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Abstract
This paper studies the influence of main parameters on the mechanical properties and wear behaviour of functionally 
graded materials pure Aluminum reinforced by various weight fractions of aluminium oxide (Al2O3). A Functionally 
graded (FG) pure aluminium/Al2O3 tube was processed by horizontal centrifugal casting method. The hollow tube dimen-
sions are 230 mm outer diameter x 12 mm thickness x 180 mm length. The properties of these FG tubes were compared 
with unreinforced alloy. Hardness and tensile results in the radial direction showed that the hardness and tensile in 
accordance with the gradient microstructure was improved from inner zone to outer zone. Wear tests were carried out for 
different test duration at a constant sliding speed of 8 m/s and loads applied are 14, 24 and 40 N. In all test conditions the 
wear rate in the outer layer was minimum compared to other layers. In the surface analysis, scanning electron microscope 
indicated the presence of delamination, wear debris and cracks. FG tubes reinforced by Al2O3 particles have increased 
mechanical properties and wear resistance compared to its unreinforced alloy (matrix alloy) and is suitable for use in 
automobile and transport applications.

Keywords  Wear · Functionally graded material (FGM) · Centrifugal casting · Metal matrix composites (MMC) · Pure 
aluminium · Aluminium oxide particles · Wear loss

1  Introduction

The demand for a variety of modern technological appli-
cations lies in engineering parts and structures that have 
location specific property requirements and performance 
under working conditions. A progressive transition to the 
properties motivates changes to the functions of a given 
location in order to meet the needs [1]. These tailored 
materials are functionally graded materials (FGMs). 
FGMs are relatively a new class of advanced heterogene-
ous composites where the composition and/or microstruc-
ture of the material is varied locally in order to regulate 
the physical and mechanical features of a component at 

a certain place. FGMs originated in 1984 first in Japan 
during the design of a space shuttle [2]. The phenomena 
of gradient structures, like bamboo, teeth, bone, wood, 
etc. and of certain conventional engineering materials are 
prevalent in nature [3].

Functionally graded materials (FGM) developments 
remain in its early stages and scope for developing a variety 
of real FGM for thermal protection systems for specific engi-
neering applications such as automotive, aerospace, elec-
tronics, power generation, and bioengineering [4]. Because 
it has high temperature resistance, thermal characteristics, 
increased bonding and fracture toughness on the transition 
between metal matrix and reinforcement ceramic. The gra-
dient transition zone in density, modulus of elasticity, grain 
size, or distribution of particles through an interface in the 
matrix of two or more materials can easily decrease thermal 
stresses, stress concentration, and design ability for various 
complex environments [5].

Most FGM study consists of multi-phase materials with 
the continuous changes in the properties leading to the for-
mation of a controlled, non-uniform microstructure. The 
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volume or weight fraction of enhanced particles or phases 
varies from one location to another in a component or struc-
ture. FGM processing is very much exigent and technologi-
cally relevant with its engineering components with gradient 
properties [6].

Among the different processing methods available to 
produce FGM [7], are the deposition of chemical or physi-
cal vapours, powder metallurgy [8, 9], centrifugal casting 
[10], centrifugal slurry casting, gravity settling [11], solid 
freeform Fabrication (SFF) including additive manufactur-
ing [12], plasma spraying, laser deposition, physical vapour 
deposition [13], and infiltration, etc.

Centrifugal casting to produce FGMs is one of the easiest 
and most economical methods [14]. The components with 
axial symmetry generally process the cylindrical shapes 
using centrifugal force in the centrifugal casting method. 
When the FGM composite or melt containing different 
stages of the slurry undergoes a centrifugal force due to the 
difference of densities between matrix and reinforcement, 
different regions form during the melt with differentiated 
phase concentration; i.e. usually an outer zone and an inner 
zone with a transition zone between them [15, 16].

Many researchers focused on characterization of the 
mechanical, tribological and investigation of FGM micro-
structures prepared using completely different production 
techniques, matrix and reinforcing materials [17, 18]. In 
many examples of functionally graded materials prepared 
by centrifugal casting process hard reinforcements such 
as oxides or carbides or borides in the form of particles 
improve the mechanical properties and wear resistance of 
aluminium alloy [19].

