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Abstract  

Al-TiC nanocomposites are prepared by powder metallurgy technique. The effect of milling time and TiC percent on the 

mechanical properties and microstructure are studied.  Nano TiC powders with 5, 10, and 20 wt. % is added to the Al matrix. 

The mixed powders are mechanically milled by a 35:1 ball to powder ratio and 110 rpm for 6, 12, 24, and 48 hr. milling time 

(MT). Mixed powders are compacted by a uniaxial press under 600 Mpa and sintered at 600 °C for 1 hr. in a vacuum furnace.  

According to Archimedes’ principle, the density was estimated, which indicated it is decreasing for 6 hr. milling time, followed 

by an increase for 12 and 24 hrs., then another decreasing for 48 hrs. The addition of nano  TiC increases the density values 

gradually by increasing its percent. Both the phase composition and microstructure of both composite powders and sintered 

samples are examined using XRD & FE-SEM, respectively. XRD results indicated forming the aluminum carbide (Al4C3) 

phase that is formed during the sintering process. The microstructure shows the homogeneous distribution of TiC on the Al 

matrix and the reduction of Al particle size by increasing both milling time and TiC percent. Hardness, compression strength, 

and wear resistance are improved by increasing TiC content and MT up to 24 hours. Al-20 wt. % TiC composite with 24 hr. 

milling time exhibited the highest hardness (196.5667 HV) and the lowest wear rate (0.001 g/min).  

Keywords: Al-TiC; Mechanical milling; Hardness; Compression; Wear rate.

1. Introduction 

The aluminium composite prepared by powder 

metallurgy technique (PM) has good mechanical and 

fatigue properties. Low density, high thermal and 

electrical conductivities, excellent machinability are 

achieved. Also, good response to a variety of finishing 

processes, and which are competitive on a cost per unit 

volume basis [1][2][3]. The primary driver for the use 

of aluminium composites prepared by PM is 

manufacturing net or near-net shape products [4]. 

Aluminium PM can replace other PM in specific 

applications on a direct basis. However, in terms of the 

potential for ferrous-based product substitution,  each 

potential application needs to be considered on a case-

by-case basis [5][6][7].  

Titanium carbide is a ceramic material that has high 

hardness and strength. It is used as a reinforcement to 

produce metal matrix composites (MMCs) [2]. These 

are used in the automobile, airplanes, cutting tools, and 

space industries. Yang et al. stated that hard TiC 

particles help in improving the soft matrix in terms of  

 

hardness and wear resistance [8][9][10]. The 

improvement in the properties of the prepared 

composites depends on the percent and distribution of 

TiC particles, the strength of the particle-matrix 

boundary, and the mechanical properties of the matrix. 

Al-TiC composites occupy a unique position in the 

family of metal matrix composites due to their excellent 

wear/stiffness, the strength-to-weight ratio, with good 

mechanical properties [11][12][13]. Al-TiC composite 

has been found to possess good strength and stiffness. 

It has been reported that TiC reinforced Al matrix 

composites exhibit higher stiffness and ductility than 

TiB2 [14][15]. This may be due to the interfacial 

bonding strength in the Al-TiC composite caused by the 

tendency for nucleation of solid phase on the sample 

surfaces [16][17].   

Ceramic carbides such as TiC have a high melting 

point, thermal stability, and good tribological 

properties. They also have a low coefficient of friction, 

and excellent wear resistance. This is attributed to their 
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high hardness. Further enhancement of the mechanical 

properties can be obtained using nano-sized reinforcing 

particles [18][19][20]. Decreasing reinforcement 

particle size to nano-size range brings a superior 

increase in mechanical strength of composites 

[21][22][23]. As such, more stress is required for 

dislocation movement due to the Orowan strengthening 

mechanism [24][25][26]. Mechanical alloying (MA) is 

a suitable technique to prevents the agglomeration of 

nanoparticles [27][28]. Mechanical alloying is a 

powerful solid-state powder processing technique that 

involves repeated deformation, cold welding, and 

fracture in a high-energy ball mill [29][30].  

