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Abstract: The effect of rutile (TiO2) content on the wear and microhardness properties of aluminium (Al)-based hybrid composites 
was explored. The proposed content of TiO2 (0, 4%, 8%, 12%, mass fraction) was blended to Al−15%SiC composites through 
powder metallurgy (P/M) process. Wear test was conducted using pin-on-disc apparatus under dry sliding conditions. Fabricated 
preforms were characterized using X-ray diffractometer (XRD), scanning electron microscope (SEM) and energy-dispersive X-ray 
spectrometer (EDS). Optical micrographs of the composite preforms display uniform distribution of TiO2 throughout the matrix. 
Quantitative results indicate that wear resistance and microhardness increase with the increase of TiO2 content. SEM images unveil 
that high wear resistance is attributed to high dislocation density of deformed planes and high hardness of TiO2. SEM images of wear 
debris display gradual reduction in mean size of debris when TiO2 content increases. EDS spectra confirm the presence of oxide layer 
which obviously reduces the effective area of contact between the sliding surfaces thereby lowers the wear loss of composites. The 
observation concludes that delamination and adhesive wear are the predominant mechanisms. 
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1 Introduction 
 

There is a tremendous demand for advanced 
engineering materials with high strength, light weight, 
and increased resistance to wear in aerospace, civil and 
sliding components of automobile sectors. This leads to 
the development of aluminium matrix composites 
(AMCs) [1−4]. Aluminium is principally reinforced with 
hard phases such as SiC, TiC, TiB2 and Al2O3 and soft 
phases like graphite (Gr) and MoS2 [5,6]. Recently, 
extensive study on Al−SiC composites has been made as 
SiC in particular delivers enhanced wear resistance and 
mechanical properties [7−17]. 

The presence of SiC makes the composites hard to 
be machined due to its brittle property. Addition of metal 
oxides shifts the brittleness of SiC and widens its 
engineering applications [18]. Oxide phases extensively 
improve the fracture toughness of the materials. The 
application of minerals as potential reinforcements has 
progressively emerged by considering the environmental 
aspects. Minerals are environment-friendly, inexpensive 

and available in abundance which place them to      
be significant reinforcement materials for the    
composites [19]. 

Rutile is a mineral composed predominantly of 
titanium dioxide (TiO2). Rutile, a common natural form 
of TiO2, is readily available, inexpensive and holds 
substantial wear resistance, mechanical and thermal 
properties [19]. RAMESH et al [20] reinforced Al 6061 
alloy with TiO2 and achieved significant enhancement in 
wear resistance and hardness characteristics. 
CHAUDHURY et al [21] blended TiO2 with Al−Mg and 
the composite showed better wear resistance than the 
base material. TROMANS and MEECH [22] confirmed 
that rutile possesses superior physical and engineering 
properties. Comprehensive survey on various literatures 
revealed that no detailed findings are available for 
powder metallurgy (P/M) processed Al−SiC−TiO2  
(rutile) hybrid composites. P/M is widely adapted for 
achieving uniform distribution of reinforcing phase 
within the matrix and to produce near net shaped 
components [23−26]. 

The present investigation therefore intended to 
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study the impact of TiO2 (rutile) on the dry sliding wear 
behavior of Al−15%SiC (mass fraction) composites 
using P/M. Detailed analysis was made on the dry sliding 
wear behavior and the microhardness of the proposed 
material. Interpretation of the worn surface was done 
using scanning electron microscope (SEM) and energy 
dispersive X-ray spectrometer (EDS) to uncover the wear 
mechanism. Wear debris collected during the wear test 
also indicates the mechanism of sliding wear. 
 
2 Experimental 
 
2.1 Processing of samples 

Pure atomized aluminium powders supplied by M/S 
Metal Powder Corporation, Sivakasi, Tamilnadu, India 
are preferred as the matrix material. The mean diameter 
of aluminium particle chosen based on ASTM B−214 is 
37 μm. ABJ Shipping and Exports Pvt Ltd, Mumbai, 
India supplied SiC with an average diameter of 45 μm 
and Kerala Minerals and Metals Ltd, Kerala, India 
supplied TiO2 particles with an average diameter of    
44 μm, respectively. Table 1 provides the details of 
reinforcements used for the present study. SEM images 
of as-received aluminium, SiC and TiO2 powders 
confirmed their particle size (Figs. 1(a)−(c)). To carry 
through the wear study, the following composites were 
prepared: 1) Pure Al, 2) Al/15%SiC, 3) Al/15%SiC/ 
4%TiO2, 4) Al/15%SiC/8%TiO2, 5) Al/15%SiC/ 
12%TiO2 (mass fraction). 
 
