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Abstract Aluminium metal matrix composites (AMMCs) 
are replacing the monolithic alloys for advance engineering 
applications in industries. Present work appraised the use of 
fragmented aluminium with the reinforcement of SiC,  ZrO2 
and NiTi mixture. Mechanical and microstructural properties 
of fabricated AMMCs were evaluated, and it was found that 
fabricated composites have finer grain structure compared to 
the base alloy. Tensile strength of base alloy was enhanced 

by 44.8% due to refinement of the grains, shear lag and bow-
ing of dislocations. The maximum value of compressive 
strength, microhardness and impact strength was found in 
composite with 3wt% reinforcement of each of SiC,  ZrO2 
and NiTi. The transformation of ductile to cleavage fracture 
was confirmed by fracture morphology. Tribological analy-
sis reveals that the material loss due to wear and roughness 
of worn-out surfaces was decreased by the accumulation of 
reinforcement.
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1 Introduction

Nowadays, materials required having good mechanical prop-
erties, light-weight, high ductility, corrosion and wear resist-
ance for numerous engineering applications. Conventional 
monolithic materials have limitation of good combination of 
mechanical and tribological properties. To overcome these 
limitations and serve the latest demands, researchers are 
focused more on the development of metal matrix compos-
ites (MMCs). MMCs are becoming one of the best possible 
alternatives in several field like mechanical, structural and 
aeronautics due to its excellent mechanical, tribological and 
corrosion properties [1, 2].

These properties of any MMCs significantly depend 
on the casting technique utilised for fabrication, and from 
the experiments, stir-casting process was found most suit-
able for fabrication of aluminium metal matrix composites 
(AMMCs) due to its simplicity, lower cost and mass pro-
duction capability [3]. However, these properties are also 
affected by the casting process parameters such as melting 

temperature, stirring speed, time, stirrer-shape, pouring tem-
perature, and mould material. [4].

The mechanical properties of aluminium alloy increase 
with the weight percentage of SiCp reinforcement in the fab-
ricated Al/SiCp-MMC but at the same time impact toughness 
decreases [5]. The fabricated Al-6063-SiCp-MMC utilising 
stir-casting technique improved the tensile strength, hard-
ness and impact strength due to reduction in grain size and 
percentage elongation [6]. Reinforcement of 1.5wt%SiCp in 
AA365 showed comparatively higher tensile and compres-
sive strength over other combination of wt% of  SiCp rein-
forcement [7]. Mechanical properties of Al6061/SiCp-MMC 
were improved up to 3wt%SiCp reinforcement [8]. Al7075/
SiCp-MMC (with 2wt%SiCp) fabricated through ultrasonic 
cavitation-assisted stir-casting technique improved yield 
strength and wear resistance by 94.52 and 79.8%, respec-
tively [9]. Effect of  SiCp in AA5083 has significant role 
in the increment of tensile strength, compressive strength, 
hardness and wear resistance [10]. Addition of  ZrO2 in 
AA6061/ZrO2/Graphite-MMC increases the mechanical 
and tribological properties of fabricated-MMC over base 
alloy and AA6061/Graphite-MMC [11]. Mechanical prop-
erties of AA6082 were significantly improved by reinforc-
ing  ZrO2 and coconut-shell. However, tensile strength of 
Al6082/ZrO2/coconut-shell-MMC started decreasing with 
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 ZrO2 beyond 10wt% [12].  ZrO2 reinforcement enhanced 
the mechanical, physical and tribological properties of 
AA6061 [13]. Al6061/ZrO2-MMC with 3wt%ZrO2 pro-
vides optimum mechanical properties, wear and corrosion 
resistance [14]. Hybrid Al/SiC/ZrO2-MMC have enhanced 
hardness and wear resistance over Al/SiC and Al/ZrO2-
MMC [15]. Mechanical properties such as impact strength, 
tensile strength and hardness of A6082/SiC/ZrO2-MMC 
were improved by 60%, 33%, and 17%, respectively, when 
compared to AA6082 [16]. Al-MMC with 3wt% of SiC/
Graphite/ZrO2 reinforcement resulted in optimum mechani-
cal properties and corrosion resistance [17].