The objectives of the present work are to improve 

the microstructure and mechanical properties of Al-TiC 

composites prepared by powder metallurgy by studying 

the effect of TiC percent and milling time for 

automotive industry applications. 

 

2. MATERIAL AND METHODS 

2.1. Materials  

Aluminium (Al) powder with 99.5 % purity 

(supplied by Alpha Chemicals, USA) with an average 

particle size of 30 μm is used as a metal matrix. 

Titanium carbide (TiC) powder with 99.7 % purity 

(supplied by Inframat Advanced Materials, LLC, 

Manchester, USA) with an average size of 1 μm is used 

as a reinforcement. 5, 10, and 20 wt. % TiC is mixed 

with aluminium powder using a ball milling technique 

at various milling times of 6, 12, 24, and 48 hr. The 

powders are mixed in Stainless steel vial fabricated 

from AISI 316 grade steel the diameter of the inside up 

to 100 mm, and hardened chromium steel balls with two 

different sizes of 10 and 14mm diameters were used for 

the milling process and protected from oxidation using 

high pure argon gas, by 35:1 ball to powder ratio (BPR) 

and 110 rpm. Stearic acid (3 % wt.) is used as a process 

controlling agent (PCA). A mixing process was carried 

out in the Faculty of Technology and Education, Suez 

University. Fig.1 shows the composition and 

nomenclature of prepared specimens. 

 

2.2. Sintering Process 

The milled powders are compacted using a uniaxial 

cold press at 600 MPa. Next, the compacted specimens 

are sintered at 600 °C for 60 min in a vacuum furnace. 

The sintering process is achieved by 3°C/min heating 

rate from room temperature up to 250 °C with dwell 

time at 15 min for dewaxing then raising the 

temperature to 600 °C by the same rate withholding 

time 60 min to complete the sintering process. The 

performed thermal heating cycle is illustrated in Fig. 1. 

2.3. Composite Characterization 

According to Archimedes ' principle, the actual 

density of the sintered specimens is determined per 

ASTM D1217 standard.  The relative of the sintered 

specimens is measured using water as a floating liquid 

according to MPIF standard 42, 1998. 

 

  The density of Al-TiC composites calculated using the 

following equations: 

𝜌𝑐 =
𝑚

𝑣
                                                  (1)           

    The density of Al-TiC calculated using the 

following equation: 

             
1

𝜌𝑐
=

𝑤𝑚

𝜌𝑚
+

𝑤𝑟

𝜌𝑟
                                     (2)   

Where, 𝜌 is the density of specimen, w is weight 

fraction. Subscripts m, r, and c refer to the matrix, 

reinforcement, and composite, respectively.  

(ρc) was calculated according to the following 

equation: 

            𝜌𝑐 =
𝑊𝑎

𝑊𝑎  −  𝑊𝑤

                               (3)                     

Where, Wa and Ww are the masses of the specimen in 

air and water, respectively [5][2][13].  

 Microstructure investigation is conducted on the 

polished sintered specimens using Field emission 

scanning electron microscope (FE-SEM) model 

QUANTA FEG250 equipped with energy dispersive 

(EDX) spectrometers, secondary electron (SE), and 

backscattered electron (BSE) detectors. X-ray 

diffraction (XRD) is applied to identify the phases and 

the crystallite of the size of the mixed powder after 

Fig. 1  Heating cycle of the sintering process for Al-

TiC specimens. 
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milling and sintered specimens. Bruker D8 advance 

diffractometer is used with Cu K-alpha radiation and 

operated at 40 kV and 30 mA. The FE-SEM was carried 

out in the Faculty of Petroleum & Mining Engineering, 

Suez University, Egypt. The XRD was carried out in 

the Central Metallurgical R & D Institute (CMRDI) in 

Cairo, Egypt. 

   The peak broadening has been used to calculate the 

crystallite size (D) produced during the milling process 

using Scherer's formula. 

𝐷 =
𝑘 λ

𝛽 cos 𝜃
                                                  (4)         

Where, K is a constant (K=0.94),  is the X-ray 

wavelength (1.5406 Å), β is the full width of the major 

x-ray diffraction peak at its half maximum intensity in 

radian, and Ө is the Bragg angle [31]. Microhardness is 

measured along the polished surface of the sintered 

specimen's diameter by 2.5 mm step size using a 

Vickers hardness tester. The test was done under 300 g 

load for a 15 sec dwell time. 

