraps of Al2024-T3 bars and nano-sized 

TiO2 powder (purity > 99.5 %, US nano). Fig. 1 

shows the morphology of the initial materials. The 

machining scraps had a spring-like morphology. 

Nano-sized TiO2 powders were spherical with a mean 

particle size of  80 nm. The machining scraps were 

de-greased and washed with acetone before use. 
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Fig. 1. Morphology of the raw materials, (a) Al2024 scraps, (b) TiO2 powder. 

 

In order to produce nanostructured Al2024 powder, 

the scraps were mechanically milled in a high-energy 

planetary ball mill at room temperature and under 

argon atmosphere for 10 h. This time was the 

minimum time that Al2024 powder could be 

prepared from machining scraps by MA. Possessing 

parameters of milling are given in Table 1. These 

parameters are typical for the MA of Al alloys.  To 

prevent sever sticking of Al powders to balls and vial 

surfaces, 1 wt.% of stearic acid was used as the 

process control agent (PCA).   

 

Table 1. Processing parameters of MA 

Rotation speed of vial (rpm) 500 

Rotation speed of disc (rpm) 250 

Diameter of vial (mm) 90 

Diameter of disc (mm) 350 

Vial material Hardened Cr steel 

Capacity of vial (ml) 120 

Ball material Hardened carbon steel 

Diameter of balls (mm) 20 

Number of balls 5 

Ball to powder weight ratio 20:1 

Total powder mass (g) 8.5 

Atmosphere of MA Ar 
 

The Al2024 powder obtained through mechanical 

milling, which from now on referred to as the 

nanostructured Al2024, was separately blended with 

2 wt.% of nano-sized TiO2 powders and then 

mechanically milled for an additional 5 h to produce 

Al2024-2wt.% TiO2 nanocomposite powder. The 

time for the second MA operation was selected based 

on the literature. Similar MA parameters have been 

employed for the preparation of Al2014-TiC [32], 

Al-SiC [33], and Al2017-Al2O3-SiC [34] composites. 

The nanocomposite powder and the nanostructured 

Al2024 powder underwent uniaxial hot-pressing 

(HP) in hardened steel die made of X40CrMoV51 

(AISI H13) at 500 °C under a pressure of 300 MPa 

for 20 min to produce disks of F50 mm × 15 mm. The 

heating rate of HP was ~ 100 °C/min, and the hot-

pressed samples were cooled in the air. No degassing 

was performed before HP operations. 

The morphology of powder particles after milling as 

well as the microstructure and elemental mapping of 

the cross-section of the milled powders were 

analyzed by scanning electron microscopy (SEM) in 

a VEGA\TESCAN equipped with energy-dispersive 

spectroscopy (EDS) analysis at an acceleration 

voltage of 15 kV. Phase analysis of the bulk samples 

was determined by X-ray diffraction (XRD) in a 

Philips X Pert diffractometer using filtered Cu Ka 

radiation (l = 0.15406 nm). The grain size and 

internal strain were estimated from the XRD line 

broadening using the Williamson-Hall method [35]: 

0.9
Cos 2 Sin

D


                                                    (1) 

where  is the peak width at half maximum intensity, 

 is the Bragg angle,  is the wavelength of the X-ray 

(0.15406 nm), D is the average grain size, and  is the 

mean value of internal strain. The density of the hot-

pressed specimens was measured according to the 

Archimedes method with water as the measuring 

liquid. Hardness values were determined by Vickers 

indenter at a load of 10 kg. 

Friction and wear properties of the hot-pressed 

specimens, as well as the initial coarse-grained Al-

2024-T3 alloy, were investigated by a pin-on-disk 

wear test machine according to the ASTM-G99-05 
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standard [36], where AISI 52100 steel with the 

hardness value of 63 HRC was used as the pin. The 

tests were conducted at room temperature and 

relative humidity of 30% under dry conditions. The 

sliding speed was 0.11 m/s, and an applied normal 

load of 15 N was employed. The mass losses of the 

disks were measured at different time intervals in the 

sliding distance with an analytical balance of 0.1 mg 

precision. The friction coefficients were continuously 

recorded with the sliding distance. The worn surfaces 

and wear debris were examined by SEM. 
 