Table 1 Parameters of reinforcement particles 

Reinforcement Mean diameter of 
grains/µm Density/(g·cm−3) 

SiC 45 3.21 

TiO2 (rutile) 44 4.23 

 
The proposed composite samples were 

manufactured using powder metallurgy technique. 
Powders were weighed to the required fractions using an 
electronic weighing machine having an accuracy level of 
0.001 g and mixed uniformly using a planetary mixer 
with 12 mm-diameter steel balls. Mixing powders with 
the support of rolling steel balls reduce agglomeration of 
particles. Effective bonding of reinforcements with the 
matrix is essential to meet good properties. Hence, the 
powders were preheated to 200 °C before compaction. 
Powders were cold compacted at 800 MPa in a uniaxial 
press. During each run, die wall was kept under manual 
lubrication using graphite particles. The green compacts 
were sintered at 650 °C in an electric muffle furnace for 
2 h as hinted by YUSUF [26]. The consolidated samples 
were cooled in the furnace for 8 h. The specimens were 
then machined to a diameter of 12 mm and a height of  
30 mm. 

 

 
Fig. 1 SEM images of as-received materials: (a) Aluminium 
powders; (b) SiC particles; (c) TiO2 (rutile) particles 
 

The base of the cylindrical specimens was polished 
in two stages through a standard procedure. Initially, 
rough polishing was carried out on the samples using 
standard abrasive papers of 400, 1000, 1400, 2200 grits. 
The composite preforms were then exposed to fine 
polishing using 1 μm diamond paste. After polishing the 
specimens, microhardness test was carried out based on 
ASTM E 384 11e1 using Vickers hardness testing 
machine (Mitutoyo, Japan). During the test, samples 
were loaded with 10 N for 10 s. The test was run away at 
twenty different locations and the mean was computed. 
Density of the composites was calculated by Archimedes 
principle. The specimens were weighed using an 
electronic weighing balance of accuracy 0.001 g. 
 
2.2 Wear test 

The dry sliding wear test was conducted using a 
pin-on-disc equipment (Ducom, Bangalore) at 60 N 
applied load with ASTM G99−05. Table 2 furnishes the  
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Table 2 Wear parameters and test conditions employed for 
study 

Material and parameter Description 

Pin material Al, Al−15%SiC, 
Al−15%SiC−x%TiO2 (x=4, 8, 12)

Counter disc material EN31 steel with 
hardness of HRC 65 

Pin dimensions Cylinder with diameter of 
12 mm and height of 30 mm 

Sliding velocity/(m·s−1) 0.5, 1, 1.5, 2, 2.5 

Sliding distance/m 1000, 1500, 2000, 2500, 3000 

Applied load/N 60 

 
wear parameters and the test conditions. The counter disc 
preferred was EN31 grade steel hardened to HRC 65 
ground to 1.6Ra surface roughness. Before proceeding 
with the test, the cylindrical pins and the counter disc 
were cleaned with acetone. During sliding wear, debris 
of the pin material got wedged to the counter face, which 
was then removed using organic solvents. The mass loss 
of the pin was evaluated using an electronic weighing 
balance with an accuracy of 0.001 g. Consecutive six 

measurements were chosen for each test and the mean of 
all was considered. 
 
3 Results and discussion 
 
3.1 Metallographic study 

The extent of uniformity of reinforcement 
distribution in the matrix and the grain structure can be 
observed through microstructural examinations. 
Microstructural study was made using an optical 
microscope (QS Metrology, Mumbai, India and Model: 
JSJL 17). 

The predetermined shapes of composites were 
prepared for microscopic study after polishing through 
standard procedures. The samples were finely polished 
using silicon carbide papers of 400, 1000, 1400 and 2200 
grits. The mirror-like finishing surface to be examined 
was then obtained using a 1 µm diamond paste followed 
by suspension in distilled water. Polished specimens 
were submitted to an etching process using Keller’s 
reagent and were allowed to settle for 10 s. Figures 2 
shows the micrographs of the samples prepared for the  

 

 
Fig. 2 Optical micrographs of processed samples: (a) Pure Al; (b) Al−15%SiC; (c) Al−15%SiC−4%TiO2; (d) Al−15%SiC−8%TiO2; 
(e) Al−15%SiC−12%TiO2 
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proposed Al−SiC−TiO2 (rutile) hybrid composites. It is 
apparent from the micrographs that SiC and TiO2 

particles were distributed uniformly throughout the 
matrix. From the micrographs, it was observed that hard 
reinforcements of SiC and TiO2 displayed strong bonding 
with the Al matrix that further enabled the uniform 
transfer of load from the matrix to the reinforcements. 
 
