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Abstract

The influence of nanoparticle agglomeration plays a crucial role in altering the mechanical
properties of the resulting nanocomposites. The pre-processing of manoparticles prior to its
addition in the matrix alleviates the agglomeration and helps.to attain the uniform dispersion.
In the present work, an ultrasonic-assisted stir/squeeze casting technique was employed to
prepare the aluminum 6061 (Al6061) based hybrid 'nanecomposites reinforced with pre-
processed TiO, and multi-walled carbon nanotubes. (MWCNTSs). In order to achieve uniform
dispersion of nano-reinforcements ondesulting Al-based hybrid nanocomposites, four different
reinforcements pre-processing routes, i.e. sonieation, ball-milling, stirring and its combinations
were adopted. The effects of numerous parameters such as reinforcement weight percentage,
reinforcement pre-processing routes and fabrication techniques on the microstructure and
mechanical properties of the hybrid nanocomposites were investigated. The effect of various
pre-processing routes on ‘the) morphology evolution in MWCNTs and TiO2/MWCNT
nanoparticles mixture were investigated using scanning electron microscopy (SEM),
transmission electronymicroscopy (TEM) and X-ray diffraction (XRD) techniques. Further, the
microstruetural investigation of the prepared nanocomposites was carried out by employing
optical mierosecOpy (OM) and x-ray mapping analysis. Mechanical characterizations such as
tensile strength and microhardness show significant enhancement in the mechanical properties

of thybrid nanocomposites due to the addition of pre-processed nano-reinforcements. The
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ultimate tensile strength (UTS), yield strength (YS) and microhardness of the ultrasonic-
assisted squeeze cast Al6061-TiO2 (1 wt%)-MWCNT (1.5 wt%) hybrid nanocomposite
remarkably enhanced by 302%, 400% and 77 %, respectively, due to MWCNTs shortening,
uniform dispersion of reinforcements and processing technique. The fractured surface
morphology of hybrid nanocomposites was examined using Field EmissiontSEM, which
exhibits the presence of nano-reinforcements without any sign of destruction in their

morphology.

Keywords: Multi-walled carbon nanotubes; Aluminium-based hybrid metal matrix
nanocomposite: Microstructure investigation; Dispersion; Ultrasonic-assisted Casting:

Mechanical properties.

1. Introduction

The multi-walled carbon nanotubes (MWCNTs) are first synthesized by lijima et al. [1] in 1991
through the arc discharge technique. Significant efforts are made by several researchers to
employ this ultimate nanofiller in polymers, metals and ceramic matrix to develop novel
nanocomposites. This nanomaterial is recognized as an ultimate nanofiller due to its
exceptional mechanical properties, i.e. high modulus up to 4.15 TPa [2] and tensile strength up
to 150 GPa [3], which isshelpful™to strengthen the resulting nanocomposites, unlike
conventional fillers. Numerous research work has been carried out in the fabrication and
characterization of carbon nanoetubes (CNTs) reinforced polymer and fiber-matrix composites
in the last few decades. Whereas, presently, researchers are giving significant attention to the
development (of/ CNT-reinforced metal matrix composites (MMCs) due to its promising

applications towards automobile, marine and aerospace industries [4—7].

In the arena of advanced lightweight high-strength MMCs, aluminum alloys are the most

popular-owing to its decent mechanical properties and low density as compared to other matrix
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materials. Literature shows that aluminum metal matrix composites (AMMCs) are widely
accepted in the field of automobile, marine, sports goods industries and aircraft components
due to its excellent corrosion resistance, mechanical, physical, tribological, electrical and
thermal characteristics [8,9]. In the recent era, AMMCs reinforced with CNTs gain stimulated
research attention and become a topic of prevalent research work among the researchers dueito
its excellent mechanical, thermal, physical and corrosion resistance characteristics. Owing to
that, this newly developed aluminum metal matrix nanocomposites (AMMNCs) found its
application towards aerospace and automotive components [10]. AMMNCs can be fabricated
through various fabrication techniques such as friction stir/processing [11,12], powder
metallurgy [13,14], stir casting [15] and squeeze casting [16]. A'significant number of research
articles on fabrication, microstructural examination, strengthening'mechanism and mechanical
characterization of the AMMNCs have been observed, which demonstrates substantial

improvement in the properties of the AMMNC:s.

Attaining uniform dispersion and engagement.of distinct CNTs in the matrix without damaging
its tubular structure and morphology are major.challenges during the fabrication of AMMNCs.
These problems are mainly due to the CNT agglomeration caused by van der Waals interactions
and its high aspect ratio. To overcoeme these problems, various dispersion techniques such as
sonication, stirring, ball-milling (low and high energy), magnetic stirring and nanoscale
dispersion technique were reported by several researchers [5]. The combination of the above-
discussed techniques is also used by earlier researchers to obtain uniform dispersion. It is
observed from'the literature that the combination must be perfect in order to avoid any damage
or destruction of'the CNT tubular structure. Moreover, various studies revealed that the
nanotubesimorphology and their dispersion techniques/time also play a significant role in
altering the mechanical properties of the AMMNCs. Outcomes presented by Simdes et al. [17]

demonstrated that the nanotubes morphology and its dispersion significantly affect the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX2-103188.R1

mechanical properties (UTS and microhardness) of the resulting nanocomposites. Therefore,
investigations on the effects of several dispersion techniques such as sonication and ball-
milling on MWCNTs dispersion and morphology require critical attention and still" have

immense scope for further investigation.

On the other hand, due to growing demands of new materials with improved service life;
reduced weight and economical features, several studies are being carried out to,enhance the
mechanical properties of the AMMNCs by reinforcing micro and nano-¢eramic particles such
as AbOs [12], B4C [18], Graphene/Al,Os; [19] and SiC [20]. \Ceramic nanoparticles in
aluminum alloy demonstrated good wettability in melt and superior mechanical properties
compared to other reinforcements [21]. Further, literature,divulged that the employment of
hybrid reinforcement in Al-based hybrid nanocomposite is,better than single reinforcements
[22]. So far, trivial investigations have been performed on the fabrication and characterization
of aluminum metal matrix hybrid nanocomposites (AMMHNCs), and efforts are made to
examine its effect on the augmentation of ' mechanical properties of resulting nanocomposites.
Also, the influence of reinforcement dispersion.on the strengthening of hybrid nanocomposites

are unexplored and need critical investigation.

Among all the AMMC:s fabrieation techniques, stir/squeeze casting (liquid-state processing) is
observed to be a better preparation method due to its simplicity in operation, inexpensive,
continuous matrix media and higher production rate [23]. However, agglomeration of
nanomaterials, poor wettability of reinforcements and non-homogenous mixing (clustering) of
nano-reinforcements in stit casting restricts feasible attainment of preferred mechanical
properties of AMMHNC S [24]. Some researchers have adopted the ultrasonic-assisted casting
techniques to reduce the chances of nanomaterial agglomeration and non-homogenous mixing
of nane-reinforcements in the matrix. Nevertheless, owing to high melt viscosity still, some

agglomeration and clusters were observed in the prepared composites [25]. The existence of
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such agglomeration and non-uniform mixing of nano-reinforcements in the prepared specimens
reduces the strength, ductility and stiffness of the resulting hybrid nanocomposites. Pre-
processing (pre-dispersion) of nanomaterial/nano-reinforcements, prior to its addition in the
melt might be a better approach to reduce the chances of nanomaterial agglomeration and non-
uniform mixing of nano-reinforcements. Therefore, further investigation in the pré=processing
of nanomaterial/nano-reinforcements by using various dispersion techniques,is needed [4].
Also, it can be believed that the ultrasonic-assisted stir casting approach can be a better
fabrication route if the difficulties associated with the dispersion uniformity of nanomaterial

and uniform mixing of nano-reinforcements in the matrix is eliminated.

