
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00170-022-10748-5

ORIGINAL ARTICLE

Synthesis and characterization of spark plasma sintered zirconia 
and ferrotitanium reinforced hybrid aluminium composite

Samuel Olukayode Akinwamide1  · Mabontle Maleka2 · Nthabiseng Motabeni2 · Ojo Jeremiah Akinribide2 · 
Falodun Eso Oluwasegun3 · Peter Apata Olubambi2

Received: 28 July 2022 / Accepted: 18 December 2022 
© The Author(s) 2022

Abstract
This research reports on the microstructural characterization and nanomechanical evaluation of hybrid aluminium-based 
composite, fabricated by reinforcing pure aluminium matrix with zirconia  (ZrO2) and ferrotitanium (TiFe) particles. The 
composites were consolidated using the spark plasma sintering technique, and the properties of the reinforced composites 
were examined and compared with pure aluminium samples fabricated using the same sintering parameters. The formation 
of new phases in the hybrid composites was ascertained using the X-ray diffraction technique, while the morphologies of the 
starting powders and as-sintered specimens were analysed using optical and scanning electron microscopes. Mechanical tests 
such as Vickers microhardness and frictional coefficient were determined to ascertain the respective strength and tribological 
performance. Nanoindentation test was also carried out to evaluate the nanomechanical properties such as penetration depth, 
elastic modulus, work indentation, and indentation creep. The results from this study revealed that mixing and sintering the 
admixed powders at sufficiently high temperature resulted in the formation of new phases which contributed to improved 
mechanical performance of the hybrid composites. The absence of pinning effect in loading and unloading curves from the 
nanoindentation test conducted confirmed the homogeneous dispersion of the reinforcement particles. Overall, the sample 
reinforced with 5% TiFe and 5%  ZrO2 exhibited the most improved mechanical properties, while the unreinforced aluminium 
sample recorded the least mechanical and nanomechanical performance.
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1 Introduction

Nowadays, the use of aluminium in industries where 
improved engineering properties is of optimum impor-
tance is rapidly increasing. This has also paved the way for 
structural modification of this class of composites, leading 
to the invention of aluminium-based composites. Several 
researchers have investigated this novel class of composite, 

and their findings have been documented in several studies 
[1, 2]. Some key properties of aluminium-based compos-
ites include cost-effectiveness, high strength-to-weight ratio, 
reduced density, and enhanced thermal conductivity [3–5].

Owing to the non-suitability of pure aluminium for struc-
tural application, it is essential to incorporate additional ele-
ments into the matrix of pure aluminium. Various research-
ers have utilized carbides, nitrides and agro-based materials 
for this purpose [6, 7]. At the same time, the dispersion of 
metallic ceramics into aluminium-based composites cannot 
be overemphasized, owing to the outstanding mechanical 
and wear-resistant properties they incorporate into the result-
ing composites. Hybrid metal matrix composites (HMMCs) 
are unique composites produced by the incorporation of two 
or more ceramic particles into the matrix of a metal. This 
class of advanced materials are known for their excellent 
wear resistance, light weight, low thermal expansion and 
high specific strength [8]. Owing to these excellent proper-
ties, HMMCs can be used in automotive and automobile 
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engineering applications to manufacture parts such as piston 
rods, braking systems, brake discs, landing gear and shafts 
[9]. Several researchers have investigated on the reinforce-
ment of aluminium matrix with different reinforcement par-
ticles via different primary processing routes with a focus 
on the microstructural and mechanical properties of the 
resulting aluminium-based composites. Also, the dispersion 
of two or more reinforcements often results in the agglom-
eration of the reinforcement particles [10]. Therefore, it is 
imperative to study how different reinforcement particles can 
be effectively dispersed in the aluminium matrix to eliminate 
possible agglomeration and fabricate HMMC with improved 
microstructural and nanomechanical properties.