     Compression was carried out using a universal 

testing machine of 350 KN capacity, INSTRON Model 

(4208-002), on specimens with 10 mm diameter and 12 

mm height. The applied crosshead speed was 0.05 

mm/sec, and the test was established at room 

temperature. Microhardness and Compression were 

carried out in the Faculty of Petroleum & Mining 

Engineering, Suez University, Egypt. 

Dry sliding wear tests are conducted using TNO 

Tribometer-block-on-ring wear test machine. The 

tested specimen dimensions prepared for wear test were 

7×5 mm2 and 12 mm long with its axis parallel to the 

pressing direction. The rotating sliding ring made of 63 

HRC steel has a 73 mm diameter. The test is performed 

at 350 rpm for 10 min, and a load of 10 N. The wear 

test was carried out in the Central Metallurgical R & D 

Institute (CMRDI) in Cairo, Egypt. 

 

   The wear rate is determined according to the 

following equation [32]: 

𝑊𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 =
∆𝑤

𝑇
                                          (5)         

 

Where ∆W  =  (w1 - w2) = Weight loss (g), w1 and w2 are 

the weights before and after testing, respectively, and T 

is the sliding time (Sec) = 600 sec. 

 

3. Results and Discussion 

3.1. Investigation of Al - TiC Powders  

3.1.1. XRD Investigation of Used Powders 

 

    Fig. 2 (a) and (b) show the XRD patterns of the as-

received pure Al and TiC powders, indicates the purity 

of raw materials. The revealed characteristic peaks in 

the XRD pattern were consistent with JCPDS file 

JCPDS Card No. 01-1180 and Card No. 32-1383 for Al 

and, TiC, respectively [33][34]. 

 

 

 

3.1.2 Microstructure Examination of Al and TiC 

Powders 

    The FE-SEM images for both Al and TiC powders 

are shown in Fig.3 (a) and (b), respectively. It indicated 

that Al particles have a spherical shape with particle 

size ranges from 5 up to 30 µm, while TiC has an 

angular (faceted or sharp-cornered) shape with particle 

size 0.5 up to 1μm.  
 

3.1.3 XRD Al-TiC Composite Powders after MT 
 

The XRD patterns of Al mixed with 5, 10, and 20 wt. 

% TiC powder composites milled at three milling times 

6, 24, and 48 hr. are shown in Figs. 3 and 4. Few main 

peaks of these powders are visible. The results 

indicated that no new phases had been formed during 

the milling process at all milling times. This can be 

attributed to the lower heat produced from the milling 

process, which is not sufficient for forming any 

intermetallic or compounds between aluminium and 

Fig. 2 XRD patterns of the as-received (a) Al powder 

and (b) TiC powder. 
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titanium carbide according to the phase diagram of Al 

with TiC [2]. 

 

 
 

By increasing the milling time, the diffraction 

peaks of TiC powder become broader, and their relative 

intensities are decreased. This may be attributed to the 

strong collision of the mixed powders with the balls and 

walls of the container during the milling process. Thus, 

the particle size is decreased with a longer [28]. From 

Fig. 4, it can be observed that increasing TiC percent of 

the volume fraction led to more broadening, shifting, 

and decreasing in the intensity of the Bragg peaks. 

Moreover, the addition of TiC particles led to 

decreasing. The crystallite size of aluminium, as TiC is 

a hard-ceramic material that acts as an internal ball. The 

calculated average crystallite/domain size at different 

milling times and different weight percent of TiC are 

listed shown in Fig. 5. 