Al6061 alloy is widely accepted for structural applications, such as pipelines, railroad cars,
automobile and marine frames due to higher toughness, decent corrosion resistance, reasonable
strength as well as easy to work, weld and machine [9]. Further, commercial and technical
utilization of these alloys can be enhanced by improving their mechanical characteristics. So
far, very few studies on the employmentsof hybrid reinforcement, including SiC/Graphite
[24,26], ALOs/h-BN [27,28], ALOs/TiB2%[29] and Graphene/h-BN [22] on Al-based
composites by using ultrasonic-assisted stir/squeeze casting technique are reported. Also,

studies on the Al6061-MWCNT-TiO» hybrid nanocomposites are seldom found.

TiO; nanoparticles are, promising feinforcement for numerous AMMCs owing to its strong
bonding with matrix material’as well as exceptional physical and mechanical characteristics. It
is also believed that the wettability of these nanoparticles with aluminum was adequate for the
fabrication of AMMHNCSs with high strength performance [21,30]. Moreover, according to
literature reinforcement of 1.5 wt% of MWCNTSs was found to be appropriate content and
demonsStrates  substantial improvement in the mechanical properties of resulting
nanocemposites [31-33]. Also, it can be perceived that the reinforcement of nano-size ceramic

and nanomaterial mixture in Al6061 alloy can improve its applicability for aircraft applications
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and automobile industries such as cylinder liners, engine components, brake shoes and landing
gears. Hence, it is necessary to examine the role of TiO> and MWCNT nanoparticles on the

strengthening of hybrid nanocomposites along with microstructure analysis.

The present work deals with the fabrication of Al6061-TiO>-MWCNT .nanocomposites
reinforced with pre-processed TiO2/MWCNT nanoparticles through ultrasonic-assisted stir and
squeeze casting. Prior to the fabrication, the effect of sonication and ball-milling time on
dispersion uniformity and microstructure of MWCNTs were examined, by SEM and TEM.
Further, microstructure analysis of TiOo/MWCNT nanoparticles mixture'dispersed by different
pre-processing routes and mechanical characterization of Al6061-TiO> (1 wt%)-MWCNT (0,
0.5, 1 and 1.5 wt%) nanocomposites have also been performed to investigate the effect of
ceramic and nanomaterial reinforcement as well as the effectiveness of different reinforcement

pre-processing routes.

2. Materials and methods

In this work, MWCNTs and TiO; nanoparticles were used as the reinforcing phases and A16061
alloy as the matrix phase for the fabrication of the AMMHNCs. MWCNTs (purity > 99%,
diameters 5—40 nm and lengths 1-5 pm) were procured from Ad-Nano Technologies Private
Limited, India. TiO: nanoparticles (particle size 50-200 nm) were obtained from Nano
Research Lab, India. \The details0f the chemical composition of Al6061 alloy are given in

Table 1. The morphoelogy of the as-received MWCNTs and TiO» nanoparticles are presented

in Fig. 1.
Table 1
Chemical compesition of Al6061 alloy (in wt%).
Mg Si Mn Cu Fe Ti Zn Cr Al

088 0.70 0.33 0.29 0.18 0.02 0.003 0.006  97.591
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Py - B m) O™ Y
Fig. 1. (a) SEM image of TiO» nanoparticles and (b) TEM images of MWCNTs.

2.1 Fabrication of Al6061-TiO2-MWCNT nanocomposites

It has been already discussed that the mechanical stirrer and ultrasoni¢probe used in ultrasonic-
assisted stir/squeeze casting are not much effective approach. to attain the uniform dispersion
of nano-reinforcements in the matrix. Hence, in the present, work, prior to the fabrication of
nanocomposites, different reinforcement pre-processing (dispersion) routes have been adopted
to achieve uniform mixing, improved wettability and homogenous dispersion of nano-size TiO>
and MWCNTs (untangled) particles in Al6061.matriX, and are presented in Table 2 and Figs.

2-5 respectively.

Table 2
Processing techniques of nanocemposites (with different reinforcements pre-processing
routes).

Speci Reinforcement pre- D . Techni
Ccode | Matelidl desciiption processing routes | (Casting)
TiOs MWCNTs 8
Al6061 Unreinforced Al6061 - - -
NC1 Al6061 + TiOs (1 wt%) -
A16061 + TiO, (1 wt%) + .
HNC1 Stir
MWCNT (0.5 wt%) Sonication Rl
- . o (Presented
. Al6061 + TiO, (1 wt%) + (20 min) Sonication | . Fig. 2)
MWCNT (1 wt%) (20 min)
A16061 + TiO, (1 wt%) +
HN
N MWCNT (1.5 wt%)
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. . R2
HNC4 Stirred (30 22; +ULP (20 (Presented
in Fig. 3)
. . R3
HNCS Stirred (30 min) + ULP (20 (Presented
AI6061 + TiO2 (1 wt%) + min) + ball-milling (1h) | & oo
MWCNT (1.5 wt%) in Fig. 4)
HNC6 R4
Ball-milling for 6 h (Presented S
in Fig. 5) queeze
HNC7 (101:MPa)

In Route 1 (R1), an adequate amount of TiO> and MWCNT nanoparticles were added into
acetone and dimethylformamide (DMF) solvents, respectively. Subsequently, the prepared
solutions are sonicated individually employing an ultrasonic liquidprocessor (ULP) having
titanium probe (12.5 mm diameter) with pulsed on/off cyclesiwith a duration of 10 sec. for 20
minutes at ambient temperature, to disperse the TiO> clustéer and MWCNT agglomerates. Later,
after evaporation of the solvents obtained powders were keptin the vacuum oven at 80 °C for

72 hours for drying purpose (Fig. 2).

MWCNTs

|
Ultrasonic liquid After drylng. of )
: prepared solution in
processing
| the vacuum oven at
(20 min)

80° C for 72 hrs.

After drying of
prepared solution in

the vacuum oven at
80° C for 72 hrs.