3. Results and discussion 

3.1. Morphology and microstructure of powders 
The morphology of powder particles is one of the 

most important parameters to affect the consolidation 

process and thus the properties of the bulk material. 

Fig. 2 illustrates the morphologies of mechanically 

milled Al2024 alloy and Al2024-2wt.% 

nanocomposite. During the MA process, powder 

particles underwent severe ball collisions and 

repeated fracturing and cold welding, which lead to 

particle size reduction [18]. Both powder mixtures 

showed a nearly equiaxed morphology, but their 

particle size differed significantly. The smaller 

particle size of nanocomposite powder was because 

it underwent a second milling step to disperse the 

TiO2 nanoparticles in the Al2024 alloy matrix. By the 

dispersion of TiO2 nanoparticles, the powders 

became more brittle and fractured easily to form 

smaller particles.  

 

 

 
Fig. 2. SEM images of the morphology of the milled powders, (a) Al2024, (b) Al2024-2wt.% TiO2. 

 

SEM micrograph of the cross-section of the Al2024-

2wt.% TiO2 powder after MA, with the 

corresponding elemental maps of Al, Ti, and O and 

also the EDS spectra are shown in Fig. 3. The 

distribution of Ti and O elements within the Al alloy 

particles indicates that TiO2 nanoparticles are well 

embedded in the Al matrix after MA.   

3.2. Phase analysis of powders 

The milled powders were hot-pressed at 500 C under 

a pressure of 300 MPa for 30 minutes to produce bulk 

samples. Fig. 4 shows the XRD patterns of the hot-

pressed samples. For both samples, only the Al peaks 

were present. The absence of the TiO2 peaks can be 

attributed to its small amount or low diffraction 

factor. Based on the XRD patterns, the crystallite size 

and internal strain of Al in the Al2024 alloy and 

Al2024-2wt.%TiO2 nanocomposite were calculated 

by the Williamson-Hall method. The crystallite size 

of Al in both samples was less than 60 nm (56 and 50 

nm), which is typical for the mechanically milled and 

heat- treated Al alloys [37, 38]. The Al lattice also 

had a high level of internal strain (> 0.5). 
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Fig. 3. (a) SEM micrograph of the cross-section of the Al2024-2wt.% TiO2 powder after MA, with (b) corresponding 

elemental maps of Al, Ti and O and also the EDS spectra of the powders. 
 

 
Fig. 4. XRD patterns of the mechanically milled and hot-pressed samples, (a) nanostructured Al2024 alloy, (b) Al2024-

2wt.%TiO2 nanocomposite. 
 

3.3. Density and hardness 
The density of the hot-pressed specimens was 

measured using the Archimedes method. The bulk 

nanostructured Al2024 alloy showed a high relative 

density of 99%. A negligible decrease in relative 

density to 97% occurred with the addition of TiO2 

particles due to the decrease in the compressibility of 

powders. The hardness of the initial coarse-grained 

Al2024-T3 alloy, nanostructured Al2024 alloy, and 

Al2024-2wt.%TiO2 nanocomposite is shown in Fig. 

5. As can be seen, the average hardness value of the 

bulk nanostructured Al2024 alloy is ~ 198 HV, which 

is ~ 41% higher than that for the initial coarse-grained 

Al2024-T3 material (140 HV). This value is also very 

close to that reported by Jafari et al. [39] for the 

hardness value of nanostructured Al2024 alloy 

produced by MA and hot-pressing (206 HV). The 

average hardness values of Al2024-2wt.%TiO2 

nanocomposite were measured to be 238 HV, which 

shows ~ 20% improvement compared with the 

nanostructured Al2024 alloy. The enhanced hardness 

value of the Al2024-2wt.%TiO2 nanocomposite 

compared with the nanostructured Al2024 alloy can 

be attributed to the presence of very fine and hard 

particles of TiO2. According to the strengthening 

mechanisms, the increase in strength as a result of the 

presence of a second phase linearly increases with 

decreasing its particle size [40].  
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Fig. 5. Bar chart showing the hardness value for the initial coarse-grained Al2024-T3 alloy, nanostructured Al2024 

alloy and Al2024-2wt.%TiO2 nanocomposite prepared by MA and HP. 