Reinforcements such as silicon carbide, boron carbide, 
silicon nitride, and titanium carbide have been extensively 
utilized. Zirconia reinforcing mechanism includes its trans-
formation from tetragonal phase (t-ZrO2) to a highly dis-
torted monoclinic phase (m-ZrO2), which leads to a volume 
expansion of 3–5%, and reduction of compressive stress in 
the matrix material [11]. This ceramic reinforcement also 
increases the initial nucleation rate and strength in the metal-
lic-based composite during compressive deformation [12]. 
Furthermore, TiFe (Ti: 45–70% and Fe: 10–30%) is known 
for its low density, excellent corrosion resistance and high 
strength at elevated temperatures [13]. They are produced 
from low-grade titanium ingot, which cannot be further sub-
jected to recycling due to its oxidation degree.

Several processing techniques have been successfully 
adopted for the fabrication of aluminium-based composites. 
These include but are not limited to melt infiltration [14], cast-
ing [15], and powder metallurgy [16]. The latter technique is 
more advantageous as it eliminates the need to handle molten 
metal and promotes a better dispersion of reinforcement par-
ticles within the metallic matrix [17]. Among various powder 
metallurgy routes that have been explored, hot extrusion, hot 
pressing and pressureless sintering have remained preva-
lent. However, the spark plasma sintering (SPS) process has 
remained the least known metallic-based consolidating tech-
nique. The SPS method, a more recent approach, operates on 
the pressure-assisted pulsed energizing process to consolidate 
powder particles, thereby achieving enhanced densification 
[18, 19]. During the sintering process, rapid Joule heating 
combined with pulsed electrical discharge and high pressure 
provides rapid sintering kinetics for powders.

Since the properties of the resulting composite largely 
depend on the reinforcing particles, several investigations 
have been carried out to determine the influence of these 
particles on the overall properties of the composites. Akin-
wamide et al. [20] studied the effect of silicon carbide and 
ferrotitanium addition on aluminium-based composites. 
The specimens reinforced with only ferrotitanium exhib-
ited reduced hardness compared to those reinforced with 
the addition of silicon carbide and ferrotitanium particles. 

Jimtnez et al. [21] also reported on the microstructural and 
mechanical properties of aluminium composite reinforced 
with zirconia. The hardness values of the fabricated compos-
ites were reportedly increased upon the dispersion of differ-
ent weight percentages of the zirconia reinforcement within 
the aluminium matrix. The influence of boron nitride and 
zirconia oxide on the mechanical properties of Al7075 hybrid 
composite was investigated by Kuldeep et al. [22]. Aside the 
reported homogeneous dispersion of the reinforcement par-
ticles within the aluminium alloy matrix, the ultimate tensile 
strength and hardness properties were also improved in the 
resulting hybrid composites. The reduced wear rate observed 
with increasing reinforcement also prevented material loss 
and ploughing from the sample surface.

The incorporation of second-phase particles has proven 
to be effective in enhancing the overall properties of alu-
minium-based composites, which has made them exten-
sively used for various engineering applications [23, 24]. 
This present study investigates the morphological modifi-
cation and mechanical properties of spark plasma sintered 
aluminium-based composites reinforced with particles of 
 ZrO2 and TiFe.