3.2 Identification of crystalline compounds 

Figure 3 represents the quantitative determination of 
phases existed in the sintered preforms. The crystalline 
compounds were identified using Panalytical X’pert 
Powder X’celerator Diffractometer at Manaonmaniam 
Sundaranar University, Tirunelveli, Tamilnadu, India. 
Among the compounds identified, aluminium possessed 
the strongest peak. The presence of SiC and TiO2 phases 
is also evident in the XRD pattern. The XRD patterns 
confirmed the absence of any intermetallic compounds in 
the sintered specimen of all compositions. 
 

 
Fig. 3 XRD patterns of Al−SiC−TiO2 composites with varying 
contents of TiO2 
 
3.3 Density and microhardness study 

Figure 4 indicates the influence of TiO2 on the 
density and microhardness of the proposed hybrid 
composites. It is eminent that the density and the 
microhardness increase proportionately with TiO2 

content. When the content of TiO2 in the matrix increases, 
dislocation density of composites increases, which resists 
plastic deformation during sliding. Uniform distribution 
of the reinforcements in the base matrix and the elevated 
hardness of TiO2 also compliment high density and 
microhardness of the composites. 
 
3.4 Influence of TiO2 (rutile) 

Figure 5(a) shows the change in friction coefficient 
with the mass fraction of TiO2. It is found that the 
friction coefficient increases along with the increase of 
TiO2 content. Hybrid composites reinforced with    
12% TiO2 reveal higher friction coefficient than the 

 

 
Fig. 4 Density and microhardness of Al−15%SiC− x%TiO2 
composites with content of TiO2 

 
non-hybridized Al−SiC composites and the base matrix. 
Increase in friction coefficient is due to high plastic 
strain developed when adhered particles of 
reinforcements behave like second body abrasives during 
sliding wear [27,28]. 

Hybrid composites reinforced with 4% TiO2 
demonstrated lower coefficient of friction than other 
compositions (8% and 12% of TiO2). The oxide layer 
developed on the worn surface of 4% TiO2 composite 
reduces the area of contact between the sliding faces 
(steel counterface and the face of the composite pin) and 
lowers the friction coefficient. Figure 5(b) denotes the 
effect of TiO2 particulate content on wear loss of Al 
hybrid composites. Graphical analysis reveals a 
progressive diminution in the wear loss when the TiO2 
particulate content increases. Figure 5(b) also confirms 
that the hybridization of TiO2 to Al−15% SiC composite 
improves the wear resistance of the composites. 
Improved wear behaviour of the hybrid composites with 
the addition of TiO2 might be explained by its high 
hardness. High hardness of TiO2 restricts the plastic flow 
during sliding wear that leads to reduced wear loss [28]. 
Better interface bonding between the matrix and the 
reinforced particles increases the shear strain required to 
produce plastic flow, which further contributed to the 
improved wear resistance [29]. 
 
3.5 Influence of sliding velocity 

Figure 6(a) illustrates the effect of sliding velocity 
on the friction coefficient of Al hybrid composites. It was 
noted that at constant sliding distance, the friction 
coefficient increases as a function of sliding velocity  
[30]. For any sliding velocity, the friction coefficient 
gradually increases when the TiO2 content increases. 
Furthermore, composites reinforced with TiO2 show 
higher coefficient of friction than the unreinforced 
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Al−15%SiC and the base matrix.  The heat developed 
during the sliding wear oxidizes the surface and a 
protective oxide layer forms. At high sliding speeds, the 
micro machining effect of the reinforcement phases 
breaks down the protective layer, which allows the 
sliding surfaces to have direct metal-to-metal contact. 
Direct contact of sliding faces increases the coefficient of 
friction [31]. Figure 6(b) shows the influence of sliding 
speed on the wear loss of the proposed hybrid 
composites. It implies that increase in mass fraction of 
TiO2 reduces the wear loss of Al hybrid composites. 
Hybrid composites reinforced with 12% TiO2 exhibit 
high wear resistance during the sliding process. At high 
sliding velocity, the rate of contact between the counter 
face and the pin is high. The frequent contact of sliding 
faces increases the frictional heat, thereby softens the 
matrix. Subsequent regular contact of sliding faces along 
with softer matrix leads to more loss of material [32,33]. 
 
