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Abstract

In this work, an attempt has been made to fabricate novel hybrid nanocomposites from Mg-Zn-Yttrium (traceable) alloy
with 1.0 wt. percent nano-SiC, (fixed) and 0.5, 1.0, and 1.5 wt. percent nano-hBN;, as reinforcing particles. The combined
effect of stir-ultrasonication and squeeze casting was applied to mix the nanoparticles in the Mg matrix. The nanocomposite
samples were heat-treated at TS condition. Optical microscopy evaluates the refined grains. SEM pictures represent the uni-
form nanoparticle dispersion in the Mg matrix. As compared with base alloy, higher dislocation density is observed in the
nanocomposite samples which were confirmed by the TEM images. XRD validates the occurrence of SiC and BN phases
in the hybrid nanocomposites. The combination of 1.0 wt% SiCp and 1.5 wt% hBNp, reinforced hybrid nanocomposite show
31% more microhardness and 42% more tensile strength than the base alloy. Various strengthening models employed to
assess the influence of nanoparticles on yield strength, which were then, compared to the experimental yield strength values.
Experimental and theoretical yield strength values were found to be in closer agreement.

Keywords Ultrasonication - Squeeze casting - Mg-Zn alloy - SiC - Hybrid nanocomposites - SEM - TEM - Yield strength -
Strengthening models

1 Introduction

Being a lightweight structural metal, Magnesium (Mg)
alloys are the best alternative material for replacing stainless
steel, titanium and aluminum [1, 2] in the automobile sector.
Magnesium has the exceptional structural properties to be
used in road transport, aircraft, and defense factories. It is
owing to its low density, good specific strength, and better
resistance to wear [3]. Magnesium matrix composites have

> Poovazhagan Lakshmanan
poovazhaganl @ssn.edu.in

Department of Mechanical Engineering, A K T Memorial
College of Engineering and Technology, Kallakurichi,
Tamilnadu, India

Departments of Mechanical Engineering, Sri
Sivasubramaniya Nadar College of Engineering, Chennai,
Tamilnadu, India

Departments of Industrial Engineering, Anna University,
Chennai, Tamilnadu, India