It was found that the yield strength, UTS and fatigue 
performance of AA1090 were boosted by reinforcing 

10wt%NiTi, whereas percentage elongation was reduced 
[18]. The good bonding was found between AA1100 and 
 NiTip in friction stir processed AA1100/NiTi-MMC and 
improved mechanical properties by  NiTip reinforcement 
[19]. The presence of  NiTip improved the precipitation 
kinetics, damping capacity and microhardness of AA2124/
NiTi-MMC [20]. Al6061/NiTi-MMCs with  NiTip (2–74 µm) 
have higher strength over  NiTip (150–178 µm), whereas 
comparatively higher ductility of the composites with  NiTip 
(150–178 µm) [21]. Fabricated Al-NiTi-SiC composite 
resulted in significant increment in hardness and compres-
sive strength [22]. Fabricated AA1050/NiTi-MMC resulted 
in increment in the fracture toughness and UTS when 

Table 1  Elemental composition 
of AA6061

Elements Si Mg Mn Cu Ti Fe Zn Cr Al

wt% 0.71 0.80 0.17 0.26 0.13 0.55 0.21 0.05 Balance

Fig. 1  SEM images of the reinforced particles a SiC; b  ZrO2; c NiTi

Fig. 2  a Stir-casting set-up; b different fabricated AMMC specimens
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compared to AA1050. The local internal stresses were also 
identified due to the shape memory effect of  NiTip [23].

From the literature review, it is found that, although the 
researchers have investigated the effect of reinforcement of 
SiC,  ZrO2 and NiTi on the fabricated MMCs, but the com-
bined effect of reinforcement of these particles together on 
the microstructural, mechanical and tribological behaviour 
of fabricated hybrid AMMC is still missing. Therefore, in 
the present work, an attempt was made to fabricate a hybrid 
composite by diffusing together a unique mixture of SiC, 
 ZrO2 and NiTi particulates in AA6061 utilising stir-casting 
method and investigated the microstructure, mechanical and 
tribological behaviour of it. The fabricated MMCs can be 
used for different components used in automobile, airspace, 
marine and defence industry applications. They can also be 
used in the fabrication of different equipment’s used in water 
treatments plants such as gates (sluice gates, weir gates, 
open channel gates, etc.), screening devices and stop-logs.

2  Materials and Methods

2.1  Matrix and Reinforcement

For the fabrication of Al/(SiC/ZrO2/NiTi)-MMC, scrap of 
AA6061 was purchased from J.V. Mill & Hardware, Indus-
trial Area Phase-II, Chandigarh-160002, whereas SiC,  ZrO2 
and NiTi particulates were from Nanoshel, Dera Bassi, Pun-
jab-140201. The elemental composition of AA6061 was 
measured by spark spectroscopy and is shown in Table 1. 
The average size of the reinforced  SiCp,  ZrO2p and  NiTip 

was 38 ± 7, 35 ± 6 and 47 ± 12 μm, respectively. Scanning 
electrode microscopic (SEM) images illustrate that the shape 
of  SiCp is thin and flat with sharp edges,  ZrO2p is granular 
with less size variation, and  NiTip is bumpy, (Fig. 1).

2.2  Fabrication of Hybrid Al/(SiC/ZrO2/NiTi)‑MMC

For the fabrication of Al/(SiC/ZrO2/NiTi)-MMCs, stir-cast-
ing technique was used. AA6061 scrap was cut and washed 
with acetone for dirt removal. It melted in graphite crucible 
at 760 °C in argon gas atmosphere using resistance heat-
ing furnace. Preheated (at 350 °C)  SiCp,  ZrO2p and  NiTip 
were added to the melted aluminium and mixture was kept 
at 750 °C for 30 min. A stirrer (650 rpm) was applied for 
the proper mixing of reinforcement and molten matrix at 
760 °C. Wettability between reinforcement and matrix was 
improved by the addition of 1wt%magnesium. Hexachloro-
ethane  (C2Cl6) was used for degassing the entire melt after 
40 min. Post-removal of slag, mixture was emptied into pre-
heated steel mould at 700 °C. For making a comparative 
study, base alloy was also casted. Figure 2 represents the 
casting set-up and different fabricated AMMC specimens, 
whereas Table 2 represents the composition of it.