3.6 Influence of sliding distance 

Figure 7(a) shows the disparity of friction 
coefficient with the sliding distance. The analysis reveals 
that along with sliding distance, the friction coefficient 

increases for both Al matrix and hybrid composites [30]. 
Hybrid composites reinforced with 12% TiO2 exhibit 
higher friction coefficient than other composites. 
Elevated friction coefficient of hybrid composites can be 
due to the development of plastic strain in particles, as 
the duration of contact between sliding surfaces  
increases. High plastic strain promotes localized 
adhesion of both SiC and TiO2 particles to the worn 
surface. Adhered particles form an interface film     
that contributes to high friction coefficient of the 
composites [34]. 

The effect of sliding distance on the wear loss of the 
proposed hybrid composites is unveiled through     
Fig. 7(b). The graph shows that for constant sliding 
velocity, wear losses of both Al matrix and hybrid 
composites increase with the sliding distance. 
Nevertheless, at all sliding speeds, hybrid composites 
reinforced with 12% TiO2 demonstrate better wear 
resistance than other composites. Superior hardness 
possessed by TiO2 particles supports low wear loss of 
12% TiO2 hybrid composites. During sliding wear, 
fragmentation of particles takes place when the amount 
of TiO2 particulate increases. Fragmentation of particles 

 

 
Fig. 5 Effect of TiO2 (rutile) particulate content on friction coefficient (a) and wear loss (b) of Al hybrid composites 
 

 
Fig. 6 Effect of sliding velocity on friction coefficient (a) and wear loss (b) of Al hybrid composites 



C. ANTONY VASANTHA KUMAR, et al/Trans. Nonferrous Met. Soc. China 26(2016) 63−73 

 

68 
 
leads to the formation of a protective interface film, 
which reduces direct contact of sliding faces and wear 
loss. When the sliding distance reaches higher magnitude, 
particles are implanted onto the counterface. During 
subsequent sliding part of the implanted particles are 
fractured and smeared out from the counter surface. Rest 
of non-fractured particles abraded the countersurface and 
increased the wear loss [35−37]. 
 
3.7 Interpretation of worn surface 

SEM images of worn surfaces of Al matrix, 
hybridized and non-hybridized composites are shown in 
Figs. 8−12. Deep plastic grooves and craters are   
found on the worn surface of Al matrix (Fig. 8(b)). 
During the sliding wear, due to high plastic deformation, 
subsurface cracking takes place, which results in particle 
pullout. The pulled out particles develop craters on the 
sliding surface of Al performs [38]. Adhesion of flat 
debris is also apparent from Fig. 8(a), suggesting 
delamination wear. Worn surface of Al−15%SiC 
composites (Fig. 9) shows the presence of wear scars 
adhered to the sliding surface which can be due to 
compaction of particles underneath the counterface [39]. 

It is observed that high plastic flow increases the shear 
stress required to peel off the wearing surface and 
encourages delamination wear mechanism [40]. 

Figure 10 shows the wear pattern of Al−15%SiC− 
4%TiO2 hybrid composites. The micrographs clearly 
show the formation of a thin adhesive layer on the worn 
surface. From Fig. 10(a), it is understood that, high 
plastic strain induced leads to shear instability of the 
particles, which is indicated by the distribution of loose 
fragments of oxide scars [28,40]. The worn surface also 
shows fractured particles of reinforcements and the 
matrix, which promotes more loss of materials      
(Fig. 10(b)). The shallow grooves evident from the 
micrograph (Fig. 10(a)) also support abrasive wear 
mechanism [40,41]. 

Figure 11 reports the wear configuration of the 
composite preforms reinforced with 8% TiO2. The 
micrograph displays the existence of minor scratches 
which can be attributed to superior hardness of TiO2. The 
availability of loose fragments of oxide debris indicates 
fretting wear due to the cyclic stress developed during 
the sliding of mating surfaces. 

