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Abstract
Hybrid aluminum matrix composites (HAMCs) containing carbon nanotubes (CNTs) and zirconium diboride  (ZrB2) par-
ticles were prepared via solid-state powder metallurgy route. The constituents of HAMCs were initially ball milled for 
uniform dispersion, and subsequently composite mixtures were consolidated by cold compaction, which was followed 
by pressureless sintering. The fractions of nanotubes and ceramic particles in HAMCs were 0.5 wt% and 5.0 wt%, respec-
tively. Individually reinforced composites containing 0.5 wt% MWCNTs and 5.0 wt%  ZrB2 particles were also prepared 
for reference together with pure aluminum. X-ray diffraction identified the crystalline phases while optical and scanning 
electron microscopy revealed uniform dispersion of reinforcements without their agglomeration. Mechanical charac-
terization showed a significant rise in the properties of HAMCs over unreinforced aluminum and composites containing 
individual reinforcements. The improvements of ~ 26%, ~ 34% and ~ 19% in hardness, compressive strength and flexural 
strength were observed in comparison with pure aluminum, respectively. The examination of fractured surfaces revealed 
the strengthening mechanisms responsible for the improvement in mechanical performance of HAMCs.

Keywords Aluminum · Hybrid composite · Multiwalled carbon nanotubes · Zirconium diboride · Mechanical properties · 
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1 Introduction

Metal matrix composites (MMCs) have always been consid-
ered as potential and prospective candidates for advanced 
engineering applications due to their superior mechanical 
and functional properties in comparison with monolithic 
metals and alloys [1]. Among different metallic matrices, 
aluminum and its alloys are ideal materials for MMCs due 
to their light weight, cost-effectiveness, good workability 
and recyclability together with high thermal and electrical 
conductivities [2]. Aluminum matrix composites (AMCs) 

have therefore gained acceptance for a variety of appli-
cations in automotive and industrial engineering due to 
their unique combination of properties like high specific 
strength and stiffness, good tribological properties, elec-
tromagnetic shielding capability and improved thermal 
stability [3].

In preparing AMCs with enhanced mechanical proper-
ties, the role of an appropriate reinforcement selection 
and manufacturing technique cannot be underestimated. 
The properties of AMCs are principally dependent on the 
nature, geometry, mass fraction and dispersion quality of 
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reinforcement. A wide range of reinforcements in the form 
of fibers, particles and whiskers are incorporated in alu-
minum to prepare AMCs. However, particulate-reinforced 
AMCs are comparatively economical to produce and offer 
better isotropy in mechanical properties. A range of rein-
forcements including oxides  (Al2O3,  ZrO2), carbides (SiC, 
 B4C, TiC, WC), nitrides  (Si3N4, AlN), borides  (TiB2,  ZrB2), 
intermetallics (Al–Fe, Al–Ni, Al–Nb), graphite and fly ash 
have been incorporated in aluminum, by liquid- and solid-
state processing techniques [4].

Among different particulate reinforcements, zirconium 
diboride  (ZrB2) is considered as an efficient ceramic rein-
forcement due to its high elastic modulus (~ 489 GPa), high 
melting point (~ 3245 °C), good thermal shock resistance 
and high thermal and electrical conductivities [5].  ZrB2 
particles significantly enhance the wear resistance and 
corrosion protection of AMCs [6]. On the other hand, the 
novel form of graphite, i.e., multiwalled carbon nanotubes 
(MWCNTs), has been identified as an ideal reinforcement 
for AMCs due to their low density, superior mechanical 
properties, high aspect ratio and better thermal and elec-
trical conductivities [7].