Ultrasonic liquid
Acetone processing
(20 min)

Fig. 2. Schematic of ultrasonic liquid processing of MWCNTs and TiO, (R1).
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1
2
i In Route 2 (R2), to attain the uniform mixing and dispersion of nanoparticles, 1 wt% of TiO-
5 . . . .
6 and 1.5 wt% of MWCNTs were added into DMF solvent and stirred exhaustively by using the
7
8 mechanical shear mixer for 30 min at 500 rpm. Subsequently, the nanoparticles mixture was
9
10 sonicated for 20 min, followed by drying in a vacuum oven at 80 °C for 72 hours (Fig. 3).
11
12
13 Mechanical stirring Ultrasonic liquid processing
14 (30 min) (20 min)
15
16 After drying in the
17 vacuum oven at 80° C
18 for 72 hrs.
19 -
20
21
22
23
24
25
26
27
28
29
30 TiO,/coating on the
31 MWCNT  Blade NGNS powdep
32
33 Fig. 3. Schematic of pre-processing of MWCNT-TiO; nanoparticles mixture employing R2.
34
35 In route 3 (R3), the process involved in'route 2 is:followed till the drying process, thereafter,
36
37 to improve the dispersion of nanoparticles, further the nanoparticles mixture was ball-milled
38
ig using a planetary ball mill at a rotationalspeed of 200 rpm for 1 hour (at low energy to avoid
41 . . . .
42 nanoparticles destruction). Fherball-to-powder weight ratio (BPR) was kept at 10:1. The
43
44 schematic of reinforcement pre-processing R3 is depicted in Fig. 4.
45
46 TEM image
47 MWCNTs Tio, Mechanical stirring , Ultrasonic liquid processing ¥
48 » (30 min) (20 min)
49 After drying in the Ball(lmI:l)ling 1]
50 \'flcuum oven at 80° Centrifugal -g £
51 C for 72 hrs. force -E-.=;
g S E
52 ge ) W
55 ;
56 Grinding jar 1
57
58 : . : . . : .
59 Fig. 4. Schematic of pre-processing of MWCNT-TiO; nanoparticles mixture employing R3.
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On the other hand, in route 4 (R4) to attain the uniform dispersion of nanoparticles without any
destruction in MWCNTs structure, 1 wt% of TiO» and 1.5 wt% of MWCNTs were ball-milled
in a stainless steel container (without process control agent) at a rotational speed of 200 rpm
(low speed) for 6 hours with an interim period of 30 min in every one hour. The schematic

illustration of the detailed process is presented in Fig. 5.

MWCNTs TiO,

Ball milling
(Up to 6 hours)

Key points
% Uniform mixing of MWCNTs/TiO, nanoparticles

» Nanotubes length reduction

= » Good dispersion
200 o

Morphology of nanoparticles
after ball milling for 5 min.

Fig. 5. Schematic of pre-processing of MWCNT-TiO; nanoparticles mixture employing R4.
In order to fabricate, Al6061 based nanocomposites reinforced with 1 wt% TiO> and 0, 0.5, 1
and 1.5 wt% MWCNTs through ultrasonic-assisted stir/squeeze casting, preheated Al6061
alloy was melted in an electric resistance heating furnace at 850 °C which consists of an integral
mechanical stirrer. The measured amounts of the pre-processed TiO» and MWCNT
nanoparticles were preheated t0,300° C for 4 h to remove surface impurities and moisture prior
to addition in the aluminum melt. In the present work, preheated reinforcements were appended
to Al6061 melt under the ,argon gas atmosphere by using a combined approach of
ultrasonication androptimized mechanical stirring. Further, by opening the bottom stopper of
the crucible, the composite slurry was poured into an air-cooled mold to solidify. In squeeze
casting, a squeezing pressure of 101 MPa was applied with a holding time of 45 sec during

solidification of the composites slurry in cylindrical die. The schematic illustration of the
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methodology adopted for the fabrication of ultrasonic-assisted stir/squeeze cast single and

hybrid nanocomposites using different reinforcements pre-processing routes are depicted in

Fig. 6.
Casting methodology
Reinforcements
MWCNT TiO, | Al 6061 |
(5-40 nm) (50-200 nm)
Reinforcements pre-processing routes
A 4
| | Preheating |
Route 1 Route 2 Route 3 Route 4
NC1&HNC1-3 HNC 4 HNC 5 HNC6 &7
I I T I | Smelting |
Preheating of reinforcements
(300 °C, 4h)
|
y o0
Casting process parameter
(Under argon atmosphere)
Stirring time # 10 min.

Ultrasonic Stirrigg speed —550rpm“
transducer Furnace temperature - 850°C

MWCNTs/TiO,

generator

Hydraulic
press

Bottom

pouring g, tom pouring—""
controller meghan i

Stir casting conditions
Die temp.- 300 °C
Holding time - 30 min.
(Moulding in rectangular.
iron_die}

X
Preheated
runway

Preheated rectangular
die for stir casting

Reinforcement
preheating chamber

hybrid mixture
Squeeze pressure - 101 MPa
' Reinforcement Holding time - 45 sec
injector Pathway temp. - 850 °C
Ultrasonic B " . . " .
Crucible (Moulding in cylindrical iron

Squeeze casting conditions

die with pressure)

4

Circular die for
squeeze casting

Fig. 6. Schematic illustration of the methodology adopted for the fabrication of specimens through ultrasonic-

assisted stir and squeeze casting.
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2.2 Material characterization

To characterize the sonicated and ball-milled MWCNTSs, pre-processed TiO2/MWCNT
nanoparticle mixtures and stir/squeeze cast nanocomposites various techniques were employed
in the present work. The morphology evolution in MWCNTs and TiO2/MWCNT nanoparticles
mixture were analyzed using SEM, Field Emission-SEM, TEM and X-ray diffraction (XRD).
SEM examination was performed on EVO 18 research (ZEISS) instrument. Prior to the
examination, all the nanoparticles were gold-coated employing a sputter coating instrument.
TEM investigations were performed through High Resolution- TEM FEL-Tecnai, G* 20 Twin
instrument at an accelerating voltage of 200 keV. The XRD patterns of nanoparticles and their
mixture were obtained through BRUKER D8 Advance X’Pert X-ray diffractometer. In order
to analyze the microstructure and grain refinement of thé preparedhanocomposites, specimens
were prepared using standard metallographic procedures and etched with Keller’s reagent.
Further, etched specimens were examined employing Zeiss Axio optical microscope.
Moreover, to perceive the reinforcements and its,dispersal on nanoparticle mixture and as-cast
AMMHNC s specimens, EDS and X-ray mapping investigations were performed using SEM
equipped with EDX analysis. Further, in order to perform post-failure analysis, the fractured
surface of the hybrid nanocomposites was examined employing high-resolution FE-SEM

(Thermo Fisher FEI Quanta 250 FEG model).

Subsequently, to investigate.the mechanical properties (strengthening) of the stir/squeeze cast
Al6061 based hybrid nanocomposites, tensile and hardness tests (Vickers’s micro-hardness)
were conducted. The, tensile test was performed on the INSTRON tensile testing instrument
(loaded with 10kN"load cell) as per the ASTM EO08-8 standards. The UTS of the prepared
specimens was-€valuated at the crosshead speed of 1.0 mm/min. For each composition, three
specimens ;were tested, and the average value is reported. Prior to tests, all the prepared

specimens were polished using a series of silicon carbide emery papers (grit ranges from 220-
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2000) in order to eliminate the surface irregularity, as well as defects, from the specimens. The
microhardness of the fabricated specimens was measured employing Vickers micro-hardness
tester (Matsuzawa, MMT-X series) equipped with optical microscopy under a load of 100.g
with a dwell time of 30 s. The diamond indenter was used for testing as well as all experiments
were performed according to ASTM: E384-08 standards at ambient conditions [24]. In order
to eradicate any chances of error, which may occur during the measurement, the.microhardness
testing was carried out at twenty different locations on the polished specimens and average

values were considered as a final microhardness result.