2  Experimental procedure

Different volume percentages of TiFe (average particle 
size: 176 µm, purity: 98.5%) and  ZrO2 (average particle 
size: 5 µm, purity: 99.5%) reinforcement powder particles 
were dispersed into the matrix of pure aluminium (average 
particle size: 25 µm, purity: 99.8%). The morphological 
features of the starting powders are shown in Fig. 1. The 
pure aluminium powder is seen to present different spherical, 
dense and smooth satellite particles, with the smaller 
satellites attaching to the bigger ones, as revealed in Fig. 1a. 
In contrast, the TiFe powder displayed in Fig. 1b shows a 
sharp-edged rock-like morphology. The microstructure of 
the  ZrO2 powder in Fig. 1c reveals a wide distribution of 
irregularly shaped agglomerated particles. The different 
composition of samples and their identification is presented 
in Table 1. To ensure homogenous distribution, the powders 
were mixed in a turbula mixer for a duration of 10 h. The 
ad-mixed powders were loaded into a die of size 40 mm, 
after which they were consolidated in an HHPD-25 model 
spark plasma sintering machine. Prior to sintering, a graphite 
sheet was placed between the powder and the die to prevent 
contamination and to ensure proper flow of current. The 
powders were consolidated at a temperature, heating rate, 
holding time and pressure of 520 0C, 100 0C/min, 5 min 
and 50 MPa, respectively. The samples were sectioned into 
smaller pieces for phase and metallographic examinations. 
The phase identification was conducted with a Rigaku Ultima 
IV X-ray diffraction machine with Cu-Kα radiation of 30 mA 
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and 40 kV, operating at a continuous scan mode. The surfaces 
of the samples were prepared using standard metallographic 
procedures. This was done by grinding from 200 to 1200 grits 
of silicon carbide emery paper and polished using 9, 6, and 3 
µ diamond suspension on different polishing clothes until a 
shiny surface was clear enough for microstructural analysis 
obtained. To ensure complete removal of the polishing 
suspensions, the surface of the specimens was cleaned with 
acetone. A Zeiss optical microscope and Zeiss Ultra field 
emission scanning electron microscope (FE-SEM) were used 
to investigate the morphology of the specimens. The Vickers 
hardness measurement was taken using an Innovatest Falcon 
507 hardness tester across the surface of the specimen, as 
observed under the microscopes attached to the equipment. 
A 10 g load was applied, and the final hardness value 
was obtained from the average of 10 indentations taken 

across the reinforcement and matrix phases. The frictional 
coefficient of the samples was determined using a ball-
on-disc Anton Paar tribometer, which operates in a dry 
condition. A zirconia ball with a surface roughness of 20 
nm was used as the counterface material, while an applied 
load and a linear speed of 7 N and 9.5 cm/s were maintained 
throughout the test. The morphology of the worn surface 
was examined under FE-SEM for a better understanding on 
the mode of wear/deformation that took place during the 
sliding of the counteface ball over the surface of the samples. 
Nanomechanical analyses were conducted on the specimens 
using a CSM nanoindenter machine. The surface of the 
specimens was indented by a Beckovich precision diamond 
indenter attached to the equipment after the metallographic 
examination. The loading and unloading rates were fixed at 
50 mN, while a pause time of 20 s was maintained all through 
the test. Nanomechanical properties such as nanohardness 
and elastic modulus were determined from the loading and 
unloading curves according to Oliver and Pharr procedure by 
fitting the data from the unloading portion according to the 
power-law equation [25] shown in Eq. 1.

where P is the power law, α and d are the fitting parameters, 
and h and hk are the initial and final depth after loading and 
unloading.

(1)P = �
(

h − hk
)d

Fig. 1  SEM micrographs of a 
pure aluminium, b ferrotita-
nium, and c zirconia staring 
powders

(a) (b)

(c)

Table 1  Sample composition and identification

Sample Identification

Pure aluminium Pure Al
Pure Al + 2 vol% TiFe + 2 vol%  ZrO2 Al + 2% TiFe + 2%  ZrO2

Pure Al + 2 vol% TiFe + 5 vol%  ZrO2 Al + 2% TiFe + 5%  ZrO2

Pure Al + 5 vol% TiFe + 2 vol%  ZrO2 Al + 5% TiFe + 2%  ZrO2

Pure Al + 5 vol% TiFe + 5 vol%  ZrO2 Al + 5% TiFe + 5%  ZrO2
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3  Results and discussion

3.1  Phase analysis

The phase identification of peaks as analysed by X’pert 
HighScore software is shown in Fig. 2. The addition of 
the reinforcement particles resulted in a positive shift, and 
this behaviour can be ascribed to the change in the initial 
particle size of the pure aluminium matrix. The peak shift 
could also be attributed to increased binding energy owing 
to the incorporation of the reinforcement particles, thereby 
enhancing mechanical properties through increased binding 
energy. The formation of new phases such as  Al3Zr,  Fe2Ti, 
 Al2TiO3,  TiZr3, and many more is evident from the analysis 
conducted. The formation of these compounds is based on 
the interfacial reaction, which was supported by mechanical 
turbula mixing and compaction at a sufficient temperature, 
high enough to melt the aluminium matrix, and promote 
adequate atomic diffusion between the matrix and reinforce-
ment particles. Furthermore, the change in peak morphology 
of all the composites indicates the exhibition of a second 
metastable aluminium phase upon the addition of the TiFe 
and  ZrO2 reinforcements. This behaviour can be ascribed to 
adequate compaction of the powders, leading to lattice dis-
tortion of the parent aluminium crystals. The crystal lattice 
distortion (�2)1∕2  of the major peaks with 5%ZrO2+2%TiFe 