Despite an attractive package of properties, AMCs still 
face the challenges of high cost, reduced ductility, low 
fracture toughness and unpredicted corrosion behavior. 
However, the recent trend of preparing hybrid aluminum 
matrix composites (HAMCs) containing more than one 
reinforcements in metallic [8], ceramic [9] and polymeric 
[10] matrices offers an option to produce composites with 
improved performance. Typically, in aluminum matrix, dif-
ferent combinations have been reported including SiC/
graphite [11], SiC/Al2O3 [12], SiC/mica [13],  Al2O3/B4C [14], 
 Si3N4/AlN/ZrB2 [15],  ZrB2/Al3Zr [16], MWCNTs/graphene 
[17],  ZrB2/TiB2 [18] and SiC/ZrO2 [19]. For the preparation 
of hybrid composites, a range of manufacturing tech-
niques have also been used such as direct melt reaction 

[20], stir casting [21], friction stir processing [22, 23] and 
powder metallurgy [23].

A methodical search of relevant literature yielded that 
 ZrB2 particles have not been incorporated along with 
MWCNTs in aluminum matrix to explore their synergic 
effect. The combination of two physically and chemically 
different reinforcements may produce novel properties 
of the developed composites. The aim of present work is 
therefore to investigate the combined effect of MWCNTs 
and  ZrB2 particles on the microstructural and mechanical 
properties of HAMCs. The investigation of the strength-
ening mechanisms in HAMCs due to the incorporation of 
binary reinforcements is another aim together with the 
change in the fracture morphology attributed to two mor-
phologically different reinforcements.

2  Experimental

2.1  Materials

Commercially available pure aluminum powder with 
purity level > 99.9% and particle size 6–10 µm, procured 
from Merck, Germany, was employed as the matrix. Sur-
face morphology of the as-received Al particles is shown 
in Fig. 1a. Both MWCNTs and  ZrB2 particles were procured 
from Guangzhou Jiechuang, China, which were used as 
reinforcements. MWCNTs had length and diameter of 
5–20 μm and 20–30 nm, respectively, while  ZrB2 particles 
had a size of 2–5 µm, as evident from SEM images shown 
in Fig. 1b and c, respectively.

2.2  Manufacturing

Four types of composite mixtures were prepared: (a) 
pure Al (P-Al) without any reinforcement to be used as 

Fig. 1  SEM micrographs of composite constituents: a Al particles, b MWCNTs and c  ZrB2 particles
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reference, (b) Al containing 0.5 wt% MWCNTs (0.5M–Al), 
(c) Al containing 5 wt%  ZrB2 particles (5Z–Al) and (d) Al 
containing both 0.5 wt% MWCNTs and 5 wt%  ZrB2 par-
ticles to (0.5M/5Z–Al) produce desired HAMCs (Table 1).

Figure 2 shows powder metallurgy (PM) route for pre-
paring AMCs, wherein ball-milled constituents were fol-
lowed by cold compaction and pressureless sintering for 
consolidation. The composite constituents were mixed 
thoroughly in milling process using a high-capacity labo-
ratory jar mill (Model: RZ-04149-05, Cole-Parmer Instru-
ment Co. USA) at 180 rpm for 6 h at room temperature. 
Zirconia balls with diameter of 5 mm and weight of 5 g 
were used as milling media, and ball-to-powder ratio was 
kept at 1:1. Same milling media and conditions were used 
to mill reference aluminum to produce the same effect of 
mechanical working as experienced by aluminum powder 
in composite mixtures.

For the consolidation of composite mixtures, uniaxial 
cold pressing followed by pressureless sintering was per-
formed. Ball-milled mixtures were initially filled in a steel 
die of inner diameter of 20 mm and cold-compacted at 
150 MPa using a manual hydraulic press (15-Ton, Atlas 
Series, Specac Ltd, UK). As-pressed compacts called as 

green bodies were later sintered in a tube furnace (KJ-
1600VF, Zhengzhou Kejia Furnaces, Co. China) under 
argon atmosphere. Sintering was carried out in two steps: 
(a) 400 °C for 1 h to remove the moisture followed by 
630 °C for 6 h, which was followed by furnace cooling. The 
sintered pellets had average diameter and thickness of 
20 mm and 5 mm, respectively.