 

3.1.4 Microstructure Investigation Al-TiC 

Composite Powders after MT 
     Fig. 6 (a), (b), and (c) show FE-SEM of the mixed 

composite powders. To study the effect of milling time 

on the microstructure of Al-TiC mixed powders, 

specimen containing 10 wt. % TiC was chosen 6, 24, 

and 48 hr. milling time. The microstructural evolution 

of the milled powders at different milling times reveals 

that the particle shape,  size, and uniformity of  TiC 

powders dispersion in the aluminium matrix are 

significantly influenced by the milling time [26]. For 

example, after 6 hr. of the milling process, irregularly 

shaped TiC particles are fractured and become finer, 

and the average particle size is decreased from 1μm to 

202 nm. However, the variations of particle size in the 

milled powder exhibited a large degree of 

nonuniformity. 

The distribution of TiC particles in the aluminium 

matrix has been observed. By increasing the milling 

time up to 24 hr., the milled powders were fractured 

intensively to form fine and ellipsoidal particles, as 

shown in Fig. 6 leading to further reduction in the 

average particle size from 202 nm to 186 nm. 

Consequently, a homogeneous structure and broad 

range particle-size distribution are produced. Even at a 

higher milling time of 48 hr. as evident in Fig. 8, the 

particles are finer and more homogeneous in it is 

structured. As a result, the particle is reduced from 

186nm to 64 nm, with further refinement to the 

nanoscale. 

By comparing the morphology of specimens 

shown in Fig. 6 and 8, it can be noticed that for BPR 

(35:1) the ratio of welding to fracture of the particles at 

24 hr. and 48 hr. milling time has been less than the one 

at 6 hr. milling time and this means that by increasing 

the milling time more refining of Al and TiC particles 

with more uniform distribution in the Al matrix takes 

place. 

3.2. Composite Characterization 

3.2.1. XRD Investigation 
The XRD patterns of Al-based composites 

reinforced with 5, 10, and 20 wt. % TiC samples milled 

for 6, 24, and 48 hr. are shown in Figs. 7 (a), (b), and 

(c) respectively. These figures show no new phases are 

formed between aluminium and titanium carbide 

during the sintering process up to 24 hours MT. While 

for 48 hr. milling time MT, (Al - 20 wt. % TiC) 

samples, new peaks have appeared corresponding to the 

Al4C3 compound. This may be attributed to increasing 

the chance for the chemical reaction between Al and 

TiC for a high TiC percent of 20 wt. % and high MT of 

48 hr. which increases the surface area of both Al and 

TiC due to the refinement of the particle size under the 

effect of hard ceramic TiC particles and large milling 

time, as detected from the SEM images.  Al4C3   phase 

is often formed as an undesirable reaction product 

between Al and TiC during the sintering process [35]. 

 

Fig. 3 FE-SEM images for; (a) Al powder and (b) 

TiC powder. 
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3.2.2 Microstructure investigation  

    Figs. 8a, b, and c show the FE-SEM micrograph of 

Al-TiC composites reinforced with 10 wt. % of TiC 

with milling time 6, 24, and 48 hr. respectively. The 

distribution of the reinforcement TiC particles in the 

aluminium matrix has been observed. Fig. 8a reveals 

that after 6 hr. milling time, the large TiC particles are 

agglomerated during the milling process; the shape of 

the particles is deformed. Also, cold welding and 

fracture of particles were occurred due to the high-

energy collision during the milling process. Those 

events may change particle shape, decrease the particle 

size, and form layered structures [36]. 

Fig.8b and 8c represent the microstructure of Al-10 wt. 

% TiC composite after 24 hr. and 48 hr., MT, 

respectively. The small particles are distributed 

homogenously among large particles (agglomeration of 

many small particles together) and nearly uniform 

particle size. Also, Fig.8 shows that TiC particles are 

embedded in the aluminium matrix and distributed 

homogeneously all over the Al matrix.     Increasing the 

milling time, the TiC and Al particles become finer. 

 

 
 

This may be attributed to the higher energy produced 

among the balls, TiC, and Al particles and the container 

Fig. 4 XRD patterns for Al-TiC composites at various 

milling times. 

Fig. 6 FE-SEM for Al-10 wt. % TiC (a) after 6 hr. 

milling, (b) after 24 hr. milling, and (c) after 48 hr. 

milling. 