and 2%ZrO2+5%TiFe is almost double compared with 
the pure aluminium specimen, indicating a high degree of 
microstrain within the crystal. The crystallite size and lat-
tice strain of the sintered compacts are evaluated accord-
ing to the Williamson-Hall approach stated in Eq. 2 [26], 
and the values obtained are presented in Table 2. The pure 
aluminium specimen recorded the highest crystallite size 
of 36.5 nm, while the least crystallite size of 20.84 nm is 
seen in the composite reinforced with 2%TiFe+2%ZrO2. The 
reduction observed in the crystal sizes of the composites 
evident in the composite could be as a result of rapid heating 

Fig. 2  XRD phase analysis of 
sintered compacts

Table 2  Crystallite size and lattice strain for sintered pure aluminium 
and composites

Specimen Crystallite 
size (nm)

Lattice strain (%) Space group

Pure Al 36.50 0.094 200: Pm-3
Al + 2% TiFe + 2% 

 ZrO2

20.84 0.127 225: Fm-3m

Al + 2% TiFe + 5% 
 ZrO2

26.14 0.147 227: Fd-3m

Al + 5% TiFe + 2% 
 ZrO2

33.69 0.101 221: Pm-3m

Al + 5% TiFe + 5% 
 ZrO2

27.41 0.099 139: I4/mmm
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and cooling of the samples during the sintering fabrication 
process. During recrystallization, new crystals grow around 
the reinforcement particles, which settle at the grain bound-
ary [27]. Also, all the composites exhibited increased lattice 
strain, which is a measure of lattice dislocation formed from 
crystal imperfections [28]. Notably, a rapid increase in lat-
tice strain could result in the formation of brittle surfaces 
owing to the extreme refinement of the crystals [29]. The 
space group, which is the combination of translational sym-
metry exhibited by each unit cell contained in the aluminium 
composites, is also included in Table 3.

where β is the full-width half maximum of diffracted peaks, 
J is the Scherrer constant, λ is the X-ray wavelength, G is the 
grain size, σ is the internal strain, and θ is the Bragg angle.

3.2  Microstructural characterization

The micrographs of the as-cast composites as observed 
under an optical microscope are presented in Fig.  3a-d. The 
micrograph of the pure aluminium seen in Fig. 3a reveals 
the formation of equiaxed grains. However, the incorpora-
tion of reinforcement particles led to the distortion of this 
morphology, as the grains become irregularly shaped, as 
evident in Fig. 3b and c. Further observation of Fig. 3d and 
e also reveals black and grey spots, representing the dis-
persed ferrotitanium and zirconia reinforcement particles. 
It is evident that the turbula mixing and spark plasma sin-
tering techniques adopted for the production of the alumin-
ium composite promoted a homogeneous dispersion of the 
reinforcement particles and adequate bonding between the 
reinforcement particles and aluminium matrix [30]. Moreo-
ver, previous studies on the fabrication of aluminium-based 
composites have shown that the proper distribution of rein-
forcement particles often promotes grain refinement, result-
ing in improved mechanical properties [31, 32]. The SEM 
micrographs of the specimens are also shown in Fig. 4, and 
it validates the images obtained from the optical microscope 
as it shows the arrangement of grains. Figure 4a, which 
shows the micrograph of pure aluminium reveals several 
grain boundaries present within the aluminium matrix. 