2.3  Characterization

The densities of samples after sintering were measured 
by Archimedes principle using a densimeter (AU-900S, 
Dong Guan Hong Tuo Instrument Company, China) 
having accuracy of  10−3 g, while the densities of green 
bodies were measured by geometrical method. For 
microstructural observation, samples were cut parallel 
to pressing direction using a low-speed diamond blade 
saw (ISOMET, Buehler Ltd. USA). Grinding and polish-
ing of samples were performed on a lapping/polishing 
machine (Forcipol 2V, Metkon Instruments, Turkey). For 
grinding, silicon carbide emery papers of grit sizes 600, 
800, 1000, 1200, 1500 and 2000 were used at rotational 
speeds of 120–200 rpm. A mirror-like and scratch-free 
surface was obtained through polishing using alumina 
paste of 20 and 5 µm on polishing cloth at a speed of 
60–80 rpm. To reveal the surface morphology, the pol-
ished specimens were etched for 35 s in Keller’s reagent 
(2 mL HF, 5 mL  HNO3, 3 mL HCL and 190 mL distilled 
water). Optical microscopy (OM) was performed by using 
a metallurgical microscope (IMM-901, Metkon Instru-
ments, Turkey) at magnifications of 100 × and 500 ×. 
Microstructural observation of the constituents in com-
posites and their polished and fractured surfaces was 
performed under field emission gun scanning electron 
microscope (FEG-SEM, MIRA-III, TESCON, Czech Republic) 
in secondary electron imaging mode at an accelerating 

Table 1  Compositions of individually reinforced and hybrid com-
posites

No. Composites Fraction of constituents (wt%)

MWCNTs ZrB2 (%) Aluminum

1 Pure aluminum (P-Al) – – 100
2 0.5 wt% MWCNTs–Al (0.5M–

Al)
0.5 – 99.5

3 5 wt%  ZrB2–Al (5Z–Al) – 5 95
4 0.5 wt% MWCNTs/5 wt% 

 ZrB2–Al (0.5M/5Z–Al)
0.5 5 94.5

Fig. 2  Schematic showing the processing steps for the manufacturing of AMCs containing MWCNTs and  ZrB2
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voltage of 10 kV. X-ray diffraction (XRD) technique was 
employed for phase identification in composites using 
Rigaku X-ray diffractometer with Cu Kα radiation over 2θ 
scanning range of 20°–90°.

Hardness was measured by Vickers micro-hardness 
tester (VLS 3853, SHIMADZU, Japan) equipped with pyra-
mid diamond indenter at a load of 500 g for 15 s. At least, 
ten readings of hardness values were acquired to obtain 
the average value of each sample. For measuring hard-
ness, the composite samples were polished up to a sur-
face finish of 5 µm. Compressive and flexural strengths 
of composites were measured on an universal testing 
machine (WDW-30, Jinan Testing Equipment, China) at a 
strain rate of 2.0 mm/min and 0.02 mm/min, respectively. 
At least five specimens were prepared for each type of 
composites, and their average value along with standard 
errors has been presented.

3  Results and discussion

3.1  Density

The theoretical, actual and relative densities of pure Al and 
composite samples after sintering are presented in Table 2. 
It can be seen that all the composites showed relative den-
sities > 97% indicating that the processing of composites 
was suitable to consolidate the specimens to near theo-
retical density values.

Figure 3 shows relative density comparison, wherein 
pure Al sample showed the density > 98%, which was 
reduced by incorporating individual and dual reinforce-
ments but still > 97%. The density results are also in good 
agreement with earlier studies [24, 25], while the samples 
containing MWCNTs resulted in comparatively lower den-
sities [24].