3. Results and discussion

3.1 Microstructural characterization

In this section, morphological evolution in the MWCNTs and TiO»/MWCNT mixture with the
various pre-processing routes were studied and presented employing SEM, FE-SEM, TEM and
XRD. It is a prerequisite to comprehending,the influence of different reinforcements pre-
processing routes on the physical and mechanical properties of resulting nanocomposites.
Figures 1 (a-b) show the SEM and TEM, images of as-received TiO» and MWCNT
nanoparticles. It is evident from the images that raw nanoparticles are highly agglomerated in
the form of large clusters. In order to fabricate NC1 and HNC1-7, TiO> and MWCNT
nanoparticles were pre-processed (to achieve uniform dispersion) using various dispersion

routes, which are discussed previously in section 2.1.

3.1.1 Morphological evelution in the MWCNTs with the sonication and ball-milling time

It is found thatthe dispersion techniques/time strongly influences the nanotubes morphology
and structural characteristics (aspect ratio). Hence, prior to the reinforcement, the effect of
sonication and ball-milling time on MWCNTSs microstructure was investigated. In order to

examine the morphological evolution in the MWCNTs with the dispersion time, a certain



oNOYTULT D WN =

ocouuuuuuuuuuudb,dDDDBDDAMDMDMNDAEDAEDMNWWWWWWWWWWNNNNNNNNNDN=S=2 Q2 aQaaa0
VWO NOOCULLhhWN-_rOCVONOOCTULDWN—_,rOCVOOONOOCULDDWN=—_,rOUOVUONOOCULPMMNWN—_ODUOVUONOUVPSAD WN =0

AUTHOR SUBMITTED MANUSCRIPT - MRX2-103188.R1 Page 14 of 46

amount of MWCNTs are sonicated in DMF solvents for 5-40 min under an ice bath condition.
Further, after drying, dispersion uniformity and morphology of the MWCNTs were

investigated using SEM (Fig. A.1) (Appendix) and TEM (Figs. 7 and 8). From Figs. A&

7, it is observed that, as the sonication time increases up to 20 min, the MWCNT clus plit
o

[y

into untangled ropes, and distinct MWCNTs are observed. From these findingw ¢
nication ti

that the dispersion uniformity of the MWCNTSs increases with increasing t me

up to 20 min.

j 1200 am-

morphology of the MWCNTs dispersed by sonication for (a) 5, (b) 10, (c) 15,

Fig. 7. TEM im¢ @’4 epicting t
and (d) 20 min.

Figures 8 (a-d) show the TEM images of MWCNTs dispersed by sonication for the 25, 30 and
40 tes. m Figs. 8 (a-c), it can be seen that the nanotubes dispersed for 25 and 30
min w some MWCNT bonding and junctions (indicated by a red arrow) that lead to the

ment of nanotubes agglomerates. HR-TEM image, in Fig. 8 (c), confirms the presence
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of MWCNT junctions and the merging of MWCNTs. Further, with an increase in sonication

time up to 40 min, the achieved dispersion with short sonication time is lost, and dense

oNOYTULT D WN =

MWCNT agglomerates were observed, as shown in Fig. 8 (d). Microstructure investiga&

I I (o )
NoubhwNn-=0

—_
[ee)

A DNDMDMDAMDMWWWWWWWWWWNNNNNNNNNDN-=
UhWN-_OVONOOTULDDWN-_OCOVOONOOTULLDDWN=OLO

N
(o))

.

¢ 43 (0 i A e, T
NTs dispersed

Fig. 8. TEM images of th

N
N

by sonication for (a) 25, (b) 30, (c) 30 (high magnification) and
(d) 40 min.

(S Y
o OV

In order to e ne the influence of ball-milling time on the MWCNTSs microstructure, an

(O BNC, N0 |
w N =

adequate/amount of MWCNTs were milled with a rotational speed of 200 rpm for the duration

U n
(SN

of an argon atmosphere. Figure 9 shows the morphological evolution in the

U n
N O

M or 5 min to 6 h ball-milling time using TEM images. It can be observed from these

o L1 »n
o OV ©

that as the ball-milling time increases, the MWCNT agglomerates are untangled and
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distinct nanotubes are perceived without destruction in its structure, as shown in Figs. 9 (a-e).
Apart from this, by increasing milling time up to 6 h, MWCNTs shortening (change in aspect

ratio) can be clearly observed due to the shearing effects of balls and is presented in Fig.

Fig. 9.

(e) 1 hand (f) 6 h.
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The variation in the outer diameter of MWCNT's subjected to increasing ball-milling time was
also studied using ImageJ software and presented in Fig. A.2 (Appendix). From these images
it can be observed that the ball-milling process causes an increase in the number of 'small
diameters of MWCNTs for 5, 15, 30, 45, 60 min and 6 h, resulting in lower average,diameters
of 20.91, 18.32, 18.06, 18.01, 15.21 and 14.53 nm respectively. These findings suggest the

accomplishment of uniform dispersion during the ball-milling process [17].

3.1.2 Morphological evolution in the MWCNT/TiO> mixture dispersed. by{different pre-

processing routes

Figure 10 shows the SEM images of the MWCNT/TiO2 mixture dispersed by R2. It can be
clearly observed from these images that the stirring ensutes the mixing of TiOo/MWCNT
nanoparticles, while sonication breaks the large clusters of manoparticles into small ones but
still, MWCNT agglomerates are clustered! with"TiO, nanoparticles due to insignificant
dispersion (shown in enlarged view). Figure 11 depicts the FE-SEM image of the nanoparticles

mixture, in which the presence of individual MWCNT was clearly observed in the TiO> cluster,

due to sonication duration of 20 min.

MWCNT:s covered with ,z'
TiO, cluster  *

'-:j“' ) r ) I € '. 3 I’ﬂ. t:'? > .J&:".’ —

Fig. 10. SEM images of MWCNT-TiO; nanoparticles mixture dispersed by R2) (a) low magnification, and (b)
high magnification.
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Fig. 11. FE-SEM image of the MWCNT-TiO; nanoparticles mixture dispersed b
individual MWCNTs on the TiO; cluste

) depicting the presence of

Figures 12 and 13 show the SEM and TEM images of WCNT/TiO; nanoparticles
mixture dispersed by R3. The particle size distribution (PSD -processed MWCNT/TiO»
nanoparticles by employing R3 demonstrates the r ion i’ the size of the clusters of the

13a). Figures 12 (b) and 13 ( e high magnification SEM and TEM images of
MWCNT/TiO; mixture, in uction in the size of MWCNT agglomerates and TiO>
cluster are evident, but still agglomerates are clustered with few TiO2 nanoparticles,
which results in no m dispersion of MWCNT/TiO: nanoparticles.