(2)� cos � =
J�

G
+ 4 � sin �

Commercially pure aluminium always contains impurity 
elements such as iron and silicon, however, the solubility 
of the elements is almost negligible. This makes the phases 
of the Al-Fe-Si or Al-Fe interfaces refined in the micro-
structure. Owing to the rapid solidification and cooling of 
the spark plasma sintering process, a number of metastable 
non-equilibrium phases are also formed. From Fig. 4b and 
c, grain growth is not observed, despite the sintering process 
being conducted at a temperature sufficient to facilitate grain 
growth in aluminium-based composites. At the same time, 
the grain growth hindrance mechanism exhibited by these 
composites can result from the pinning effect of the TiFe and 
 ZrO2 particles. The continuous heating cycle and applied 
pressure from the sintering process have also been proven to 
be effective in promoting grain size reduction [33, 34]. The 
grain boundaries of composites shown in Fig. 4d and e are 
seen to have a black and white outline, respectively, indicat-
ing the reinforcement settling across the grain boundaries. 
The absence of pores in the microstructure confirms high 
densification of the sintered compacts, which likely resulted 
from excellent bonding between the reinforcement particles 
and the aluminium matrix [35]. It is also important to note 
that the smaller inter-dendritic structures seen in the micro-
structures are as a result of the fast cooling of the composite 
during the fabrication process [36, 37].

3.3  Hardness test

Hardness testing is carried out to evaluate the strength of 
the material through the resistance it offers to an externally 
applied load. The plot illustrated in Fig. 5 describes the hard-
ness values recorded by pure aluminium and reinforced com-
posites. Sintering at a relatively high temperature ensures 
adequate bonding between the matrix and reinforcement 
particles without grain growth, thereby leading to a larger 
interfacial area within the fabricated composites. The sample 
with 5% TiFe and 5%  ZrO2 reinforcement particles recorded 
the highest hardness value of 69.07 HV, while the least 
hardness property was exhibited by pure aluminium, which 
records a value of 26.1 HV. Further observation shows that 
the incorporation of reinforcement particles is seen to posi-
tively influence the hardness property of the composites. The 
increased hardness value seen in the specimen reinforced 

Table 3  Nanomechanical 
properties of pure aluminium 
and reinforced composites

Sample Penetration depth 
(nm)

Reduced Elastic 
modulus (GPa)

Indentation 
creep (%)

H/Er (GPa)

Pure Al 1229.42 61.98 2.44 0.0045
Al + 2% TiFe + 2%  ZrO2 797 75.13 2.58 0.0089
Al + 2% TiFe + 5%  ZrO2 880.58 85.45 2.94 0.0067
Al + 5% TiFe + 2%  ZrO2 807.49 89.84 2.62 0.0072
Al + 5% TiFe + 5%  ZrO2 752.48 82.44 2.65 0.0091
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(d)

ZrO2 

(c)

TiFe 

ZrO2

(e)

ZrO2

parti

TiFe 
part

(a)

Equiaxed Al grains

(b)

Al grains

TiFe 

ZrO2

Fig. 3  A Pure Al. b Al + 2% TiFe + 2%  ZrO2. c Al + 5% TiFe + 2%  ZrO2. d Al + 2% TiFe + 5%  ZrO2. e Al + 5% TiFe + 5%  ZrO2
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Fig. 4  SEM and EDS mapping 
of sintered a Pure Al, b Al + 
2% TiFe + 2%  ZrO2, c Al + 5% 
TiFe + 2%  ZrO2, d Al + 2% 
TiFe + 5%  ZrO2, and e Al + 5% 
TiFe + 5%  ZrO2

(a)

Al grains

(b)

ZrO2

TiFe

(c)

ZrO2

(d)

TiFe

ZrO2 

(e)

ZrO2

TiFe

769The International Journal of Advanced Manufacturing Technology (2023) 125:763–776



1 3

with the combination of 5% TiFe and 5%  ZrO2 can be attrib-
uted to microstructural refinement, which was facilitated by 
the reinforcement particles. Furthermore, the presence of 
these particles opposes free dislocation movement upon 
the application of external load. A similar observation was 
reported in a study by Akinwamide et al. [38]. According 
to a study by Rice et al. [39], hardness value increases with 
decreasing grain size according to Eq. 3 as described by 

Hall-Petch strengthening. This mechanism describes the 
relationship between grain size and the strength of a mate-
rial. A grain size reduction can inhibit easy dislocation 
movement, thereby increasing the hardness of the compos-
ites [40]. The grain boundaries hinder dislocation movement 
since the high boundary energy of incoherent grain bounda-
ries provides a strong barrier for dislocation transmission 
from one grain to another [41]. It should also be noted that 
additional reduction of grain sizes to a range of 12–30 nm 
can result in failure of the Hall-Petch relationship [42].

where HV is the hardness value and G is the grain size.