Table 2  Theoretical, actual and 
relative density values of pure 
Al and composites

No. Composites Density

Theoretical (g/
cm3)

Actual (g/cm3) Relative (%)

1 Pure Al 2.7 2.65 ± 0.31 98.5 ± 0.2
2 0.5 wt% MWCNTs–Al 2.69 2.61 ± 0.32 97.2 ± 0.4
3 5 wt%  ZrB2–Al 2.86 2.80 ± 0.23 97.7 ± 0.3
4 0.5 wt% MWCNTs/5 wt%  ZrB2–Al 2.86 2.77 ± 0.45 97.1 ± 0.4

Fig. 3  Relative densities 
of pure Al and composites 
containing MWCNTs and  ZrB2 
particles
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3.2  Microstructural characterization

3.2.1  X‑ray diffraction

Figure 4 shows XRD patterns of pure Al and composite 
samples. Typical Al peaks can be observed in all samples, 
while  ZrB2 peaks are prominent in 5Z–Al and 0.5M/5Z–Al 
samples. Peaks of MWCNTs and any other interfacial 
phase due to the reaction between Al and MWCNTs such 
as  Al4C3 were not detected in 0.5M–Al and 0.5M/5Z–Al 
samples. It may be due to the presence of MWCNTs in 
small fractions, i.e., 0.5  wt% or the limitation of XRD 
machine, as also observed elsewhere [25]. Similarly any 
other phase due to the possible reaction between Al and 
 ZrB2 such as  ZrAl3 or  AlB2 was not identified in 5Z–Al and 
0.5M/5Z–Al samples. In contrast, the formation of  ZrAl3 
was reported in a different study [18, 26].

The reason for the absence of  AlB2 and  ZrAl3 in the 
present study may be due to relatively low processing 
temperature of 630 °C during pressureless sintering as 
compared to melting techniques. The absence of inter-
metallic compounds of Al with  ZrB2 is usually reported in 
 ZrB2–Al composites when synthesized by conventional 
powder metallurgy [6] and microwave [27] sintering 
routes.

3.2.2  Optical microscopy

Optical micrographs of pure Al and composite samples 
are shown in Fig. 5. Homogenous distribution of the two 
reinforcements in matrix was observed without the pres-
ence of any visible agglomeration. Although MWCNTs are 
not detectable at the present magnification, any sign of 
their agglomeration was likewise not found [24]. Moreo-
ver, due to optimized sintering procedure, the defects such 
as porosity and voids were minimum.

In the succeeding sections, it will be emphasized 
that the uniform dispersion of dual reinforcement and 
minimum of porosity plays a vital role to prepare hybrid 
composites with improved mechanical properties. The 
compressed grains can be observed in pure Al and the 
composite containing solely MWCNTs (0.5M–Al) attribute 
to the uniaxial pressing, while the composites containing 
 ZrB2 particles alone (5Z–Al) or in combination with MWC-
NTs (0.5M/5Z–Al) revealed equiaxed grains (Fig. 5). If the 
uniaxial pressing of composite powders is taken as the rea-
son for the flattening of aluminum particles, then it should 
have been observed in all composite samples. A possible 
cause for the elongation of Al grains in two of the samples, 
i.e., P-Al and 0.5M–Al (Figs. 5a, b, 6a, b) has been discussed 
in the following section.

Fig. 4  XRD patterns of pure Al 
and composites showing the 
characteristic peaks of Al and 
 ZrB2
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3.2.3  Scanning electron microscopy

Figure 6 displays SEM images of pure Al and composite 
samples. It can be seen that pure Al has coarse grains, 
which are also elongated (Fig. 6a), while Fig. 6b shows 
image of 0.5M–Al composite sample wherein compara-
tively smaller size grains can be seen but still elongated. 
Coarsening may be suppressed due to the addition of 
MWCNTs. This effect has also been reported in an earlier 
study [20]. The presence of  ZrB2 particles (light color) in Al 
matrix (dark color) also plays a role in grain refinement, as 
shown in Fig. 6c, d. It was recognized in a previous work 
that  ZrB2 particles have the tendency to lock grain bound-
aries [18]. Nevertheless, a significant effect of MWCNTs 
and  ZrB2 as grain refiners was not observed in the present 
study as the composites still had large grains though grain 
refining in comparison with pure Al was witnessed. Finally, 
Al particles can be seen along with small  ZrB2 particles due 
to their homogeneous distribution.