Fig. 5 Relation between crystallite size and milling 

time for Al - 5, 10, and 20 wt. % TiC specimens. 
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wall, which produces impact energy that is sufficient 

for the fracture of the brittle TiC particles into the 

nanoscale enhances the distribution of TiC particles in 

Al matrix. The fine brittle TiC particles are distributed 

on the softer  Al particles with no agglomeration of 

voids [37]. 

 

3.2.3. EDS analysis 

Fig. 9 shows the EDS analysis coupled to FE-

SEM for Al-10 wt. % TiC specimen milled at 48 hr. 

Three peaks correspond to Al, Ti, and C. Those belong 

to the Al matrix, TiC reinforcement, and the titanium 

metal produced as a by-product from the reaction 

between Al and TiC during the sintering process. This 

good indication for the homogeneous distribution of 

TiC all over the Al matrix. 

3.2.4. Density measurement 

    Fig. 10 shows the relation between the theoretical 

density of the prepared specimens and TiC percent. TiC 

percent increases the densities, increasing gradually, 

which can be attributed to the higher density of TiC 

4.93 g/cm3 than that of Al 2.73 g/cm3. The presence of 

minimal porosity in composite materials supported by 

the experimental density values can be attributed to 

particle refinement at a high milling time. 

Also, Fig. 11 a, b, and c presents the effect of milling 

time on the densification of Al-TiC composites for 5, 

10, and 20 wt. % TiC specimens respectively, one 

behavior is observed, for 5 and 10 wt. % TiC samples 

which is the decrease of density from 0 hr. MT to 6 hr. 

MT and gradual increasing up to 24 hr. MT then 

decreases again for 48 hr. MT. Decreasing the density 

from 0 MT up to 6 hr. MT may be attributed to the 

insufficient milling time that caused the reduction of 

particle size and good distribution of  TiC particles in 

the  Al matrix,  so  6  hr.   

MT is not suitable; consequently, the density is 

decreased. But by increasing MT from 6 hr. up to 24 hr. 

the density increased. This can be explained by the 

refinement and reduction of the particle size because of 

MT in which, by increasing the milling time from 6 hr. 

up to 24 hr. more collisions take place between the 

mixed powders, with the milling balls and container 

wall, this leads to more impact energy which causes 

fracture of the brittle TiC which enhances the 

interaction between Al and TiC particles that increases 

the densification [36]. 

 

But for 48 hr. MT the density is decreased due to the 

formation of the Al4C3 phase, which is detected from 

XRD results with a lower density (2.36 g/cm3) than Al 

and TiC. Also, the presence of hard ceramic Al4C3  

phase lowers the wettability with Al particles which 

causes a gap that leads to the formation of pores and 

voids decreases the density [3]. This restricts the 

densification due to decreasing the backing ability of 

the powder owing to increasing the deformation and 

hardening of the particles [37]. Therefore, increasing 

the milling time has a detrimental effect on 

densification, for 20 wt. % TiC samples, the behavior 

is different, in which the density is nearly constant for 

0, 6, 12 hr. MT then decreased for 24 hr. and 48 hr. MT. 

The properties related to densification in terms of bulk 

density and the sintered specimens are presented in Fig. 

15. 

 

Fig. 7 XRD patterns of Al-5, 10, and 20 wt. % TiC 

composites after different milling times (a) 6 hr., 

(b) 24 hr. and (c) 48 hr. 
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The apparent porosity is inversely proportional with 

their bulk densities, and a significant increase of the 

apparent porosity and decreases in the bulk density 

after 48 hr., MT are noticed [38]. 

3.2.5. Hardness Test 

   Hardness is an actual mechanical test for Al-TiC 

composite applications. The variation in the hardness 

values can be explained by considering two factors, 

increasing reinforcement content and milling time. The 

results show that the hardness values increase gradually 

with increasing TiC content. Fig.12 displays the 

average values of the macro hardness of the prepared 

specimens as a function of milling time. 