For the past few years mechanical behaviour and wear 
resistance of centrifugally cast FGMs fabricated from Al-
SiC or Al-Al2O3 particles had gained the interest of many 
researchers [20–23]. Experimental studies included the 
effects of the reinforcement particle percentage [17, 24], 
particle size [24], mould rotational speed [21, 25], the wear 
loads used and sliding speeds [25, 26] on mechanical proper-
ties and wear resistance [27].

Yılmaz and Buytoz [28] studied the effect of three differ-
ent weight fractions (5, 10 and 15 wt%) of Al2O3 with aver-
age size 16 μm on mechanical and wear properties of FGM 
tube manufactured by vertical centrifugal casting method. 
Based on the results, the mechanical properties of FGM tube 
increased with the weight fraction of Al2O3 particles. Also, 
they found that greater wear resistance of composite was 
obtained with higher weight fraction (15 wt%) at the outer 
surface.

T. Prasad and T. Chikkanna  [29] investigated the influ-
ence of weight fraction of particles on the microstructure, 
mechanical and fracture behaviour of FG 6061 Aluminium 
alloy/Al2O3 composite prepared by centrifugal casting. 

Four different weight fractions (5, 10, 15 and 20 wt%) and 
constant size (30–50 μm mean average size) of Al2O3 par-
ticles were used to produce FG composites. They reported 
that the FG composite improved the mechanical properties 
with enhanced fracture resistance compared to the base 
matrix alloy. Similar results were found in functionally 
graded AA6061 with 3, 5 and 10 wt% Al2O3 particles by 
Junus and Zulfia [30] they reported that the hardness of 
FGM pipes improves with the increasing in weight fraction 
of Al2O3 particles.

Radhika [19] investigated the effect of titanium disul-
phide (TiS2) particles in LM 13 aluminium alloy. 10% 
weight fraction and average size 12 μm of titanium disul-
phide particles were used to produce FG composites man-
ufactured by centrifugal casting technique. Microstructure 
of FGM tubes showed higher density reinforcement tita-
nium disulphide at the outer surface due to higher concen-
tration of TiS2 particles. Also, the wear resistance of FGM 
tubes increased with decreasing applied load test.

Radhika and Vidyapeetham [31] fabricated and studied 
the effect of hybrid reinforcement type in of AlSi10 Mg 
alloy reinforced with ceramic particles (9  wt% Al2O3 
+ 3 wt% graphite) on wear behaviour. The centrifugal cast-
ing process was used to obtain FGM rings. The wear load 
was reported to be the most significant wear rate param-
eter, followed by sliding velocity and test duration.

Radhika and Raghu [32] discussed the effect of four 
different reinforcement types (B4C, SiC, Al2O3 or TiB2) 
in A319 alloy prepared by horizontal centrifugal casting 
route. Average particle size of 10 µm and 12 wt% of par-
ticles were used. They reported that the hardness at outer 
zone of FGM pipes improves in SiC particles compared 
to other particles, while tensile strength improves in SiC 
and TiB2 particles.

Recently, Sam and Radhika [33] carried out the 
research work by fabricating functionally graded matrix 
composites through centrifugal casting route. The FG 
Cu alloy tube containing 10 wt% of alumina particles, 
of 10 μm particle size reinforcement was prepared to 
study the mechanical properties and wear behaviour. The 
Results show that, the addition of 10 wt% of Al2O3 par-
ticles to the copper alloy improves the mechanical and 
wear properties.

From the above literature survey, it’s evident that only 
a few data are accessible on effect of Al2O3 particles 
and pure aluminium based mostly ceramic particles rein-
forced FGMs. To the most effective of our knowledge, 
no work is completed on composites using a matrix of 
pure Al with Al2O3 particles reinforcement. Hence, the 
primary goal of this work is to develop and fabricate 
functionally graded tubes created by horizontal centrifu-
gal casting of pure Al–Al2O3 particles. Pure aluminium 
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is reinforced with various weight fractions of Al2O3 par-
ticles and different mould rotational speeds to prepare 
the FGM and compare the microstructure, mechanical 
and wear properties with unreinforced pure aluminium.