 

3.4. Wear behavior 
The wear mass losses of the samples as a function of 

the sliding distance are shown in Fig. 6a. For all 

samples, the weight loss continuously increased with 

increasing the sliding distance, but the rate of mass 

loss decreased at higher sliding distances. Fig. 6b 

presents the wear rate of samples at the applied 

normal load of 15 N. The wear resistance of samples 

changed in the order of coarse-grained Al2024-T3 

alloy < nanostructured Al2024 alloy < Al2024 

nanocomposite, where the wear rate of Al2024 

2wt.%TiO2 nanocomposite was about 0.66 of that for 

the nanostructured Al2024 alloy. The higher wear 

resistance of Al2024 nanocomposite can be attributed 

to the presence of very fine (<100 nm) particles of 

TiO2 reinforcements. 

 

 
Fig. 6. (a) Wear mass loss of samples as a function of sliding distance and (b) wear rate of different samples. 

 

Fig. 5. Bar chart showing the hardness value for the 

initial coarse-grained Al2024-T3 alloy, nanostructured 

Al2024 alloy, and Al2024-2wt.%TiO2 nanocomposite 

prepared by MA and HP. To find the wear 

mechanisms of the samples; the worn surfaces and 

the wear debris were investigated by SEM. The SEM 

micrographs of the worn surfaces of the coarse-

grained Al2024 alloy, nanostructured Al2024 alloy, 

and Al2024-2wt.% TiO2 nanocomposite samples at 

15 N applied normal load is presented in Fig. 7. The 

worn surface of the coarse-grained Al2024 alloy (Fig. 

7a) was mostly covered with loose debris and 

delamination layers, indicating that adhesive wear 

and delamination were active for this sample. Some 

evidence of abrasive grooves were also observed on 

the wear track of this sample. SEM image of the wear 

track of the nanostructured Al2024 alloy (Fig. 7c) 

showed effects of plowed grooves, delamination 

layers, and craters, which are characteristics of 

abrasive, delamination, and adhesive wear. However, 

this sample showed less surface damage compared 

with the coarse-grained Al2024 alloy. The worn 

surface of the Al2024-2wt.%TiO2 nanocomposite 

sample (Fig. 7e) mostly exhibited parallel grooves, 

indicating that the predominant wear mechanism was 

an abrasion. Some evidence of delamination and 

adhesive wear was also present on the worn surface. 

The Al2024-2wt.% TiO2 nanocomposite had the 

lowest surface damage among the samples, which is 

consistent with its highest hardness value. 
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Fig. 7. SEM micrographs showing the worn surface of different samples, (a and b) coarse-grained Al2024 alloy, (c and 

d) nanostructured Al2024 alloy, (e and f) Al2024-2wt.% TiO2 nanocomposite. 

 

As can be seen in the backscattered SEM images in 

Fig. 7, most regions of all the worn surfaces were 

covered by a darker layer. A typical EDS analysis of 

the worn surface of the nanostructured Al2024 alloy 

is shown in Fig. 8. This EDS analysis showed that the 

darker areas in the worn surface contained a 

considerable amount of O and Fe (Fig. 8a). In contrast, 

EDS analysis of the bright areas showed the presence 

of a small amount of O and Fe. The presence of the 

higher amount of Fe in the darker layer implied the 

transfer of Fe from the steel pin to the worn surface, 

while the presence of O suggests the oxidation 

reaction. These results indicated that transfer and 

mechanical mixing of materials had taken place 

between the two sliding surfaces, and a mechanically 

mixed layer (MML) had been formed on the worn 

surface [22, 41]. Similar results were observed for 

other samples. As a result, it seems that a mechanical 

mixing/oxidation process was the controlling wear 

mechanism in the case of all samples. 
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Fig. 8. Typical EDS analysis is taken from (a) dark areas and (b) bright areas of the worn surface of the nanostructured 

Al2024 sample. 
 

Formation of MML on the worn surface of Al alloys 

and composites such as Al7075 alloy and Al-SiC 

composites [42], Al-Si [43], Al8090, and Al8090-

SiC [44], Al6061, and Al-Mg-Si-CoNi [45] was also 

reported. Some characteristics of the MML are as 

follows [46, 47]: it has a darker color than other 

regions of the surface; it contains chemical elements 

like Fe coming from the counter body; contains oxides 

of Al and Fe, and has a higher hardness value than 

outside the MML. Because of its higher hardness, 

MML acts as a protective layer to the surface [41].  