S
YS,J



Page 19 of 46 AUTHOR SUBMITTED MANUSCRIPT - MRX2-103188.R1

-

oNOYTULT D WN =

S . & -t. ‘ \ p Y .
) Y &) bl 24 5 : y ’ *
9 it Gy 24,37 : . e - . .'; % ‘
11 * = - B 5 'S “r

14 & Qr ot }\ , TiO, cluster

17 Fig. 12. SEM images of MWCNT-TiO; nanoparticles mixture dispersed by the R3.

20 Individual TiO, | MWCNTs covered/by TiO, nanoparticles ‘
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39 Fig. 13. TEM images of MWCNT-TiO; nanoparticles mixture dispersed by the R3.
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Fig. 15. Low magnification SEM images of the MWCNT-TiO, nanoparticles mixture ball-milled for different
times (a)s1.h, (b)2'h, (c) 3h, (d) 4 h, (e) 5Sh, and (f) 6 h.

Figure 15 shows the morphologies of the MWCNT/TiO2 mixture for different ball-milling
times. It can be observed from images that the particle size of the nanoparticles mixture
decreased as the duration of the ball-milling increases from 1 h to 6 h (avg. particle size is
presented in Fig. 16); which.is mainly due to the shearing effects of the balls. It is also found
that nanoparticles mixture (ball-milled for 1 h) has an average particle size of 5.54 pm, and
after 6_h milling particle size reduces to 3.88 um. This confirms that the 6 h ball-milling

decreases the particle size of the MWCNT/TiO2 nanoparticles mixture.
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11

SS - Stirring and sonication (R2)
10 SSB - Stirring, sonication and ball milling (R3)
BM - Ball milling (1-6h)

Average particle Size (um)

W e N W0
1

S8 SSB BM1 BM2 BM3 BM4 BMS BM6
Reinforcements pre-processing

Fig. 16. Particle size (avg.) of MWCNT-TiO; nanoparticles mixture dispersed by different pre-processing routes
(R2-R4).

The homogeneity and nanoparticles dispersion was examined by using high magnification
SEM images exploration (Fig. 17). From these images, it can be observed that the cluster size
of the TiO: nanoparticles was decreased as the ball-milling time increases, and gradually
dispersed into the MWCNT nanoparticles. When, the ballsmilling duration was comparatively
short (1-3 h), the large TiO> clusters adhered to,the surface of MWCNT agglomerates (Figs.
17a-c). Subsequently, upon increasing the ball-milling duration to 5 h, the size and quantity of
the TiO; cluster reduced, even a few. individual MWCNT were also observed (Fig. 17e). After
6 h of ball-milling, very few TiOxz clusters were observed over the short length MWCNTs, as
shown in Fig. 17 (f), similar results were also presented earlier in Fig. 5 with the aid of
schematic. It illustrates, at the beginning stage of ball-milling, the mixture comprises large
agglomerates of TiO, and MWCNT nanoparticles. Further, as the milling time increases,
MWCNTs weresshortened [34] and TiO> clusters were broken into small clusters (having few
TiO2 nanoparti€les) or individual TiO2 nanoparticle owing to the shearing effect of the balls, as

presented. in Fig. 18 (a).
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MWCNTs coated with
TiO, clusters

Joining of
agglomerates

) &

Individual MWGNT

-

Fig. 17. SEM images showing the influence.of milling time on the dispersion of MWCNT-TiO; nanoparticles
mixture/for (a) 1'h, (b) 2h, (c) 3h, (d) 4 h, (¢) 5h, and (f) 6 h.

Moreover, not any deteriorationin MWCNTs structure has been perceived during detailed HR-
TEM investigation of the\TiO2/MWCNT nanoparticles mixture (Fig. 18b). Thus, based on the
microstructure investigation, it is found that during 6 h ball-milling, intensive compressive and
shear stresses,were imposed on the nanoparticle mixture, which helps to de-agglomerate

nanoparticle clusters into few or distinct ones.
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Open \e‘nd Short length MWCNT

Close end
= /
Open end Individual \
\ W W nano-size TiO, \
200 _nm R

MWCNT

(no any sign of damage in structure)

Fig. 18. TEM images of the 6 h ball-milled MWCNT-TiOznanoparticles mixture.
EDX spectrum with the selected-area diffraction (SAD), pattern of the nanoparticle mixture is
presented in Fig. A.3 (Appendix), which shows,varioustings and diffraction spots, confirming
the presence of TiO>, and MWCNT nanoparticles. The typical diffraction pattern in Fig. A.3
(inside) corresponds to the MWCNTs in the TiO/MWCNT nanoparticles mixture. Figure A.4
(Appendix) shows the HR-TEMuimages of the 6 h ball-milled MWCNT/TiO; nanoparticles
mixture, which shows interlayer spacing of 0.353 nm and 0.349 nm in TiO; and MWCNTs,
respectively [31,35,36]. During the HR-TEM investigation of nanoparticles, no destruction in

MWCNT and TiO; structure were observed.

XRD plot of as-received MWCNTS, TiOz and their pre-processed mixture are presented in Fig.
19. XRD pattern of nanoparticle mixture demonstrated the C (002), C (110), C (101), TiO2
(101), TiO2(004), TiO> (200), TiO2 (105), TiO2 (211), TiO2 (204), TiO2 (116), TiO2 (220) and
TiO> (215), miller indices for various intensity of peak. The crystallite size of the TiO»
nanoparticles and pre-processed MWCNTSs/TiO2 mixture are presented in Table 3.

MWCNTs/TiO, mixture dispersed by R4 demonstrates a reduced crystallite size than the
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mixture dispersed by R2 and R3, which is in agreement with the TEM results. From Fig. 19, it

can be found that the intensity of TiO> peaks is reduced in 6 h ball-milled mixture due to the

reduction in the crystallite size and de-clustering of TiO> (anatase) nanoparticles [35,37].
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Fig. 19. XRD patterns of MWCNTs, TiO, and MWCNT-TiO» nanoparticles mixture dispersed by R2, R3 and
R4.
Table 3
Crystallite size of the nanoparticles/mixtureidetermined by XRD
Sample Crystallite size (nm)
TiO» nanoparticles 53
Stirred (30 min) + sonication (20 min) {R2} 37
Stirred (30 min) + sonication(20 min) + ball-milling (1 h) {R3} 45
Ball milling (6 h) {R4} 29

3.1.3 SEM-MAP and ‘opticalimicrograph of the specimens

Microstructure (SEM-MAP) examination of the NC1, HNC4, HNCS5 and HNC6 are presented
in Figs. 20 (a-d). It is difficult to recognize any noteworthy difference in the microstructure of
the NCly " HNC4, HNCS and HNC6 in the SEM images (inside). However, from EDS and

elemental maps, the presence and dispersal of C, Ti and O in fabricated specimens are observed.
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Fig. 20. SEM-MAP-analysis of (a) NC1, (b) HNC4, (c) HNCS and (d) HNC6.