2.3  Characterisation

For the characterisation, samples were extracted from 
the fabricated specimens. They were refined using emery 
paper followed by diamond paste (0.25 μm) on disc polish-
ing. Further, high grade PFA cloth was used to accomplish 
glassy finish. At last, etching was performed by applying 
Keller’s reagent. Optical images were taken to explain the 
metallographic characteristics. Vickers microhardness tester 
Model:HV-1000B was used to determine the microhardness 
by applying 500 g load for 10 s.

Samples for tensile, compression and impact test were 
prepared as per ASTM E8/E8M-16a, ASTM E9-19 and 
ASTM-E23 standards, respectively [24–26]. Instron™ 
Universal Testing Machine (100 KN) was used for tensile 
test with strain rate of 1 ×  10–4  s−1, whereas Charpy impact 
testing machine (22 kg hammer) was used for impact test. 
Wear tests were performed on pin-on-disc (made of EN 32, 

Table 2  Composition of the fabricated AMMC specimens

Fabricated specimens Composition

A as-cast AA6061
B AA6061 + 3%SiC + 3%ZrO2

C AA6061 + 3%SiC + 3%ZrO2 + 1%NiTi
D AA6061 + 3%SiC + 3%ZrO2 + 2%NiTi
E AA6061 + 3%SiC + 3%ZrO2 + 3%NiTi

Table 3  Mechanical test results 
for fabricated specimens

Properties Fabricated Specimens

A B C D E

Ultimate tensile strength (MPa) 125 ± 3.5 168 ± 4.5 172 ± 4.0 181 ± 4.0 179 ± 4.5
0.2% offset yield strength (MPa) 90 ± 3.0 101 ± 3.5 105 ± 3.5 111 ± 3.0 109 ± 4.0
Elongation (%) 11.3 ± 0.5 10.4 ± 0.5 8.6 ± 0.4 7.7 ± 0.3 8.1 ± 0.4
Compressive strength (MPa) 283 ± 9 317 ± 12 331 ± 14 345 ± 12 363 ± 16
Microhardness (hv) 52 ± 3.5 69 ± 4.0 78 ± 4.5 84 ± 4.0 89 ± 3.5
Impact strength (joule) 16.6 ± 0.6 16.1 ± 0.5 18.3 ± 0.7 18.9 ± 0.6 19.0 ± 0.5
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hardness 62HRC) wear testing machine in dry sliding con-
dition with 1 m/s velocity and 40N load. Sample of sizes 
8 mm diameter and 30 mm length was extracted from the 
fabricated specimens for wear test. The samples were tested 
for total 1000 m distance, and wear loss was measured 
after every 200 m of sliding. Table 3 represents the results 
acquired from the mechanical tests.

3  Result and Discussion

A comparative study on microstructural, mechanical and 
tribological behaviour of the fabricated Al/SiC/ZrO2/NiTi-
MMC specimens was performed and analysed in the follow-
ing subsections.