    It shows that by increasing TiC percent and milling 

time, the macro hardness increases up to 20 wt. % TiC 

and 24 hr. milling time. The addition of TiC particles 

has an appositive effect on hardness values. This is 

expected because hard TiC particulates act as a barrier 

to the dislocation movement within the matrix and 

exhibit greater resistance to indentation of the hardness 

tester. In optimal levels of reinforcing particulates, the 

actual inter-particle distance becomes near to the ideal 

expected distance; therefore, the effect of the Orowan 

strengthening mechanism increases. Also, the addition 

of hard ceramic TiC powder acts as a milling agent that 

reduces the particle size of the Al matrix. So, the 

hardness is increased, which agrees with the Hall-Petch 

equation, reveals that hardness is inversely proportional 

with the particle size. 

Fig. 10  Effect of TiC percent on the theoretical 

density of Al-TiC composites. 

Fig. 8  FE-SEM image for sintered Al-10 wt. % 

TiC (a) after 6 hr. milling, (b) after 24 hr. milling, 

and (c) after 48 hr. milling. 

Fig. 9  EDS analysis for Al-10 wt. % TiC composite 

milled at 48 hr. MT. 

EDS Spot 4 

EDS Spot 6 

EDS Spot 5  
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 Also, the reduction of particle size of both Al and TiC 

enhances the hardness in which TiC size is lowered to 

the nanoscale. But for 48 hr. milling time, the hardness 

was decreased due to the formation of hard undesirable 

Al4C3 phase by a higher percent which is non-wettable 

with Al that causes the formation of pores. Also, by 

increasing the milling time to 48 hr. repeated cold-

welding fracturing and re-welding has happened. This 

causes a heterogeneous distribution of large and small 

particles in the matrix as shown in the microstructure in 

Fig. 8 (c), which has a negative effect on the hardness 

value. 

3.2.6 Compression Test 

    Fig. 13 shows the compression strength values of 

(Al-5, 10, and 20 wt. % TiC) composites milled at 0, 6, 

12, 24, and 48 hr. The compression strength increases 

by increasing both TiC percent and milling time up to 

24 hr. then decreases for 48 hr. milling time. This can 

be explained based upon both density and 

microstructure. As the density increases, the 

compression strength is increased gradually where the 

pores are considered a nucleus for crack initiation and 

propagation. So, the specimens milled for 48 hr. have 

the lowest compression strength as they possess the 

highest porosity. Also, as the TiC percent and milling 

time are increased, the particles become finer, and a 

reduction in the particle size is achieved, enhancing the 

hardness and the strength of the specimens [2]. Thus, 

the ultimate strength of the prepared specimens 

increases and the plastic deformation decreases 

gradually, which agrees with the hardness results of all 

specimens. 

 

Fig. 11  Relative density and apparent porosity of 

(a) Al-5 wt. % TiC, (b) Al-10 wt. % TiC and (c) Al-

20 wt. % TiC, after different milling times. 
Fig. 13  Effect of milling time on the compression 

strength of Al-5, 10, and 20 wt. % TiC composites. 

Fig. 12  Effect of milling time on the hardness 

values of Al-5, 10, and 20 wt. % TiC composites. 
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3.2.7 Wear Test 
    The relation between the milling time and TiC 

percent with the wear rate of Al-TiC composites is 

shown in Fig. 14. As TiC content and milling time 

increases, the wear rate decreases; this may be 

attributed to the presence of hard ceramic material as 

TiC, which increases the strength of the specimens. 

Also, the refinement of particles due to the milling 

process reduces the particle size, increases 

densification, and decreases porosity. So, the 

specimens resist the wear due to high strength. This is 

in good agreement with the hardness and compression 

strength results [2]. 

Fig. 14 Effect of milling time on the wear rate of Al-5, 

10, and 20 wt. % TiC composites. 

 

For 20 wt. % TiC specimens milled for 48 hr., the 

wear rate increases more than 24 hr. milling time due to 

the higher porosity, non-homogeneous distribution of 

small and large particles which facilitate the wear rate. 

Fig. 14 shows the wear weight loss of all specimens. 