2 � Experimental Procedures

2.1 � Matrix and Reinforcement Materials

In this research, the studies were conducted using com-
mercially pure aluminium (AA1010) as a matrix material 
(99.97%, Brinell Hardness 25 BHN and Ultimate Tensile 
Strength 80 MPa) to determine an appropriate procedure 
for producing centrifugal cast FG tubes within the tight 
pouring time available compare to Al alloys. In addition, 
the cost of the Al alloy is higher than that of pure alu-
minum, which introduces economic consideration in the 
cost of the FGM. The FG composite was reinforced with 
aluminum oxide particles (Al2O3) of average size of 16 μm 
Due to its high hardness and tribological resistance. The 
Al2O3 particles have density of 3690 kg/m3 compared to 
commercially pure aluminium with density of 2700 kg/
m3. The alumina particles have terribly wear property and 
addition of aluminium oxide to pure aluminium matrix 
can increase the mechanical characterisation. Elemental 
composition of commercially pure aluminium and Al2O3 
particles was determined through spectral analysis and is 
indicated in Tables 1 and 2.

2.2 � Fabrication Process

Functionally graded tubes with 230 mm outer diameter 
and 12 mm thickness were manufactured by centrifugal 
casting process. Totally different average weight fractions 
of 2.5, 5 and 10 wt% Al2O3 particles were used. aluminium 
base metal melting was carried out in a graphite crucible 
at 725º C. Dried Al2O3 particle was added to the molten 
metal and stirred at a speed of 100 rpm for 5 min before 
pouring into the horizontal centrifugal casting feeder tube. 
The centrifugal casting machine was adapted its variable 
frequency inverter to provide completely different rota-
tional speeds of 800, 900 and 1000 rpm. The centrifugal 
casting machine with details are shown in the previous 
publication [34]. Figure 1 shows the main steps of FGM 
tube production.

2.3 � Microstructure Characterisation

In the present work, the gradient (distribution) of the Al2O3 
particles produced across the thickness of the tube (12 mm) 
was investigated on separate surfaces of the FGM at dis-
tances from the outer zone of 1, 3, 6 and 9 mm. The speci-
mens were cut from the FG tube then polished and etched 
with 0.5% diluted hydrofluoric acid (HF) for 15 s. Micro-
structural observation was performed using Zeiss Axiovert 
25 CA compound optical microscope. On the worn surfaces 
of functionally graded tubes, the scanning microscope 
(SEM) was performed to check the mechanism of wear 
throughout wear testing and quality of distribution.

2.4 � Mechanical Characterisation

The hardness evaluation and tensile behaviour were studied 
experimentally as detailed in the following sub-sections.

Table 1   Chemical composition 
of commercially pure Al

Elements Fe Si Cu Zn Ti Mn Mg Al

wt% 0.015 0.015 0.004 0.001 0.002 0.001 0.001 99.97

Table 2   Typical composition of Al2O3 particles

Elements Fe2O3 TiO2 CaO Other magnetic materials Al2O3

wt% 0.7 1.7 1.1 0.2 96.3

Fig. 1   Fabrication process flow 
chart Mel�ng of Al 

in a furnace

Prehea�ng of 
Al2O3 par�cles

Mixing of Al 
and Al2O3

par�cles by 
s�r technique

Centrifugal 
cas�ng to obtain 

FGM tube
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2.4.1 � Tensile Strength Evaluation

The samples were cut on a milling machine and finished 
with fine emery paper. In the analysis of the effect of the 
distribution of Al2O3 particles over thickness, the tensile 
strength of the FGM tube was calculated using universal 
testing machine (UTM). The tensile testing was conducted 
on a tensile testing machine TUN-400, according to ISO 
1608:1995 (mechanical testing of metals tensile testing of 
materials).

2.4.2 � Hardness Evaluation

For measuring hardness of FGM tube, a Brinell hardness 
testing device was used for samples with a different weight 
fractions (2.5, 5 and 10 wt%) of Al2O3 particles. The MRB-
250 was used as a hardness testing machine for a 62.5 N 
Load and a 5 mm steel ball indenter. The Brinell hard-
ness values were calculated by the machine by capturing 
the dimensions of the indentation created by the steel ball 
indenter. The average of four surface hardness values was 
measured due to the hardness value of this specific surface. 
Likewise, the value of hardness was taken from outer surface 
of the FGM tube to inner surface within the thickness of 
FGM tube at completely different distances.