3.1  Microstructural Analysis

For demonstrating microstructural properties of fabricated 
AMMCs, optical micrographic images were used. Figure 3a 
shows the dendritic structure, elongated primary α-Al den-
drites, irregular Al–Si eutectic segments in Specimen-A. 
It also discloses the existence of second phase Al(MgZn). 
Specimen-A shows uneven, harsh, and arbitrarily oriented 
grain structure. The measured average grain size of the 
specimens (A–E) is 285 ± 30, 193 ± 26, 160 ± 20, 142 ± 17 
and 118 ± 14 µm, respectively. It is clear that average grain 
size of fabricated AMMC was decreased as the reinforced 

particle increased. It is because of reinforced particles limit 
the formation of grains. In composites, heterogeneous 
nucleation during solidification also causes the formation 
of smaller grains [7, 11, 27]. Furthermore, addition of NiTi 
allows higher resistance to grain formation, consequently 
finer grain structure is obtained [20]. There is 58% of grain 
refinement is resulted due to the combined effect of rein-
forcement of SiC,  ZrO2 and NiTi which is comparatively 
greater than the previously published research [6, 14, 18].

The presence of low porosities can be seen in the fabri-
cated AMMCs. Degassing and casting of AMMCs in inert 
gas (argon) environment allow very less entrapment of 
atmospheric gases during casting. SEM images and EDS 
mapping of polished Specimen-E are shown in Fig. 4a–c. 
Figure 4a–b confirms the presence of web and foggy-shaped 
reinforced particles with random distribution in the matrix. 
Some particle rich and free portions can also be present 
due to dissimilar effect of vortex flow provided by stirrer 
and mechanical agitation. Clean particle–matrix interface 
can be observed from the SEM image (Fig. 4b). It helps in 
easy load transfer from matrix to reinforcement and, there-
fore, improves the load bearing capacity of the fabricated 
AMMCs. EDS mapping confirms the presence of all type of 
reinforcement in the fabricated AMMC (Fig. 4c).

Fig. 3  Microstructural analysis of fabricated AMMCs specimens
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3.2  Mechanical Properties

It can be supposed that the fabricated AMMC results in bet-
ter mechanical behaviour when compared to the base alloy. 
Hence, in the present study, tensile, compressive, micro-
hardness and impact test were carried out for investigating 
the mechanical behaviour of fabricated AMMCs under the 
influence of reinforcement. SEM images of tensile tested 
specimens were used to determine the mechanism of fracture 
involved.

3.2.1  Tensile Test and Fractography

Tensile strength plays a crucial role in the selection of mate-
rial for the particular application. Uniaxial tensile tests were 
carried out on specimens, and results are shown in Fig. 5. 
It was found that as-cast AA6061 has lowest value of UTS, 
YS and highest % elongation, i.e. ~ 125 MPa, ~ 90 MPa 
and ~ 11.3%, respectively. However, fabricated AMMCs have 
higher UTS, YS and lower % elongation, compared to as-
cast AA6061. AMMC Specimen-D (3wt%SiC, 3%wtZrO2 
and 2wt%NiTi) have maximum UTS and YS.

Tensile strength of any composite material is mainly 
decided by the grain size, numbers of dislocations, 

Fig. 4  a, b SEM image; c EDS mapping; of Specimen-E
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interfacial appearances, etc., and it can be improved by 
grain refinement, shear lag, matrix–reinforcement coef-
ficient of expansion difference and dislocation bowing. 
Hall–Petch relation enlightened the effect of refinement 
of grain on improved strength [28]. In the composites, 
movement of dislocation is prohibited by uniformly dis-
tributed reinforced particles, which ultimately increases 
the strength of composites. Clean interface (Fig. 4) results 
more competent transfer of load from matrix to the rein-
forcement during tensile testing. Due to varying nature 
of matrix and reinforcement, additional dislocations were 
formed, acting as the obstacle for movement of other dislo-
cations and increasing the tensile strength. Also, formation 
of micro-voids during casting decreases the ductility of 
the fabricated AMMCs and responsible for the crack ini-
tiation during tensile test. During tensile straining, exist-
ence of α-Al dendrites and coarse acicular Si particles acts 
as the stress concentration sites and lowers the ductility. 
Stress concentration also results the crack nucleation and 

Fig. 5  Variation in the strength and % elongation of fabricated speci-
mens

Fig. 6  SEM of fractured surface of fabricated specimens
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de-bonding of α-Al and Si particles and leads to premature 
fracture. The porosity produced during the stir-casting also 
acts as the stress concentration sites and result premature 
fracture. Therefore, addition of the reinforcement results 
decrement in the percentage elongation of the fabricated 
composites [18, 29].