3.4  Frictional coefficient

The role of friction in engineering materials is significant, as 
it provides the response of the material to deformation dur-
ing the wear process [43]. The coefficient of friction can be 
defined as the ratio between the tangential and normal forces. 
The plot of the frictional coefficient exhibited by the specimens 
at room temperature is presented in Fig. 6. Fluctuations are 
seen to be dominant from the beginning to the end of the test 
in the reinforced composites. This behaviour can be ascribed 
to continuous gliding of the alumina counterface material over 
the reinforcement particles contained in the specimen, and also 
to the forceful removal of the reinforcement particles from 

(3)HV � G
−

1

2

Fig. 5  Vickers hardness plot of pure aluminium and composites

Fig. 6  Frictional coefficient 
plot of pure aluminium and 
composites
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the surface of the composites. Further observation reveals that 
the pure aluminium exhibited a reduced frictional coefficient 
owing to reduced heat generated between the alumina ball 
and the specimen [44]. This further indicates that the counter-
face ball could glide over the pure aluminium surface without 
resistance, thereby promoting the formation of an oxide layer 
on the surface of the specimen, which reduces heat generation 
[45]. The TiFe and  ZrO2 reinforced composites are seen to 
exhibit an increased heat generation, hence, recording a higher 
frictional coefficient. The presence of reinforcement particles 
has been reported to subject aluminium composites to abra-
sive wear due to the brittleness and hardness induced by the 
particles [46, 47]. Conclusively, the frictional coefficient is sig-
nificantly enhanced due to the ineffectiveness of dislocations 
in the alloy, which increases the hardness and wear resistance 
of the composites [48]. The SEM morphology of the wear 
tracks is presented in Fig. 7a-e. It could be seen that during 
sliding, the formation of grooves [49] is evident in Fig. 7a. 
This behaviour can be attributed to the presence of ploughing 
of the pure aluminium specimen by the zirconia counterface 
material. From Fig. 7b, the incorporation of reinforcement par-
ticles increases the hardness strength of the specimen, thereby 
leading to adhesive wear, which is the removal of material 
from a less resistant surface during wear. Spalling wear process 
seen in Fig. 7c results from the repeated sliding between the 
counterface and specimen surface, leading to surface fatigue. 
Simsek et al. [50] reported a similar observation on zirconia 
reinforced aluminium matrix composites in their investigation. 
Figure 7d and e show the presence of delamination wear from 
surface resistant to plastic deformation offered by the rein-
forcement particles [51].

3.5  Nanoindentation properties

The nanoindentation tests were performed by maintaining 
an equidistance load indentation along a line which cuts 
across the matrix and reinforcement phases, as shown in 
Fig. 8. An indentation spacing of 5 µm was maintained 
throughout the test to prevent work hardening effect. 
Figure  9 illustrates the load-displacement curves for 
the pure aluminium and reinforced composites, which 
exhibit different loading and unloading curves. The 
loading curve for the pure aluminium demonstrates 
a reduced slope, which confirms the free movement of 
dislocations induced by the diamond indenter. However, 
all the reinforced composites are seen to exhibit a similar 
slope during the initial loading. This behaviour can be 
ascribed to a rapid impediment to dislocation movement in 
the loading direction [52]. Further observation shows the 
absence of pinning effect in the loading curves due to even 
distribution of the reinforcements within the aluminium 
matrix. The unloading part of the curve, which represents 
the response of the specimens to elastic recovery owing 