 

 

Fig. 7 Effect of sliding distance on friction coefficient (a) and wear loss (b) of Al hybrid composites 
 

 
Fig. 8 SEM images of worn surface of Al matrix at applied load of 60 N, sliding velocity of 2.5 m/s and sliding distance of 3000 m: 
(a) Low magnification; (b) High magnification 
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Fig. 9 SEM images of worn surface of Al−15%SiC composite at applied load of 60 N, sliding velocity of 2.5 m/s and sliding distance 
of 3000 m: (a) Low magnification; (b) High magnification 
 

 
Fig. 10 SEM images of worn surface of Al−15%SiC−4%TiO2 hybrid composite at applied load of 60 N, sliding velocity of 2.5 m/s 
and sliding distance of 3000 m: (a) Low magnification; (b) High magnification 
 

 
Fig. 11 SEM image of worn surface of Al−15%SiC−8%TiO2 
hybrid composite at applied load of 60 N, sliding velocity of 
2.5 m/s and sliding distance of 3000 m 
 

Hybrid composites reinforced with Al−15%SiC− 
12%TiO2 unveil low wear loss which is indicated by the 
restriction of grooves along the worn surface (Fig. 12). 
Restriction of grooves along the sliding surface can be 
attributed to the high dislocation density of the deformed 
planes and high content of TiO2 (12%). The presence of 
TiO2 offers extreme hardness to the composites and 
reduces loss of material. Evidence of the oxide layer and 
the adhesive compacted particles on the worn surface 
obviously restricts severe plastic deformation thereby 
lowers the wear loss [42]. The examination of the wear  

 
Fig. 12 SEM image of Al−15%SiC−12%TiO2 hybrid 
composite at applied load of 60 N, sliding velocity of 2.5 m/s 
and sliding distance of 3000 m 
 
pattern thus noticeably dictates adhesive wear 
mechanism. Table 3 sums up the wear mechanisms 
identified for the corresponding material. 

Figure 13 shows the EDS patterns of TiO2 
reinforced composites. The presence of oxides in the 
respective composites is evident from the patterns. EDS 
patterns depict the existence of considerable amount of 
oxygen on the worn surface which also shows increasing 
trend with the content of TiO2. Oxidation occurs due to 
the generation of frictional heat during sliding        
of surfaces. The protective oxide layer minimizes the  
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Table 3 Summary of worn surface interpretations 

Sample No. Composition/% Wear mechanism identified

1 Al Delamination wear 

2 Al−15%SiC composite 
Delamination &  
adhesive wear 

3 
Al−15%SiC−4%TiO2

hybrid composite 
Abrasive wear 

4 
Al−15%SiC−8%TiO2

hybrid composite 
Fretting wear 

5 
Al−15%SiC−12%TiO2 

hybrid composite 
Adhesive wear 

 

 

Fig. 13 EDS patterns of worn surfaces of Al−SiC−4%TiO2 (a), 
Al−SiC−8%TiO2 (b), Al−SiC−12%TiO2 (c) composites 

effective area of contact between the mating surfaces 
thereby lowers the wear loss [42]. 
 
3.8 Examination of wear debris 

The examination of the wear debris using SEM 
images obviously indicates the mechanism of wear. 
Figures 14(a)−(e) display the micrographs of fragments 
of particles from the worn surface of pure Al matrix, 
non-hybridized Al−SiC and the hybridized Al−SiC−TiO2 
composites. 

The wear debris shown in Fig. 14(a) confirms the 
presence of thin sheet like Al particles. Formation of thin 
Al sheets indicates severe plastic deformation and 
concludes delamination wear. It is recognizable from  
Fig. 14(b) that during sliding, the wear debris obtained 
from Al−15%SiC composites consists of particles with 
thin adhered fragments. The micrograph also shows 
debris with reduced mean size due to the presence of 
hard SiC phase in the matrix. 

The wear debris of hybrid composites reinforced 
with 4% TiO2 consists of a combination of thin sheets 
and fine loose particles (Fig. 14(c)). The presence of 
deep grooved sheets is also apparent from the 
micrograph, indicating delamination wear mechanism. 
Figure 14(d) shows the fragments of particles obtained 
from the worn surface of Al−15%SiC−8%TiO2 hybrid 
composites. The SEM image also perceives that the 
increase in TiO2 content from 4% to 8% apparently 
reduces the mean size of wear debris. Furthermore, the 
SEM image also shows minimum quantity of particulate 
fragments. Existence of loose fragments may be due to 
micro machining of particles during sliding wear. Wear 
debris collected for hybrid composites reinforced with 
12% TiO2 is presented in Fig. 14(e). The micrograph 
clearly displays particles of uniform size in a minimum 
count. The presence of TiO2 in the composite increases 
the dislocation density and minimizes the plastic 
deformation. Thus, the hardness of the sliding surface 
increases and the size of the particles is reduced. It is 
therefore confirmed that the amount of hard phases like 
SiC and TiO2 dictates the size and morphology of wear 
debris [42]. 