For explaining fracture behaviour of the tensile test 
specimens, SEM images were taken and are shown in 
Fig.  6. Dimples indicate ductile fracture for AA6061 
(Fig.  6a). Gas porosities, coarse dendrites and large 
inter-dendritic shrinkage are clearly visible in the figure 
(Fig. 6a). Plastic slip bands arrangements also appear in 
the SEM images which generally occurs during the ductile 

fracture [30]. Grain refinement and uniform distribution of 
reinforcement delay the formation of micro-voids and pro-
hibit voids interlocking which leads to ligament fracture 
and consequently strength enhancement. Cleavage facets 
pattern appear in the fractography of fabricated AMMC 
(Fig. 6b). During tensile test, some of reinforced particles 
are withdrawn from the matrix (Fig. 6c, d). In the presence 
of this withdrawn particle zone and brittle facets fracture 
pattern, ductility of the fabricated AMMCs gets reduced.

Fig. 7  a Compressive strength, b impact energy of fabricated specimens

Fig. 8  a Hardness of fabricated specimens; b mean-hardness vs average grain size
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Fig. 9  SEM morphology of wear-out surfaces of fabricated specimens
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3.2.2  Compressive and Impact Strength

Figure 7 shows the compressive and impact strength of fab-
ricated specimens. While applying crushing load, the defor-
mation of the fabricated AMMC becomes complicated due 
to the reinforcement of hard particles. The measured com-
pressive strength of Specimen-A was ~ 283 MPa; however, 
Specimen-B was ~ 317 MPa. Addition of NiTi also increases 
the compressive strength. When compared to Specimen-A 
& B, compressive strength of Specimen-E had increased 
by ~ 28.27 and ~ 14.51%, respectively (Fig. 7a). Stress pro-
duced in the course of compressive test was disseminated 
uniformly between matrix and reinforcement and causes the 
grain dislocations and improves the elasticity of the material. 

Applied load on the fabricated AMMCs gets efficiently 
transferred to the reinforcement due to clean matrix–parti-
cle interface. From Fig. 7b, it is found that impact strength 
of Specimen-A is greater than the Specimen-B. It is because 
of energy stored in stress concentration zone during plastic 
deformation is more in casted AA6061 when compared to 
the fabricated composite Specimen-B. Addition of small 
amount of NiTi (1wt%) significantly improved the impact 
strength of fabricated AMMC. Calculated impact strength 
of Specimen-C, D and E was ~ 18.3 J, ~ 18.9 J and ~ 19.0 J, 
respectively. This could be because of integration of hard 
and brittle particle bounds the rapid loading. Due to clean 
interface between matrix and the reinforcement, they also 
absorb the maximum energy before sample break. Compared 

Fig. 10  a Surface roughness, b weight loss, c COF of worn-out surfaces
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to the published literature, fabricated hybrid composite 
resulted in higher compressive and impact strength [11, 16].

3.2.3  Microhardness

Hardness of a material is defined as its ability to resist the 
localised permanent penetration, typically by indentation. 
Figure 8 shows the effect of reinforcement on the hardness 
of fabricated AMMC and linear increment in the hardness 
of composites can be detected. When compared to Speci-
men-A, Specimen-B has ~ 32.69% improvement in hardness. 
Addition of NiTi particles further improved the hardness 
by ~ 29% (69–89 Hv) for Specimen-E. Reinforcement  NiTip 
in Al-SiC/ZrO2 results better microhardness, when com-
pared to  NiTip reinforcement in Aluminium alloys [19].