2.5 � Wear Analysis

A pin-on-disk wear testing apparatus (TR-20, DUCOM) 
was used for acting dry sliding wear tests on four sets of 
samples taken from every FGM tube—manufactured with 
totally different weight fractions and mould rotational 
speed—so as to check the result of load and time through-
out wear test. When the chill layer was removed by flat 
grinding, every set consisted of 3 specimens representing 
the most three zones (outer, middle, inner). Every sample 
was cut in sort of 20 × 20 × 35 mm (axial × circumferen-
tial × radial) cuboid from the 12 mm thick cuboid. EN-31 
stainless steel (63 HRC) is the rotating disk material. The 
wear tests were carried out at an average sliding speed of 
8 m/s underneath four totally different traditional loads 
of 14, 24 and 44 N. On a 170 mm track of diameter at 
900 rpm, the sample can rub against the rotating disk. 
Weight loss may be calculated by measuring the distinc-
tion in sample weight before and when the wear test to the 
closest milligram.

3 � Results and Discussions

Microstructure characterisation, particle analysis, hardness 
measurement, tensile characteristics and wear evaluation are 
discussed in detail below.

3.1 � Microstructure Characterisation

The microstructures reveal the existence of Al2O3 particles 
in the outer zone which ensures that segregation of the 
Al2O3 particles occurs under the action of the centrifu-
gal force. When the molten FGM metal is poured into the 
mould, rapid cooling occurs at the interface between the 
molten metal and the mould and thus causing the outside 
tube to solidify without or restricting the movement of 
Al2O3 particles to the outer diameter. The surface is there-
fore taken into account for analysis at a distance of 1 mm 
from the outside diameter. Four different zones could be 
determined in each of the thickness of the sample accord-
ing to the scheme described in Fig. 2: 1 mm, 3 mm, 6 mm 
and 9 mm from outer surface, respectively. The sample 
study shows that the graded Al2O3 particle distribution in 
the matrix begins at the highest concentration of Al2O3 
particles 1 mm from the outer zone. Figure 2 shows the 
microstructure of specimens taken from different zones 
through the thickness of the produced FG tube. Figure 2a 
represents 1mm (the chill zone), Fig. 2b represents 3 mm 
(the outer zone), Fig. 2c represents 6 mm (the transition 
zone) and Fig. 2d represents the least concentration at 9 
mm (the inner zone) thick from the outer surface. Figure 3 
shows the panoramic view of the microstructures of pure 
Al–10 wt% Al2O3 particles FG tube from outer diameter to 
inner diameter along the radial direction. This panoramic 
perspective shows even lower magnification of the varia-
tions in the microstructure in various zones. 

3.2 � Particle Analysis

Image analysis technology has been used to analyse and 
calculate the distribution of Al2O3 particles across entirely 
different areas, from inner to outer FGM tube diameters, 
using the Image J software program. Automatic particle 
detection tools for contour borders are applied. The aver-
age concentration of Al2O3 particles in a one-millimetre-
thick region is represented at all the information points 
shown in the figures. Figure 4 illustrates the concentration 
of Al2O3 particles through the various zones of the tube of 
FGM reinforced by 10 wt% of particles. The particles con-
centration of 800 rpm, 900 rpm and 1000 rpm are 37%, 
39% and 43%, respectively, for the zone range of 0–1 mm 
(chill zone). In the next zone of the FG tube (1–2 mm), 
the average concentration of particles increased to 41%, 
44% and 48%, respectively, at 800  rpm, 900  rpm and 
1000 rpm. The decrease in the Al2O3 particles concen-
tration rate is much higher in case of the 1000 rpm than 
the other two mould rotational speeds (800  rpm and 
900 rpm). The gradient of the Al2O3 particles concentra-
tion can be estimated by the percentage of reduction in 
Al2O3 particles concentration per mm. For the 800 rpm, 
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900  rpm and 1000  rpm mould rotational speeds, the 
gradients were calculated as 6%, 6.42% and 14% Al2O3  
particles/mm, respectively.