Figure 15 displays the XRD patterns of the wear 
debris collected for the proposed composites.     
Figure 15(a) shows the configuration of the wear debris 
obtained for Al−15%SiC composites during the sliding 
wear. The XRD pattern shows the peaks representing the 
presence of oxide compounds. During sliding, three body 
abrasions of the hard reinforcement phase remove the 
protective oxide layer formed on the worn surface and 
those removed layers mix with the fragments as debris 
[37].  The XRD pattern of 4%TiO2 hybrid composite 
shown in Fig. 15(b) also reveals the presence of Al, SiC 
and TiO2 phases. The presence of titanium carbide (TiC)  
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Fig. 14 SEM images of wear debris collected from worn surface of pure Al (a), Al−15%SiC (b), Al−15%SiC−4%TiO2 (c), 
Al−15%SiC−8%TiO2 (d) and Al−15%SiC−12% TiO2 (e) 
 

 
Fig. 15 XRD patterns of wear debris collected from worn 
surface of proposed composites 
 
in the wear debris of 4% TiO2 increases the brittleness of 
the material which brings down the shear strain on the 
sliding surface and results in higher wear rate. In the case 

of wear debris obtained for 8% TiO2 and 12% TiO2 

hybrid composites, minimum oxide phases are present as 
evident from Figs. 15(c) and (d). Minimum oxide phases 
specify prevention of micro machining of particles by the 
reinforcement phase and less plastic deformation of the 
material, which lead to low wear loss. 
 
4 Conclusions 
 

1) The natural mineral rutile (TiO2) was reinforced 
to Al−15%SiC composites through powder metallurgy 
process. Inclusion of rutile increases the density and 
microhardness of the hybrid composites. The density and 
microhardness show remarkable improvement with the 
mass fraction of TiO2 (rutile). 

2) The wear study made on the proposed 
composites discloses that the Al−SiC−TiO2 hybrid 
composites display better wear resistance than the 
unreinforced Al−SiC composites and the base matrix. 
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Subsequently, an increase in the content of TiO2 (rutile) 
shows low wear loss. Thus, Al−15%SiC reinforced with 
12% TiO2 will be the better candidate material for high 
wear resistance.  

3) From the SEM image, it was observed that 
delamination and adhesive wear are the predominant 
wear mechanisms. Fragmented wear debris dictates 
micro cutting of the particles during the sliding wear. 

4) The micrograph of the wear debris collected for 
the hybrid composites shows reduced mean size as the 
content of TiO2 (rutile) increases.  

5) XRD patterns of wear debris reveal the presence 
of minimum oxide phases specifically for composites 
reinforced with 12% TiO2. Minimum oxide phases 
indicate prevention of micro machining of particles by 
the reinforcement phase and less plastic deformation of 
the material, which led to low wear loss. 

6) The micrographs and XRD patterns clearly 
indicate that rutile is dominant in enhancing the wear and 
micro hardness properties of the proposed composite 
material. 
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锐钛矿(TiO2)含量对粉末冶金制备 
铝基复合材料磨损性能和显微硬度的影响 
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摘  要：研究了锐钛矿(TiO2)含量对铝基复合材料磨损性能和显微硬度的影响。采用粉末冶金方法制备不同 TiO2

含量(0，4%，8%，12%，质量分数)的 Al−15%SiC 复合材料。在干摩擦条件下，采用盘−销装置进行磨损试验。

采用 X 射线衍射仪、扫描电子显微镜(SEM)和能谱仪(EDS)对预制品进行表征。复合材料的光学显微组织表明 TiO2

在基体中分布均匀。定量分析表明，随着 TiO2 含量的增加，复合材料的抗磨损性能和显微硬度提高。SEM 显微

组织揭示了复合材料的高抗磨损性能与变形面的高位错密度和 TiO2 的高硬度有关。磨屑的 SEM 组织表明随着

TiO2含量的增加，磨屑的尺寸逐渐减小。能谱分析证实氧化层的形成能明显地减小摩擦表面的有效接触面积，进

而减小复合材料的磨损。分层和黏附磨损是主要的磨损机理。 

关键词：铝；金属基复合材料；锐钛矿；粉末冶金；滑动磨损 

 (Edited by Yun-bin HE) 
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