Figures 21 (a-i) showsthe optical micrographs of the ultrasonic-assisted stir cast NC1 and
hybrid nanocomposites (HNC1-7). It is observed from OM images of hybrid nanocomposites
that with the increase'in MWCNT reinforcement in HNC1, HNC2 and HNC3, the MWCNTs
start to agglomerate owing to insufficient dispersion and mixing. The size of the MWCNT
agglomerates was increased to 2.31, 2.58 and 4.66 uym in HNCI, HNC2 and HNC3,
respectively, with the enhancement in MWCNTSs content from 0.5, 1 and 1.5 wt% as shown in

Figs. 21 (c-e). Subsequently, by adopting reinforcements pre-processing R2, MWCNT
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agglomerates size reduces to 2.18 um in HNC4 (Fig. 21f). However, by using reinforcement
pre-processing R3 much smaller size of MWCNT agglomerates is attained in HNCS5 (Fig. 21g).
Further, reinforcement of TiO2/MWCNT nanoparticles mixture by using reinforcement

processing R4 results in uniform dispersion of nanoparticles in the Al6061 matgi
®
efficiently restrains grain growth by grain boundary pinning [35]. It should be dt
nanopart

employing reinforcements pre-processing routes (R2-R4), the PSD of icles

mixture reduces (presented in Fig. 16), causing a significant reduction in the size of MWCNT

agglomerates. Grain refinement is evident in the optical microgr cast NC1 and
hybrid nanocomposites as compared to unreinforced Al60 ermal mismatch,

strengthening imposed by TiO/MWCNT nanoparticles  a Itrasonic-assisted casting

approach [21,24,38]. Further, due to applied squeezing e gap among the dendrites

was unceasingly getting shortened, which results i ent of uniform microstructure

and more ultra-grain refinement in squeeze cas . 21i) [39].

R o \ S b
1. Optical micrographs of (a) as-cast Al6061, (b) NC1, (c) HNCI1, (d) HNC2, (e) HNC3, (f) HNC4, (g)
HNCS, (h) HNC6 and (i) HNC7.
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3.2 Physical and mechanical properties investigation

3.2.1 Density and % porosity

Theoretical density, experimental density and percentage porosity of as-cast Al16061, NC1 and
hybrid nanocomposites (HNC1-7) are presented in Fig. 22. Al6061, TiO2 and MWCNTs used
in the present work having density values of 2.7 g/cm®, 4.2 g/cm® and 2.1 g/cm’; respectively.
For the evaluation of the theoretical density of prepared specimens, the rule of mixtures(ROM)

was used [40], which can be represented as

Pth = PmWm + pr W, (D

Where
W, and W, - weight fractions of the matrix and reinforcement;
pm and p, - density of matrix and reinforcement;

P = theoretical density of the specimen under investigation

The experimental density (pexp) of the as-cast Al6061, NC1 and HNCI1-7 were investigated at

ambient conditions by using water immersion displacement method as per the ASTM C135—
2003 standards employing a precision digital electronic weighing balance of 0.0001 g accuracy

[27].

Further, the percentage potosity of the prepared specimens was determined by using the

following relation

Pth= Pexp (2)

% porosity = P
th

The increase in the theoretical density of NC1 over the as-cast Al6061 is due to the higher
weight fraction.of TiO2 nanoparticles. Further, a decrease in the theoretical density of hybrid
nanocomposites (HNC1-7) as compared to NC1 is due to the reinforcement of low-density

MWCNTs. As compared to theoretical density, the lower experimental density of the NC1 and

Page 28 of 46



Page 29 of 46

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MRX2-103188.R1

hybrid nanocomposites is mainly due to porosity. The porosity of prepared specimens is usually
associated with nanoparticle agglomeration, poor wettability characteristics, shrinkage during
solidification and clustering of reinforcements in the melt [41]. From Fig. 22 it can be found
that the experimental density of NC1, HNC1, HNC2 and HNC3 is decreased,owing to
nanoparticles agglomeration [42]. Further, upon employing reinforcements preé=processing
routes 2, 3 and 4, enhancement in experimental density and decrement in percentage porosity
of the HNC4, HNC5, HNC6 and HNC7 were observed, due to the attainment of homogenous
dispersion and uniform mixing of TiO2/MWCNT nanoparticles mixture into the matrix. It is
also evident from these results that the higher percentage porosity of thesHNC1-3 is associated
with non-uniform dispersion and inadequate mixing of TiO2/MWENT nanoparticles in Al16061
melt, which can be significantly reduced by employing reinforcements pre-processing

approaches (R2-R4) prior to its addition in the matrix.

2.75

2.70 | = r\ m - - m

2.65 - - v

2.60 - #

2.55 -

Density (g/cm’)

2.50 -

2.45 -

2.40 ﬂ—

Al6061 NCI . HNC1 HNC2 HNC3 HNC4 HNC5 HNC6 HNC7
(Sq.)

Specimen code

ETheeretical density == Experimental density % porosity

Fig. 22. Theozetical and experimental densities of as-cast Al6061, NC1 and hybrid nanocomposites.

3.2.2 Mechanical properties
The'enhaneed mechanical properties of AMMHNC:s are significantly important for their wide-

ranging-applications in aircraft and automobile fields. The stress-strain curves of the as-cast
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Al6061, NCI1 and hybrid nanocomposites (HNC1-7) are presented in Fig. 23. It was evident
from the figure that the reinforcement of TiO/MWCNT nanoparticles has a significant effect
on the mechanical properties of the resulting nanocomposites. As compared to as-cast A16061,
NC1 and hybrid nanocomposites (HNC1-HNC?7) exhibit lesser elongation (lower dugtility) but

demonstrate superior UTS and YS (as shown in Fig. 24).

300
—  Unreinforced Al6061
1 — NC1
250 —— HNC1
——— HNC2
. —HNC3
2004 ——— HNC4
< = HNC5
E . —— HNCeé6
\U-;f 150 4 —— HNC7 (Sq.)
[75]
m -
&
100 <
50 -
0 T I L) l T I L) I 1 '
0.00 0.05 0.10 0.15 0.20 0.25

Strain (mm/mm)
Fig. 23. Stress-strain plot of as-cast A16061, NC1 and hybrid nanocomposites (HNC1-7).
The elongation of NClireduced due to the reinforcement of nano-sized TiO: particles. This
reduction in elongation.of NC1 over the Al6061 is due to the non-deformable behavior of TiO>
nanoparticles, which renders the deformation of Al6061 [21,43]. Further, reinforcement of
TiO2/MWCNT nanoparticles into the Al6061 by using reinforcement pre-processing R1, R2
and /R3 shows that the elongation of hybrid nanocomposites increases as compared to
elongation of NC1 due to nanoparticles agglomeration and weak bonding among the matrix

and reinforcements. Subsequently, reinforcement of 6 h ball-milled TiO2/MWCNT
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nanoparticles into the Al6061 matrix demonstrates a reduction in the elongation of HNC6 as
compared to HNCS5, which is associated with a uniform dispersion of nano-reinforcements and
reduction in the hybrid nanocomposites molecular mobility [44]. The decrease in elongation of
HNC6 as compared to Al6061 is deliberated in detail in section 3.3. Moreoyer, lower
elongation of HNC7 as compared to HNC6 is associated with the attainment of uniform

microstructure and more ultra-grain refinement.

7 Elongation (%) UTS YS L 270
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- 220
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AL6061 NC1 HNCI HNC2 HNC3 HNC4 HNCS HNC6 HNC7

Specimen code e

Fig. 24. Variation of elongation, YS and UTS of as-cast Al6061, NC1 and hybrid nanocomposites (HNC1-7).