The effect of weight fraction of Al2O3 particles on the 
distribution of the Al2O3 particles at the different zones 
along the distance from the outer zone to inner zone of 

Fig. 2   Microstructure of FGM 
with 5 wt% Al2O3 particles at 
900 rpm (a at 1 mm, b at 3 mm, 
c at 6 mm and d at 9 mm from 
outer surface of FG tube)

Fig. 3   Panoramic view of 
the microstructures of a pure 
Al–10 wt% Al2O3 FG tube 
along the radial direction at 
1000 rpm

Outer diameter Direction of particles gradient Inner diameter

Fig. 4   Effect of mould rota-
tional speed on concentration of 
Al2O3 particles
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FG tube is illustrated in Fig. 5. As known, the centrifu-
gal force is function of the particles mass and rotational 
speed. Thus, it is found that a 10 wt% of Al2O3 particles 
and the highest rotational speed (1000 rpm) will result in 
high concentration of Al2O3 particles at the outer surface. 
At smallest weight fraction of Al2O3 particles (2.5%) and 
highest rotational speed (1000 rpm) the concentration of 
Al2O3 particles at the outer zone will be less than the first 
case due to the reduction in centrifugal force. The dis-
tribution of the Al2O3 particles at different % of Al2O3 
particles and mould rotational speeds are similar to the 
results obtained by [34, 35].

3.3 � Hardness Measurement

The variation of Brinell hardness results of the FGM tubes 
with weight fraction of Al2O3 particles are shown in Fig. 6. 
From the figure, it is evident that the Brinell hardness value 
of the FG tube reinforced with particles is higher compared 
to unreinforced alloy (pure Al 25 BHN). At 1000 rpm and 
10 wt% of particles, the highest Brinell hardness of 47.2 
BHN is observed at 1.5 mm from the outer surface, and 
the inner zone at 11.5 mm is observed with a hardness 
value of 25 BHN. The Brinell hardness value of the FGM 

tube decreases when the radial distance increases from 
the outer to inner surface. Results clearly show 45% and 
27% improvement in Brinell hardness at outer and transi-
tion zone respectively compared with that of inner zone 
(pure aluminium). This improvement in Brinell hardness 

Fig. 5   Effect of weight fraction 
on concentration of Al2O3 
particles
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is due to the presence of hard particles and their distribu-
tion (gradient) within the FGM tube, which depends on the 
centrifugal force.

The variations of hardness value at outer zone with dif-
ferent weight fraction of Al2O3 particles (average parti-
cle size 16 μm) for various rotational speeds (800 rpm, 
900 rpm and 1000 rpm) as illustrated in Fig. 7. In general, 
with increasing the mould rotation speed, the Brinell hard-
ness value increases. At any weight fraction, the FGM tube 
(Al–2.5 wt% Al2O3 particle, Al–5 wt% Al2O3 particle and 
Al–10 wt% Al2O3 particle) shows clearly higher hardness 
value than the as cast pure Al without particles for all 
mould rotational speed combinations. The high Brinell 
hardness value is mainly due to the enhancement of Al2O3 
particle at the outer zone and the relatively clean, dense 
and defect-free surface created by the centrifugal force. 
According to Fig. 5 it is obvious that the highest weight 
fraction of Al2O3 particles the highest the hardness value 
at the same rotational speed and weight fraction. These 
results are consistent with earlier reports for the FGM Al-
SiCp alloy [15, 36].