It has been pointed out throughout the mechanical 
mixing process that the ductile Al underwent defor-
mation while the brittle  ZrB2 particles fragmented [6]. 
By mixing Al with  ZrB2 particles, the grain growth was 
restricted resulting in equiaxed grain morphology. 

Additionally, most of the  ZrB2 particles were present near 
grain boundaries; however, their fewer fractions were 
also found within grains (Fig. 6c). This type of dispersion 
was also revealed in a parallel study [28]. The detection 
of MWCNTs in SEM images of the present magnification 
was difficult, especially on the polished surfaces. Pres-
ence of MWCNTs was spotted in SEM images of the frac-
tured surfaces of the composites in Fig. 10, discussed 
further below.

3.3  Mechanical characterization

The combined addition of micrometer- and nanometer-
scale particulate reinforcements imparts modification 
in the overall mechanical properties of a matrix mate-
rial. The improvement in mechanical strength depends 
on the individual characteristics of reinforcements and 
matrix along with their interaction at the interface [9]. 
Likewise, significant improvement in the mechanical 
properties of the prepared HAMCs (0.5M/5Z–Al) has 
been observed in the present study as compared to ref-
erence aluminum (P-Al).

Fig. 5  Optical micrographs of prepared samples: a pure Al, b 0.5 wt% MWCNTs–Al composite, c 5 wt%  ZrB2–Al composite and d 0.5 wt% 
MWCNTs/5 wt%  ZrB2–Al composite
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3.3.1  Hardness

Figure 7 and Table 3, shows the improvement in Vickers 
hardness due to the addition of reinforcements in pure 
Al. It is evident that the composites have remarkably 
higher hardness values than pure Al. Upon the addition 
of 0.5 wt% MWCNTs to pure aluminum, an increase of 
about ~ 7% in hardness was observed, i.e., from 33.1 ± 0.6 
to 35.4 ± 0.5 HV. However, in case of 5 wt%  ZrB2 parti-
cles as reinforcement, the average hardness attained 
was 40.1 ± 0.6 HV, which is a rise of ~ 22%. The HAMCs 
(0.5M/5Z–Al) revealed the maximum hardness value of 
41.7 ± 0.7 HV showing an increase of ~ 26% as compared 
to pure Al.  

The manifested increase in the hardness value of 
0.5M/5Z–Al may be attributed to dispersion harden-
ing. The presence of both micrometer- and nanometer-
scale reinforcements induced the pinning effect and 
constrained grain growth [29]. Moreover, dispersion 
strengthening effect attributed to uniform distribution 
of MWCNTs and  ZrB2 particles [7] and Orowan strength-
ening mechanism by dislocation looping around rein-
forcement particles [30] are believed to be supplemen-
tary mechanisms responsible for the increase in the 
mechanical strength, which was revealed in the rise of 
hardness values.

Fig. 6  SEM images of polished surfaces of samples: a pure Al, b 0.5 wt% MWCNTs–Al composite, c 5 wt%  ZrB2–Al composite and d 0.5 wt% 
MWCNTs/5 wt%  ZrB2–Al composite
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3.3.2  Compression strength

Like hardness, compressive strength of pure Al was 
markedly improved by incorporating MWCNTs and  ZrB2 
particles individually and combined (Table 4). Figure 8a 
and b shows the stress–strain diagram and compressive 

strength values, respectively. The 0.5M/5Z–Al contain-
ing 0.5 wt% MWCNTs and 5 wt%  ZrB2 particles exhib-
ited an increase in compressive strength of ~ 34% from 
77 ± 3 MPa to 103 ± 6 MPa. On the other hand, compos-
ites having single reinforcements displayed relatively 
lower enhancements. 0.5M–Al composite had compres-
sive strength of 85 ± 2 MPa showing an improvement 
of ~ 10%, and 5Z–Al reinforced with 5 wt%  ZrB2 particles 
displayed compressive strength of 98 ± 4 MPa, which is 
an increase of ~ 27%.