The YS and UTS of the NCl/and hybrid nanocomposites increases over the as-cast Al6061,
due to the reinforcement of Ti0; and TiO2/MWCNT nanoparticles respectively. It is found that
the YS enhances by 45.71% for NC1, 109.94% for HNCI1, 135.46% for HNC2, 157.37% for
HNC3, 196.59% for HNC4, 335.53% for HNCS5, 371.59% for HNC6 and 400.22% for HNC7
compared _to, as-cast Al6061. Subsequently, improvement of UTS for NC1, HNC1, HNC2,
HNC3, HNC4, HNCS, HNC6 and HNC7 compared to as-cast Al6061 are 16.15 %, 80.65 %,

87.89 %, 123.81 %, 183.91 %, 252.76 %, 269.75 % and 301.86 % respectively. It was observed

that the UTS, YS and microhardness of HNC1 were higher by 55.54%, 44.08% and 8.43%,
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respectively, as compared to NC1 due to the presence of secondary reinforcement (0.5wt%
MWCNTs). The above-stated improvement in the mechanical properties of HNC1 as compared
to NC1 confirms the influence of secondary reinforcements in the matrix. Furthermore,
effective reinforcement of nano-size TiO/MWCNT particles in the matrix by using pre-
processing R4 and ultrasonic-assisted casting, causing significant enhancement/innthe tensile
strength of HNC6. The increased strength of the HNC6 as compared to HNC3'is, mainly due to
MWCNTs shortening (change in the aspect ratio of MWCNTSs), reduction \in’percentage
porosity and homogenous dispersion of nano-size TiO2/MWCNT particles. Further, about 8.68
9% and 301.86 % higher UTS were observed in the squeeze cast/ HNC 7-as-Compared to HNC6
and Al6061, which shows good agreement with the results obtained in the literature [39].
Based on these outcomes, it can be observed that the incteased strength of the NC1 and hybrid
nanocomposites are associated with grain refinement, manoparticle strengthening and load

sharing executed by nanoparticles [27,45].

3.2.3 Microhardness

The variations in microhardness, values of the ultrasonic-assisted stir/squeeze cast Al6061, NC1
and hybrid nanocomposites (HNCT-HNC?7) are presented in Fig. 25. Microhardness of the
fabricated specimens is increased due;to'the addition of TiO2 and TiO2/MWCNT nanoparticles
in the base A16061 matrix. The improvement of microhardness for NC1, HNC1, HNC2, HNC3,
HNC4, HNCS5, HNC6.and HNC7 compared to as-cast Al6061 are 10 %, 19.27 %, 20.89 %,
30.72 %, 33.04 %, 35.36 %, 50.28 % and 77.82 % respectively. The improved microhardness
of NCI1 over the Al6061 is" due to the presence of nano-sized TiO: nanoparticles, which
enhances/the dislocation density and slow down the dislocation motion [21,45]. Further, stir
cast hybrid nanocomposites prepared by using reinforcement pre-processing R1 and R2 shows
nominal enhancement over the Al6061 owing to nanoparticle agglomeration and are in good

agreement with the optical micrograph investigations.
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Subsequently, the microhardness of 103.70 HV was achieved in the case of HNC6 prepared by
using reinforcement pre-processing R4. The highest hardness value of 122.20 HV was attained
in squeeze cast HNC7. These squeeze cast hybrid nanocomposites are 17.84% and 77.82%
harder than the stir cast HNC6 and as-cast Al6061, respectively. The improvements in the
microhardness of prepared specimens are owing to the combined effect of manoparticle
strengthening effects, grain size refinement and thermal mismatch strengthening imposed by

nano-sized TiO/MWCNT particles [33,39].
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Fig. 25. Microhardness of as-cast Al6061, NC1 and hybrid nanocomposites (HNC1-7).
Results obtained from the tensile tests are consistent with the microhardness tests and confirm
the influence of TiIO2/MWENT reinforcements for NC1 and hybrid nanocomposites fabricated
through ultrasonic-assisted stir/squeeze casting techniques. These results exhibit that the
reinforcements”of hano-size ceramic and nanomaterial enhance the mechanical properties of
resulting _singlewvand hybrid nanocomposites, but to utilize the utmost properties of
reinforcements «heir uniform dispersion within the matrix is mandatory. In the present
investigation, by wusing different reinforcement pre-processing routes, progressive

augmentation in the mechanical properties of the hybrid nanocomposites were achieved.
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Numerous mechanisms might have involved in enhancing the mechanical properties of the
prepared specimens, which are deliberated one by one as follows. Firstly, the reinforcement
(dispersion strengthening) of the uniformly dispersed TiO2/MWCNT nanoparticles mixture
with the perfect structure in Al6061 restricts the movements of dislocations in the matrix
according to Orowan mechanism [46]. Secondly, the effective interfacial bonding,among the
Al6061 matrix and TiOo/MWCNT nanoparticles permits a smooth transfer of load to the
particles. Lastly, the improvement in the mechanical properties of NC1 and hybrid
nanocomposites are associated with refined grain structure according to Hall-Petch theory [27].
Hence, the improved mechanical properties of the ultrasonic-assisted stig/squeeze cast hybrid
nanocomposites are associated with the combined effect of Hall-Petch and Orowan
mechanisms, and it was clearly observed from the grain refinement of NC1 and hybrid
nanocomposite (Figs. 21b-i) as compared to Al6061 (Fig. 21a). Moreover, the increase in the
wt% of MWCNT nanoparticles and employment of different reinforcements pre-processing
routes further increases the influence of the above factors, which results in an additional

increase in the mechanical properties.

It was observed that the tensile strength of HNC4, HNCS5 and HNC6 was higher by 22%, 58%
and 65%, respectively, as compared.to HNC3. While, the microhardness of HNC4, HNCS5 and
HNC6 was higher by 1.78%,/3.55%, 15% respectively over the HNC3. This improvement is
associated with effective reinforcement of TiO2/MWCNT nanoparticles mixture in the matrix
by using reinforcement pre-processing route R2, R3 and R4. Subsequently, squeeze cast HNC7
shows an enhancement in UTS and microhardness of about 9% and 18% respectively over stir
cast HNC6uLower elongation and improved microhardness were observed for NC1 and hybrid
nanocomposites over the Al6061, which is mainly due to the reinforcement of hard ceramic
and ‘nanomaterial (TiO, and MWCNTSs) nanoparticles into the matrix and exhibits a similar

trend as reported by other researchers [21].
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3.3 Fractography

The strengthening of the nanocomposite is closely interconnected to the interfacial bonding

oNOYTULT D WN =

among the matrix and reinforcement materials. Figures 26-28 show the fractured surface
10 morphology (SEM and FE-SEM images) of Al6061-TiO>-MWCNT nanocomposites
comprising various percentages of nano-size reinforcements, after tensile testingrat ambient

15 atmosphere.
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51 Fig. 26. EDX with/fractute area (inside) of (a) NC1, (b) HNC1, (c) HNC2, (d) HNC3, (¢) HNC4 and (f) HNCS.
53 Figures 26 (a-f) shows EDX with the fracture area (inside) of NC1, HNC1, HNC2, HNC3,
HNC4 and HNCS. In Figs. 26 (a-f) peaks of reinforcements (Ti, O and C) is evident and
58 confirming the addition of MWCNTs and TiO2 nanoparticles. Figures 26 (a-c) shows the