3.4 � Tensile Characteristics

The final tensile strength of the FGM tube against the 
weight fraction of Al2O3 particles at various mould rotat-
ing speeds is shown in Fig. 8. The addition of Al2O3 par-
ticles can seemingly improve the ultimate tensile strength 
of FGM composite. Minimum ultimate tensile strength 
(83 MPa) in the low mould rotational speed (800 rpm) 
with 2.5  wt% Al2O3 particles is observed primarily 
because of the low ceramic particle concentration which 
is much less resistant to deformation during testing. The 

presence of high Al2O3 concentration and enhanced com-
paction due to centrifugal force in the region towards 
the outer of the FGM tubes give increased strength. At 
5 wt% Al2O3 particles of the FG tube centrifugal cast-
ing, the tensile strength value for low speed (800 rpm) 
and high speed (1000 rpm) are 94 MPa and 102 MPa, 
respectively. In case of FG tube with 10  wt% Al2O3 
particles, has a tensile strength of 98 MPa in the low 
speed (800 rpm) and is raised to 98 MPa after the speed 
increased to 1000 rpm. Similar result is determined in 
another study [29].

3.5 � Wear Evaluation

The results from wear tests for specimens in different 
weight fraction of Al2O3 particles from all zones and test 
durations will be discussed in this section. Half milli-
metre of each surface layer was removed to organize flat 
samples on internal and external sides.

3.5.1 � Effect of Rotational Speed on Wear Loss of the Outer 
Zone

The rotational speed affects the centrifugal force and con-
sequently affects the distribution of the Al2O3 particles 
furthermore because the hardness distribution and it’s 
affecting the weight loss even it reaches 0.050 g at rota-
tional speed 1000 rpm and 10% weight fraction. The vari-
ation of weight loss with completely different rotational 
speed and weight fraction of Al2O3 particles at 24 N load, 
1 min duration and 8 m/s sliding velocity of FGM tube is 
shown within the Fig. 9. As mould rotational speed will 
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increase, increase in wear loss is determined. Decreas-
ing trend is observed with increase in quantity of wt% 
Al2O3 particles and mould rotational speed. For samples 
taken from outer zones of tubes with 10% weight fraction 
of Al2O3 particles, the lowest wear loss is observed irre-
spective of the used mould rotational speed. The results 
as indicated from Fig. 9 illustrates the declining trend of 
wear loss with increase in weight fraction percentage up 
to 10 wt% Al2O3 particles.

3.5.2 � The Wear Loss at Different Zones

Figure 10 demonstrates the influence of the weight fraction 
on the wear loss. The weight fraction 10% shows the low-
est wear rate and therefore the hardest outer zone. Moreover, 
because the enhanced wear rate is also due to a rise in the 
area of contact among the frictional heating surfaces which 
ends in a pin surface softening and the additional penetra-
tion of hard asperities in soft pin surface increased wear 
resistance. The results illustrate that the wear loss at outer 
zone for Al with 10 wt% Al2O3 particles FGM composite is 
simply 49 mg which  represents only 65% of the wear loss 
of pure Al (154 mg).

3.5.3 � Effect of Applied Load on Wear Loss of the Outer 
Zone

Figure 11 shows the variation of wear loss of FGM tube 
composites as an operate of varied loads and weight 
fraction of Al2O3 particles at 1 min period and sliding 
velocity 8 m/s. Figure 11 also shows that tube weight loss 
increases as test loads for all FGM composites and matrix 
material are increased. However, a decrease in wear loss 
is determined with increase in quantity of weight fraction 
of alumina (Al2O3) particles that helps to enhance the 
wear resistance and so decrease the wear loss. The pin 
surface at low applied load is mainly revealed as shown 
in Fig. 12, with fine and shallow grooves in the sliding 
direction. The weight loss will increase with increasing 

30

50

70

90

110

130

150

170

190

210

230

0 2.5 5 10

W
ea

r L
os

s (
m

ill
ig

ra
m

) 

Weight Frac�on (% Al2O3)

Outer Zone Transi�on Zone Inner Zone

Test Condi�ons
Test load 24 N
Dura�on 1 min
Sliding Velocity  8 m/s

Process Condi�ons
16 μm Al2O3
16 mm/ sec Feed

Fig. 10   Weight loss at different zones with increased Al2O3 weight 
fraction

30

50

70

90

110

130

150

170

190

210

230

0 2.5 5 10

W
ea

r L
os

s (
m

ill
ig

ra
m

) a
t o

ut
er

 zo
ne

Weight Frac�on (%Al2O3)

14 N 24 N 44 N Process Condi�ons
1000 rpm, 16 μm 
Al2O3
16 mm/ sec Feed
Test Condi�ons
Dura�on 1 min
Sliding Vel.  8 m/s

Fig. 11   Effect of applied load and wt% Al2O3 on weight loss of outer 
zone

Fig. 12   Optical micrographs of wear surface for FGM (Al–5 wt% Al2O3) at different loads
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applied load because of increasing contacting pressure. 
The presence of hard alumina (Al2O3) particles will 
increase the wear resistance of the FGM tubes, particu-
larly at outer and transition zones. The similar results of 
the applied load on the wear loss has also been reported in  
literature [15, 33]. 