It can be inferred that the strengthening effect was 
influenced by the presence of reinforcements at two differ-
ent scales in 0.5M/5Z–Al composites. The uniform disper-
sion of hard and stiff reinforcements led to efficient load 
distribution in the bulk composite and enhanced disloca-
tion density effect [31].

HAMCs exhibited higher compressive strength values 
due to simultaneous operation of two types of strengthen-
ing mechanisms. One effect was Orowan strengthening 
mechanism attributed to the presence of hard ceramic 
micrometer-sized  ZrB2 particles. When composites are 
under compressive stress, the stiff  ZrB2 particles impede 
the dislocation motion during plastic deformation of 
aluminum. The second strengthening phenomenon was 
grain refining due to the pinning effect of MWCNTs and 
 ZrB2 particles, which hindered the movement of disloca-
tions across the grains, owing to higher grain boundary 

Fig. 7  Vickers hardness values 
of pure Al and composite 
samples

Table 3  Vickers hardness values of pure Al and composites

No. Composites Vickers 
hardness 
(HV)

1 Pure Al 33.1 ± 0.6
2 0.5 wt% MWCNTs–Al 35.4 ± 0.5
3 5 wt%  ZrB2–Al 40.1 ± 0.6
4 0.5 wt% MWCNTs/5 wt%  ZrB2–Al 41.7 ± 0.7

Table 4  Compressive strength values of pure Al and composites

No. Composites Compressive 
strength (MPa)

1 Pure Al 77 ± 3
2 0.5 wt% MWCNTs–Al 85 ± 2
3 5 wt%  ZrB2–Al 98 ± 4
4 0.5 wt% MWCNTs/5 wt%  ZrB2–Al 103 ± 6
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population. Similar correlation has also been established 
in prior studies [9, 16].

3.3.3  Flexural strength

The flexural test results as measured by three-point 
bending method are presented in Fig. 9 and Table 5. The 
stress–strain plots in Fig. 9a show the behavior of pure 
Al and composites under flexural loading. The incorpo-
ration of reinforcements improved the flexural strength 
of composites, i.e., 0.5M–Al composite displayed a rise 
of ~ 8%, 5Z–Al composite exhibited ~ 15% increase and 
0.5M/5Z–Al composite showed the highest improvement 
of ~ 19%. The flexural strength was improved because of 

the strengthening mechanisms, as discussed above and 
also observed elsewhere [29].

Fig. 8  Compressive strength of pure Al and composites: a stress–strain graph and b compressive strength values

Fig. 9  Flexural strength of pure Al and composites: a stress–strain plot for three-point bend test and b flexural strength values

Table 5  Flexural strength values of pure Al and composites

No. Composites Flexural 
strength 
(MPa)

1 Pure Al 525 ± 8
2 0.5 wt% MWCNTs–Al 570 ± 9
3 5 wt%  ZrB2–Al 605 ± 11
4 0.5 wt% MWCNTs/5 wt%  ZrB2–Al 622 ± 10
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On the other hand, composites displayed relatively 
lower strain-to-failure values (~ 0.85 to ~ 1.55%), which 
may be related to increased strength along with lower 
relative density in the range of 97–98% or attributed to the 
absence of secondary processing, which could produce 
compacted composites without any defects; an analogous 
effect has also been noticed in a previous work [24].

It has been reported that the incorporation of stiff  ZrB2 
particles resulted significant decline in the failure strain, 
which was attributed to higher weight fractions of  ZrB2 
and their inability to deform plastically, thus consequently 

leading to easy debonding and early failure [16, 32]. 5Z–Al 
composite exhibited strain-to-failure of about ~ 0.85%, as 
compared to ~ 1.55% of pure aluminum. However, 0.5M–Al 
composite displayed a remarkable feature of increase in 
flexural strength, with marginal decrease in failure strain 
owing to the flexible nature of MWCNTs and their sliding 
during deformation, as also observed elsewhere [33]. In 
case of 0.5M/5Z–Al composite, strain-to-failure was close 
to that of 5Zr–Al composite due to the dominant role of 
 ZrB2, as discussed above and also pointed out in a parallel 
research [8].