to a change in residual indentation depth, is similar for all 
the sintered compacts. The obtained nanohardness values 
with error bars for the samples are shown in Fig. 10. The 
specimen which contains 5%TiFe+5%ZrO2 records the 
highest nanohardness value of 745.81 MPa. In comparison, 
the pure aluminium sample shows the least nanohardness 
value of 281.92 MPa. Further observation reveals that the 
pure aluminium sample reinforced with 2%TiFe+2%ZrO2 
also showed improved nanohardness as it presents a 
value of 676.96 MPa, which is 14.9% and 4.4% higher 
than the values recorded by the sample reinforced with 
2%TiFe+5%ZrO2 and 5%TiFe+2%ZrO2 respectively. 
The improved nanohardness shown by the composites 
confirms the stiffening and strengthening effect of the 
 ZrO2 and TiFe reinforcements in the aluminium matrix 
[53]. A study by Antillon et al. [54] has shown that the 
combined Voigt-Reuss model helps predict the stiffening 
effect of randomly dispersed reinforcements according to 
Eq. 4. It is also noteworthy that the continuous model does 
not account for porosities and is based on a simple rule of 
mixture (ROM).

where E is the modulus of elasticity and subscripts a and b 
are the Voigt and Reuss condition. Ea and Eb are estimated 
according to Eqs. 5 and 6 respectively.

where V is the volume fraction, k is the load transfer effi-
ciency (≈ 1

5
) , and subscripts f and p are the properties of 

matrix and reinforcements respectively.
Other nanomechanical properties, such as penetration 

depth, reduced elastic modulus, indentation creep and work 
of indentation, are presented in Table 3. The decreased 
penetration depth displayed by the composites confirms 
adequate bonding between the matrix and reinforcement 
particles. In addition, the reduced elastic modulus is seen to 
be significantly enhanced upon the incorporation of  ZrO2 and 
TiFe reinforcements. This property is dependent on forces 
that coexist between the crystal morphology and atomic bond 
of the present phases. This enhancement can also be ascribed 
to the formation of secondary phases resulting from the 
interaction between the aluminium matrix and reinforcement 
phases [55]. The indentation creep is the relative change in 
indentation depth at constant load and is seen to be higher in 
the reinforced samples, as the least indentation creep of 2.4% 
is recorded in the unreinforced aluminium sample.

(4)E =
3

8
Ea +

5

8
Eb

(5)Ea = kVpEp +
(

1 − Vp

)

Ef

(6)Eb =
(Ep)2

Ep

(

1 − Vp

)

+ Ef Vp
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Deep grooves

(a)

Abrasion

(b)

Spalling

(c)

Delamination

(d)
Ploughing direction

Delamination

(e)

Fig. 7  SEM morphology of worn tracks of a pure Al, b Al + 2% TiFe + 2%  ZrO2, c Al + 5% TiFe + 2%  ZrO2, d Al + 2% TiFe + 5%  ZrO2, and 
e Al + 5% TiFe + 5%  ZrO2
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4  Conclusion

This microstructural and mechanical characterization of 
hybrid aluminium-based composites fabricated via spark 
plasma sintering was investigated from this study; and the 
following scientific conclusions were drawn:

• The turbular mixing of the powders promoted the homo-
geneous distribution of  ZrO2 and TiFe powders within 
the aluminium matrix. This was further confirmed by the 
presence of new phases such as  Fe2Ti and  TiZr3 from the 
XRD phase analysis of the sintered composites.

• The Williamson-Hall method was used for determining 
the grain size and lattice strain, and it confirmed that a 
high level of microstrain exists within the crystals of the 
composites.

• The absence of visible pores in the optical and SEM 
micrographs confirmed high densification and adequate 
compaction between the matrix and reinforcement parti-
cles, which in turn confirms the effectiveness of the spark 
plasma sintering technique adopted for fabrication.

• Mechanical and nanomechanical tests also showed that 
the composites were strengthened via the load-transfer 
mechanism, as they all exhibited improved hardness, 
enhanced tribological behaviour, and increased modulus 
of elasticity.

Equi-spaced indents

Fig. 8  Micrograph of indentation profile of Berkovich indenter across 
matrix and reinforcement phases during nanoindentation testing

Fig. 9  Applied load-dis-
placement curves for sintered 
compacts
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