3.5.4 � Effect of Test Duration on Wear Loss of the Outer 
Zone

The cumulative weight loss of the outer zone of the FGM 
tube with test duration is shown in Fig. 13. The weight 
loss of the FGM tube at outer zone decreased with increas-
ing the weight fraction of alumina (Al2O3) particles. 

Figure 14 shows the FGM tube macro examination which 
indicates a less weight loss and higher surface quality 
compared to matrix alloy. As shown earlier, the increased 
wear rate is due to the increasing area of the frictional 
heating between the connecting surfaces, which ends 
up in softening the surface of a pin and enlarged weight 
loss due to the penetration in soft pin surface by time of 
many hard asperities and similar result is determined in  
another study [34].

3.5.5 � Scanning Electron Microscopy Analysis

Figure 15 shows the SEM for worn surfaces of the FGM tube 
with 10 wt% of Al2O3 at a sliding velocity of 8 m/s under 
constant load 24 N. The surfaces at distances 1 mm (chill 
zone Fig. 15a) and 3 mm (outer zone Fig. 15b) from outer 
surface show a minor number of cracks and grooves with 
less delamination due to presence of highest concentration 
of Al2O3 particles in these zones. As the distance to the inner 
zone increases, the wear mechanism from mild to severe 
wear changes. Figure 15c shows deep grooves with severe 
delamination at transition zone (6 mm from outer surface), 
due to the fact that there is relatively less concentration of 
Al2O3 particles. The contact between matrix and counter 
disk is high at distance 9 mm from outer zone (Fig. 15d) 
because there is a lot of scratching action and deep plough-
ing. Due to the reduced or no quantity of Al2O3 particles 
within the inner zone, the surface becomes ductile and form 
area without particles that increase the weight loss. There-
fore, it is evident that, the outer zone of 3 mm with higher 
mechanical and wear properties makes the FGM tubes 
appropriate for the automotive applications like in engine 
cylinder liners, internal-combustion engine pistons and 
flywheels.
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Fig. 14   Examples of wear encountered in outer zone for different weight fractions
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4 � Conclusions

The major conclusions drawn from the present study on 
experimental investigations on microstructure, mechanical 
and wear behaviour of FG pure Al/Al2O3 are summarized.

1.	 The microstructures of the outer zone in all produced 
FG tubes reveal the presence of highest concentration 
of reinforcing particles. The highest filling volume has 
been achieved in case maximum rotational speed and 
highest weight fraction.

2.	 The thickness of the particle-rich zone in the FGM tubes 
decreases with the increase in the rotational speed. With 
the decrease of the rotating speed the maximum concen-
tration of the Al2O3 particles at the outer zone decreases. 
However, this is associated with higher spread over the 
thickness of the degradation zone.

3.	 The presence of higher concentration of Al2O3 parti-
cles towards the outer zone leads to improve mechanical 
properties and wear resistance compared to the inner 
zone (matrix material). There are large differences in 
particle content between the outer zone and inner zone 
of all different cast FGMs tube processed at different 
processing speeds.

4.	 In all produced FG tubes, higher Brinell hardness is 
found in the outer zone than that in the concentration 

transition and inner zones. Increasing processing speed 
of mould increases the hardness at the outer region of 
FG tubes and reached maximum value at maximum pro-
cessing speed.

5.	 The highest wear resistance is achieved in outer zones 
of all produced FG tubes, while lower resistance could 
be measured in the concentration transition and inner 
zones.

6.	 These FGM tubes can be successfully used for manufac-
turing high specific strength components with very high 
surface hardness and wear resistances in automotive and 
transport applications.
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