Fig. 10  SEM images of the fractured surfaces of pure Al and com-
posites: a pure Al, b 0.5 wt% MWCNTs–Al composite (yellow arrows 
indicate MWCNTs), c 5 wt%  ZrB2–Al composite (white arrows indi-

cate  ZrB2 particles) and d 0.5  wt%CNTs/5  wt%  ZrB2–Al HAMCs. 
Insets show SEM images at higher magnifications
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3.4  Fractography

The fractured surfaces of pure Al and composite sam-
ples were observed to evaluate the distribution quality 
of MWCNTs (pointed out with yellow arrows) and  ZrB2 
particles (pointed out with white arrows) and their influ-
ence on fracture mode (Fig. 10). It is evident from the SEM 
images that reinforcement clustering, interfacial cracks, 
porosity, debonding between matrix and reinforcements 
are the common problems found in composites, which in 
this study are significantly less due to optimum reinforce-
ment content and their uniform distribution in the matrix.

It has been observed in previous studies that higher 
reinforcement content resulted in their aggregation [6, 34]. 
Although no chemical interface was identified between 
reinforcements and ductile Al matrix, the presence of a 
mechanical interface was found due to the absence of 
reaction between the matrix and the reinforcements. 
The irregular shape of  ZrB2 particles in ductile aluminum 
matrix was enough to transfer the stress from the matrix 
to the reinforcement. In case of MWCNTS, their flexible 
nature and bended contours incorporated them firmly in 
ductile matrix for effective load transfer and thus improved 
performance.

Intergranular fracture is observed in unreinforced 
pure aluminum sample (Fig. 10a), as prepared through 
the same processing route as composites. After the addi-
tion of MWCNTs with large aspect ratio, the fracture 
mode changed from purely intergranular to a mixture of 
intergranular and transgranular (Fig. 10b). However, the 
fracture mode was predominately intergranular attrib-
uted to the bendable nature of MWCNTs during plastic 
deformation, as discussed above.

Unlike MWCNTs, the addition of rigid micrometer size 
ceramic particles of  ZrB2 was located along the surface 
of aluminum particles; therefore, their presence around 
grain boundaries in sintered samples resulted in stronger 
grain boundaries. Due to this phenomenon, the crack 
could not be propagated along the grain boundaries 
and deflected toward the grains, thus showing pre-
dominantly the transgranular fracture mode (Fig. 10c). 
While in hybrid composite, both kinds of fracture modes, 
i.e., intergranular and transgranular, can be observed 
(Fig. 10d) due to the presence of two dissimilar types 
of reinforcements, i.e., MWCNTs and  ZrB2 particles, and 
their different behavior under applied load.

4  Conclusions

The solid-state processing technique comprising ball 
milling, cold compaction and pressureless sintering 
was employed to develop hybrid aluminum matrix 
composites containing 0.5 wt% MWCNTs and 5.0 wt% 
 ZrB2 particles. Uniform dispersion of MWCNTs and  ZrB2 
particles was observed in the matrix without any indi-
cation of agglomeration and reinforcement-rich and 
reinforcement-depleted areas. The addition of  ZrB2 par-
ticles developed fine and equiaxed aluminum grains in 
composites. The prepared HAMCs showed sintered den-
sity near theoretical, which is prerequisite for achieving 
improved mechanical properties. XRD confirmed the 
absence of any interfacial phase between matrix and 
reinforcements, which suggested the development of a 
mechanical interface. The mechanical properties includ-
ing hardness, compressive and flexural strengths were 
improved over reference aluminum by ~ 26%, ~ 34% 
and ~ 19%, respectively. This improvement in mechanical 
properties was attributed to the strengthening mecha-
nisms and the enhanced dislocation density owing to 
the presence of dual reinforcements, i.e., MWCNTs and 
 ZrB2 particles.
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