Based on the results, the weight loss decreases by 

increasing the TiC percent. The main reason for this 

improvement is related to the hardness enhancement 

after adding optimal levels of reinforcement. The 

maximum wear resistance enhancement is for 

decreases with increasing TiC up to 5 wt. %. The results 

indicated that the wear rate of the composites decreases 

with increasing TiC weight fraction and the 

improvement trend gradually decreases with increasing 

reinforcement content, but with increased milling time 

up to 48 hr. increase the wear weight loss. It is generally 

believed that the incorporation of hard particles in 

aluminium alloys contributes to improving the wear 

resistance of the base alloy. TiC improves the sliding 

wear resistance of aluminium alloys. TiC is the hard 

particle that resists the destructive action of abrasion 

and protects the surface, so by increasing its percent, 

the wear resistance enhances [25]. 

SEM micrographs of worn surfaces of specimens 

under 10 N applied load is presented in Fig.15 (a, b, and 

c) for 6, 24 & 48 MT. The worn surfaces contain 

grooves parallel to the sliding direction. The surface of 

10 wt. % TiC exhibits extensive nubs and dips because 

of the domination of delaminating wear mechanism. An 

extensive coarse groove is typical features associated 

with abrasive wear, in which the hard TiC particles are 

present in-between the pin and disc, plow or cut into the 

pin causing wear weight loss by the removal of the 

material [39]. 

Fig. 15a shows the wear tracks of Al matrix 

composites, and it shows strong delamination and 

fracture of the transfer layer caused by the abrasive 

action of the hard ceramic particles that causes the 

cutting with subsequent delamination and fracture of 

the sample's surface. 

 

 

Fig. 15 Micrographs of wear surface of Al-10wt.% 

TiC specimens (a) 6hr. (b) 24hr., and (c) 48hr. 
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Fig. 15 (b, c) shows distinct grooves and ridges 

running parallel to one another in the sliding 

direction. The micrographs show that the grooves are 

deeper and wider in the Al-TiC samples, as compared 

with the samples examined under the same 

conditions. In the case of composites, a thick layer is 

observed, which protects the underlying matrix from 

being in contact with the sliding counterpart, so 

decreasing in the wear rate is recorded. This transfer 

layer formed provides a protective cover, thus 

inhibiting the metal-metal interaction. Therefore, less 

wear rate has been observed [39]. Fig. 15b, which 

helps to infer that the Al-10 wt. % TiC after 24 hr. 

MA milling time composite exhibits superior wear 

resistance compared to other AMMCs and matrix 

alloy. 

Some local plastic deformation and material 

smearing indicate adhesive wear. For the applied 

load, the worn surface of the composites is becoming 

smoother by gradually increasing the percentage of 

the reinforcing material. The recognized wear 

mechanism in this work agrees with a report of 

adhesion and micro plowing in Al- TiC composite 

with particle sizes from 4 to 13 µm, while bigger 

particles (29 µm) cause the delamination and 

abrasive wear, consequently an increase in the wear 

rate takes place [40]. By increasing the applied load, 

the wear mechanism is changed, and the 

delamination wear is observed. 

 

4. Conclusions 

    Based on the present results, it could be concluded 

that: 

1. Al-TiC composite can be prepared successfully by 

powder metallurgy technique. 

2. The XRD results of (Al - 5, 10, and 20 wt. % TiC) 

composites milled up to 24 hr. MT showed no peaks 

rather than those corresponding to Al and TiC. 

3. The XRD results of all specimens milled at 48 hr. 

showed both Al & TiC besides peaks corresponding 

to aluminum carbide (Al4C3) phase, which is 

formed. 

4. The crystallite size of Al decreased with increasing 

the milling time as well as TiC percent. 

5. The microstructure of Al-TiC composites indicates 

a reduction in the particle size of the Al matrix and 

a homogeneous distribution of TiC all over the Al 

matrix by increasing both TiC percent and MT. 

6. The relative density of Al-TiC composites increases 

with increasing both TiC content, MT up to 24 hr. 

then decreased for 48 hr. MT. 

7. Hardness, compression strength and wear resistance 

are improved by increasing both TiC content and MT 

up to 24 hr. 

8. Specimens at 48 hr. have low hardness as well as 

compression strength due to the formation of a new 

phase of (Al4C3). 

9. The microstructure of worn surfaces of Al-TiC 

composites by FE-SEM indicated that the roughness 

of worn surfaces of the composites is reduced with 

increasing MT up to 24 hr. 
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