60 fracture surface morphology of NC1, HNC1 and HNC2, which demonstrates that the dimples
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present on the nanocomposites are not deep as in the fracture surface of Al6061 [24,47]. This
is mainly due to relatively less percentage elongation of nanocomposites than that of as-cast
Al6061 (Fig. 24). Subsequently, the fracture surface of HNC3-5 (Figs. 26d-f) comprises large
empty pockets. The occurrence of such empty pockets might be due to the agglomeration of
nano-reinforcements and possibly signify the location of nanoparticle clusters. The
nanoparticle clusters were towed out all together beyond a particular load and'abridged the area
for supporting the tensile stress [21]. Therefore, the lower UTS was obsetved fort HNC3-5 over
the HNC6. The same is also observed in the high-magnification FE-SEM image of HNC3 and
presented in Fig. 27 (d). Further, high-magnification SEM images.of tensile tested specimens
of Al6061-TiO2 (1 wt%)-MWCNT (0-1.5 wt%) hybrid nanocomposites demonstrates that the
NCI1 (Fig. 27a) and HNC1-3 fracture surface (Figs. 27b-d) comprises large clusters of TiO>
and TiO2/MWCNT nanoparticles due to insufficient mixing and dispersion of reinforcements.
This agglomeration is the evidence of the development of €racks from nanoparticles and matrix

interface (Fig. 27d).
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Fig. 27. High-magnification SEM and FE-SEM images of the tensile tested specimens of (a) NC1, (b) HNC1,
(c) HNC2 and (d) HNC3.

FE-SEM image of the HNC6' (Fig. 28b), confirms the presence of broken MWCNTs and
individual untangled MWENT ropes (pulled-out nanotubes) due to the uniform dispersion of
nanoparticles within the matrix, which agrees well with the TEM observations (Fig. 18). These
untangled and<individual, MWCNT ropes are needed for effective load transfer (strong
interface) among.the matrix and reinforcement and may also prevent early fracture during the
application of tensile load [48]. Moreover, EDS analysis shows clear evidence of nanoparticle
mixture in the fracture surfaces of HNC6 (Fig. 28a). The above findings reveal that there is a

strong interfacial bonding among the MWCNTSs and Al6061 matrix in the HNC6, where the
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embedded MWCNTs are very difficult to pull out from the Al6061 matrix. This pull-out
difficulty of MWCNTs from the Al6061 matrix is very beneficial for the effective transfer of

the load from Al6061 to the MWCNTSs and enhancement on the mechanical properties of the

hybrid nanocomposite.

Individual MWCNT ropes in A16061 base matrix
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Fig. 28. (a) EDX with fracture area of HNC6 (inside) and (b) FESEM image of HNC6 fracture surface showing
individual MWCNT ropes and broken MWCNT.

Outcomes obtained from the microstructuredand mechanical characterization demonstrate the
importance of analyzing the different reinforcements,pre-processing routes and their effect on
mechanical and physical properties Of resulting nanocomposites. From these outcomes, it is
clearly observed that the MWCNTSs shortening by using prolong ball-milling time is an
effective approach to attain uniform dispersion of nanotubes as well as TiO2 nanoparticles in
ultrasonic-assisted casting techniqueysand causing a significant strengthening of the hybrid
nanocomposite. The ayerage particle size of the 6 h ball-milled TiO2/MWCNT nanoparticles
mixture was refined to.about 3:88 um. Consequently, the size of the nanoparticles agglomerates
in hybrid nanocompesites significantly reduced (Figs. 21h-i) due to the combined effect of
reinforcement pre-processing and ultrasonic treatment, which strongly contributes to the
improvement of the tensile strength of the resulting nanocomposites. Therefore, difficulties
associated with a uniform dispersion of nanomaterials and nanoparticles in the casting
technique 4§ resolved up to some extent. Furthermore, ball-milling and sonication time of more

than 20 min and 6 h may be beneficial for further improvement in mechanical properties of
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resulting nanocomposites, but destruction in nanotubes morphology is one of the significant

constraints, which was earlier experienced by various researchers [17,34].

Based on the obtained results, it can be concluded that to attain uniform dispersion of
nanoparticles in the molten melt, ultrasonic-assisted stirring alone was not enough, hence pre-
processing of reinforcements is strongly recommended especially in case of,nanomaterials

(CNTs) and nanoparticles.

4. Conclusions

In the present work, an effort has been made to diminish the “agglomeration of nano-
reinforcements in Al6061-TiO.-MWCNT hybrid nanocomposites by using a combined
approach of reinforcement pre-processing and ultrasonic-assisted casting. The effect of
different dispersion routes on the microstructure and strengthening of ultrasonic-assisted
stir/squeeze cast hybrid nanocomposites were investigated. The present investigation led to the
following conclusions:

» Morphological characterization'of MWCNTSs revealed that the sonication time of 20
min is sufficient to obtain the dispersion uniformity, and further increment in the
sonication period leads to agglomeration and destruction in their tubular morphology.
However, microstructure investigation of MWCNTs dispersed through prolonged ball
milling (up to 6 h) exhibited MWCNTs shortening (change in aspect ratio) due to the
shearing effectsiof the balls.

» Itis observedthat the trivial loading of pre-processed TiO2 (1 wt%)/MWCNT (1.5 wt%)
nanoparticles |in the Al6061 matrix significantly increases the UTS, YS and
microhardness of the hybrid nanocomposites. The combined approach of nano-
reinforcement pre-processing and ultrasonic-assisted casting was found to be an

effective technique for preparing A16061-TiO>-MWCNT hybrid nanocomposites.
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» Itis observed from present work that the 6 h ball-milling (R4) is a promising approach
to achieve the uniform mixing and dispersion of TiO/MWCNT nanoparticles and
causing a significant improvement in the mechanical properties of the resulting hybrid
nanocomposites. It is also observed that sonication alone or ball milling (up.to 1 h)is
not sufficient to achieve the desired dispersion uniformity of the nano-reinforcements.

» The ultrasonic-assisted squeeze cast HNC7 showed higher UTS, YS and.microhardness
over the stir cast HNC6 due to the secondary material processing technique, uniform
dispersion of nano-reinforcements and ultra-level grain refinement.

» From the outcomes of the microstructure and mechanical‘properties’ investigations, it is
evident that the substantial enhancement in the UTS, ¥YS and microhardness of the
hybrid nanocomposites is associated with the nanhoparticlesstrengthening effects, grain
size refinement and uniform dispersion of TiO2/MWCNT nanoparticles.

» The FE-SEM investigation on hybrid manocomposites fractured surface confirms the
presence of TiO> and MWCNT nanoparticles without any sign of destruction in their

morphology.

Finally, it can be concluded that_the proposed new reinforcement dispersion/pre-processing
route diminishes the agglomerationeffect of TiO2/MWCNT nanoparticles as well as strengthen
the resulting hybrid nanocomposite remarkably. Hence, to utilize the utmost properties of
reinforcing materials, pre=processing of reinforcement is strongly recommended for the
fabrication of composites reinforced with nanoparticles (especially for nanomaterials) in the
casting appreach. Moreover, the proposed AMMHNCs with improved mechanical
characteristics make it a suitable candidate for employment in the aerospace and automotive

sectors, where eompromise in quality is undesirable.
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