Due to reinforcement, refinement of grains takes place 
and increases the strain field surrounding the matrix and 
reinforcement interface. It resists the depression in the mate-
rial. Load transfer from the matrix to reinforcement also 
resists the indentation in material. In the fabricated AMMCs, 
grain size decreases as the reinforcement content increases. 
Lower grain size has higher number of grain boundaries in a 
specific area. These grain boundaries obstruct the movement 
of the dislocations, hence higher hardness.

3.3  Tribological Behaviour of Fabricated Specimens

Figures 9 and 10 represent the SEM of wear-out surface, sur-
face roughness, weight-loss and coefficient of friction (COF) 
of wear-out samples, respectively. As NiTi wt% increases, 
surface roughness value of fabricated composites decreases 
(Fig. 10a).

SEM morphology of wear-out surface of Specimen-A 
shows some broken areas with patches and channels from 
abrasion (Fig. 9a). This indicates the tendency of Speci-
men-A to plastically deform when subjected to shearing of 
the irregularities of the another surface. Adding reinforce-
ments to Specimen-A increases the COF value, but slightly 
decreases its variability due to increased hardness and 
decreased plasticity of the fabricated AMMCs. Therefore, 
a mild groove is observed in Specimen-B, indicating sig-
nificantly reduced wear. However, significant pits caused by 
delamination have been observed in Specimen-B (Figs. 9b 
and 10b). Decreased thermal conductivity of the reinforce-
ment caused the heat accumulation to the adjacent during 
sliding and forms delamination pits [31].

Higher hardness of the fabricated composites leads to 
the reduction in the abrasion; however, delamination was 
considerably increased. The Ra values of Specimen-A and 
Specimen-B demonstrate that in the case of composites, 
delamination pits were shallower than the abrasion grooves 
compared to Specimen-A. Increase in the hardness increases 
the resistance of the asperities to penetrate the surface, 

resulting in reduction in COF (Fig. 10c). It can also be seen 
that Specimen-C has far fewer wear grooves and lower Ra 
than Specimen-A and B. This indicates that asperities had 
less penetration and resulted in less wear loss (Fig. 10b).

Composite with 2wt%NiTi has lower COF and higher hard-
ness. The reduction in grain size resulted in increased pho-
non scattering and consequent heat pile-up within the grain 
themselves. As a result, there was more adhesive interaction 
and delamination. Therefore, Specimen-D experienced greater 
wear loss than Specimen-C. COF of composite with 3wt%NiTi 
was higher than that of 2wt%NiTi. A small imbalance between 
peaks and valleys (excluding few regions) can be seen in 
Fig. 10c. It implies less abrasion grooves and increase in adhe-
sion. The significant COF variation of 3wt%NiTi composites 
was caused by the increased adhesion force. Adhesive wear 
did not increase as much as abrasive wear, so the amount of 
wear decreased. When compared to Al–SiC–ZrO2 composite, 
fabricated hybrid composite offers better wear performance 
[10, 15].

4  Conclusions

In the present work, NiTi/SiC/ZrO2 reinforcement-based 
hybrid aluminium-MMCs were fabricated utilising liquid 
stir-casting for numerous industrial applications. The effect 
of NiTi wt% on microstructure, mechanical and tribological 
behaviour of Al/SiC/ZrO2/NiTi-MMCs was studied. Based 
on investigation, following conclusions can be made:

• As-cast AA6061 has shown low strength, ductility and 
wear resistance due to the presence of porosity, coarse 
grains and α-Al dendrites.

• Addition of reinforcement improves the microstructure, 
mechanical and tribological behaviour of fabricated 
AMMCs.

• Addition of 2wt%NiTi results in 44.8% and 7.73% incre-
ment in tensile strength of fabricated MMC when com-
pared to the AA6061 and Al/(SiC/ZrO2)-MMC, respec-
tively.

• Addition of 3wt%NiTi improves compressive strength, 
hardness and impact strength by 12.67, 28.98 and 18.01%, 
respectively, when compared to Al/(SiC +  ZrO2)-MMC.

• Addition of NiTi increases the COF due to increased 
adhesion, but decreases the wear loss and surface rough-
ness of worn-out surface.
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