Fig. 9 shows the SEM images of wear products of 

different samples. A mixture of plate-like and fine 

wear debris was observed for the coarse-grained 

Al2024 alloy. Plate-like debris suggested 

delamination, while finer particles may be formed by 

abrasive or adhesive wear. For the nanostructured 

Al2024 alloy (Fig. 9b), a mixture of fine particles and 

small plate shape debris was present, suggesting 

abrasion and delamination. The wear debris of 

Al2024-2wt.% TiO2 nanocomposite was in the form of 

very fine particles, indicating low surface damage for 

this sample. In fact, these fine particles were mostly 

removed from the grooves observed in Fig. 7e. 

 

 
Fig. 9. SEM micrographs of the wear debris of (a) coarse-grained Al2024 alloy, (b) nanostructured Al2024 alloy, (c) 

Al2024-2wt.% TiO2 nanocomposite. 
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The variation of friction coefficient of samples with 

sliding distance is shown in Fig. 10. In all samples, 

the friction coefficient gradually increased up to a 

sliding distance of 100 m to reach relatively steady 

values. The steady-state friction coefficient of 

coarse-grained Al2024 alloy, nanostructured Al2024 

alloy, and Al2024-2wt.% TiO2 nanocomposite varied 

between 0.25-0.5, 0.22-0.35 and 0.25-0.3, 

respectively. These results were in line with the 

previous reports of a decrease in friction coefficient 

with an increase in hardness [48], and were also in 

line with the wear rate results observed in Fig. 6. The 

presence of TiO2 nanoparticles both decreases the 

average friction coefficient and its fluctuations. The 

decrease in the former is due to the decrease in metal-

metal contact, as metal-ceramic contact has a lower 

friction coefficient than metal-metal contact. The 

decrease in the later can be attributed to the change in 

wear mechanism as it is well understood that the 

presence of hard ceramic particles decreases the 

adhesive wear in Al alloys [22, 49-51].  

 

 
Fig. 10. Variation of friction coefficient with sliding distance, (a) coarse-grained Al2024 alloy, (b) nanostructured 

Al2024alloy, and (c) Al2024-2wt.% TiO2 nanocomposite. 

 

The friction coefficients obtained in the present study 

were in the range of those reported in the literature 

for nanostructured Al alloys and composites. Jafari et 

al. [52] observed an average friction coefficient of 0.3 

for nanostructured Al2024 alloy. Mohammad Sharifi 

et al. [49] reported average friction coefficients of 

0.3-0.4 for Al-B4C nanocomposites containing 5-15 

wt.% of B4C particles. Hosseini et al. [53] observed 

friction coefficients between 0.3-0.6 for Al6061-

3vol.% Al2O3 composites produced by MA and 

subsequent HP. 

4. Conclusions 
In this study, bulk nanostructured Al2024 alloy and 

Al2024-2wt.%TiO2 nanocomposite were produced 

by MA and subsequent hot-pressing. Then, the 

density, hardness, and wear behavior of fabricated 

samples were evaluated. Based on the results 

obtained the following conclusions can be drawn: 

1. The crystallite size of Al in both samples after 

MAand hot-pressing was less than 60 nm, and the Al 

lattice contained a high level of internal strain (> 0.5). 

2. The hardness value of the nanostructured Al2024 

alloy was ~ 198 HV, which is ~ 41% higher than that 

for the initial coarse-grained Al2024-T3 alloy (140 

HV). The presence of the very fine and hard particles 

of TiO2 in the Al2024-2wt.%TiO2 nanocomposite 

enhanced the hardness value to 238 HV.  

3. The wear resistance of samples changes in the 

order of coarse-grained Al2024 alloy 

<nanostructured Al2024 alloy <Al2024-2wt.%TiO2 

nanocomposite, where the wear rate of the Al2024-

2wt.%TiO2 nanocomposite was ~ 0.66 of that for the 

nanostructured Al2024 alloy. 

4. For all samples, the wear took place by a 

combination of abrasion, adhesion, and delamination 

mechanisms. However, the contribution of each 

mechanism was different. A mechanically mixed 

layer (MML) was formed on the worn surface of all 

samples. EDS analysis showed that this layer 

contains a considerable amount of Fe and O. 

Formation of this layer seems to be an important 

factor controlling the wear behavior of samples. 
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