a few distinct benefits like better castability, excellent elec-
tromagnetic shielding, the easiest machining of all structural
metals, a high damping capacity, and a lower energy require-
ment for production. Magnesium has several limitations, like
low ductility and elastic modulus, poor mechanical proper-
ties at elevated temperature, lower resistance to creep, and a
high rate of corrosion. Magnesium nanocomposites have
been developed to overcome these limitations by incorporat-
ing reinforcements in the nanoscale [1, 4, 5]. The addition
of alloying elements in Mg tends to improve their mechani-
cal properties and corrosion resistance [6]. Alloying ele-
ments like zinc (Zn), zirconium (Zr), calcium (Ca), and other
unique ore components greatly enhance the physical and
corrosion resistance properties of Mg [7].When added to Mg
alloys, rare earth elements (RE) tend to increase the corro-
sion resistance and high-temperature resistance properties.
Because of their excellent mechanical characteristics and
biodegradability, Mg-RE alloys are gaining significant atten-
tion in biomedical applications as potential implant materi-
als [6, 8]. At together room and elevated temperatures,
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Mg-Zn-RE alloys have shown improved strength and corro-
sion resistance properties [9]. The main alloying compo-
nents in Mg-Zn are zinc (4 wt. percent) and rare earth metals
(traceable Amount). As reported in several published
research articles, metal matrix nanocomposites (MMNCs)
made of Mg has been typically strengthened by materials
such as silicon carbide (SiCp) and aluminum oxide (Al,O5).
Magnesium -MMNCs provided superior hardness, high
resistance to wear, and better tensile strength characteristics
than their Mg-based alloys [10, 11]. The strength and tribo-
logical characteristics of the composites were determined by
several parameters, including the reinforcement content, the
size of the particle, the phase of the reinforcement, and the
fabricating method used [12]. However, the MMNCs rein-
forcement with micro-sized ceramic particles may signifi-
cantly reduce the ductility of the alloy matrix. The MMNCs
reinforced with particulates of nano-size to enhance the
properties of the matrix by retaining their ductility and aug-
menting the creep resistance because of its substantial sur-
face area to volume ratio (1000 times greater) as compared
with the microparticles [13—15]. The addition of very low
volume fractions nano-ceramic particles in Mg matrix drasti-
cally improves the mechanical characteristics like compres-
sive yield strength [16]. The excellent characteristics of SiC
particles such as high hardness, low thermal expansion coef-
ficient, good corrosion resistance, high thermal stability,
high melting point, and low density make them an attractive
reinforcement material for lightweight alloy matrix-like Mg
[13, 17]. The SiC nanoparticles restrict the movement of the
dislocations when applying external loads to the matrix.
Numerous experiments have demonstrated that incorporat-
ing SiC nanoparticles into a metal matrix increases the con-
tact surface friction. Adding a suitable solid lubricant to the
SiC reinforced metal matrix composite (MMC) materials do
lower the coefficient of friction and enhance their wear
behavior during dry sliding to protect the machine compo-
nents from excessive friction and wear. By incorporating two
distinct nanoparticles into a metal matrix, hybrid nanocom-
posites are manufactured. The researchers have proposed
SiC, as a primary reinforcement and solid lubricants like
hBN, and graphite as a secondary reinforcement in the
matrix material to examine the wear characteristics of
MMCs [12]. This addition improves the wear characteristics
of nanocomposites of Mg/SiC while lowering the coefficient
of friction. Hexagonal boron nitride (hBNj) is an excellent
reinforcing material for MMCs which makes the composites
harder and self-lubricating [18]. Earlier research has indi-
cated that incorporating graphite into MMNCs has lowered
the composites wear rate. However, as the operating tem-
perature is increased, it’s lubricating capacity decreases. The
formation of brittle interfacial phases, which reduces the
composites strength, is a major limitation of graphite rein-
forced MMNCs [19]. Graphite materials react with most of
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the metal matrix alloys during processing, resulting in the
development of brittle interfacial phases, which reduces the
strength of the composite. Typically, magnesium alloys are
very soft and offer lesser resistance to wear. In hybrid nano-
composites, double phases of two different reinforcements
contribute significantly to particle strengthening. The manu-
facturing methods such as mechanical alloying, stir casting,
squeeze casting, powder metallurgy, spray deposition and
friction stir processing were investigated. Hard nano-rein-
forcement particle dispersion in molten magnesium matrix
is time consuming and expensive. Through liquid metallurgi-
cal procedures like compo casting and stir casting, dispers-
ing nano-reinforcement particles is difficult because of the
nanoparticles’ high surface area to volume ratio and low
matrix wettability. Various liquid state metallurgical proce-
dures have been modified by researchers and the ultrasonic-
assisted stir casting process has been developed. The disper-
sion and scattering of ceramic nano elements determine the
quality of MMNCs produced [20]. As compared with con-
ventional stirring techniques, the ultrasonic-assisted casting
approach exhibited superior distribution and spreading of
nanoparticles in metal matrix with improved material char-
acteristics [10]. Additionally, nanocomposites with a refined
and uniform grain structure demonstrate superior mechani-
cal and tribological properties. To alter the microstructure
of Mg-based composites, several sophisticated material pro-
cessing methods have recently been developed. Among
them, the ultrasonic-assisted casting technique is receiving
considerable attention for its ability to refine the grain struc-
ture and better particle dispersion [13]. The scattering of
ceramic nanoparticulates in molten liquid is highly subjected
to variety of factors, including sonication time, ultrasonic
pressure, nanoparticle weight%, processing temperature, and
ultrasonic intensity [12]. During sonication in molten mate-
rial is the generation of high-intensity acoustic streaming
and transient cavitation. Transient cavitation and acoustic
streaming assist in dispersing the clustered nanoparticles,
refining grain size, removing porosity, and establishing a
homogenous structure. Transient micro hot spot with
extremely high pressure and temperature are created by
ultrasonic cavitation in the molten melt. Nano clusters are
efficiently broken up by these micro hot spots. Additionally,
it enhances the wettability of reinforced particles in the
molten melt. Simultaneously, acoustic streaming accelerates
the mobility and uniform dispersion of nanoparticles in
molten melt [19, 21, 22]. Squeeze casting involves forcing
and pressurizing the molten material inside the permanent
mold to achieve complete densification. Additionally,
because of the fast heat transfer rate of the melt, the matrix
alloy grain refinement was also observed. It is used to avoid
casting imperfections and improve mechanical characteris-
tics. The performance of composites made by squeeze cast-
ing is affected by the reinforcing particles, the die
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temperature, and squeezing pressure. Squeezing pressure is
the most influential factor in improving yield and ultimate
tensile strength [23, 24].

Numerous literatures have proposed that the ultrasonic-
assisted casting technique has helped in improving the
mechanical characteristics of materials. Apratim Khan-
delwal et al. [25] proposed an ultrasound-stir casting tech-
nique to fabricate AZ31/A1,0; Mg alloy nanocomposites.
The impact of ultrasonication (UST) and alumina nano-
particles in solidification were investigated under two dis-
similar conditions (isothermal-UST and air cooled-UST).
Better tensile characteristics, less porosity, and increased
ductility are associated with air-cooled UST processing
conditions. Isothermal-UST process produced 17% higher
hardness, higher porosity, and reduced ductility. Hajo
Dieringa et al. [26] manufacturedAM60-based MMNCs
using an stir-ultrasonication permanent mold casting
technique. The inclusion of AIN nanoparticles improves
the YS by 103% and UTS by 115%. Farzan Barati et al.
[27] used an ultrasound-assisted casting technique to
develop an AM60-SiO, nanocomposite. The use of SiO,
nanoparticles reduces the size of the Mg alloy crystals,
increasing the sample’s compressive strength and hard-
ness (34.8 HV to 51.5 HV). With the use of an ultrasoni-
cally assisted casting method, Abdollah Saboori et al. [28]
effectively produced Mg nanocomposites with Elektron21
as the matrix and reinforcement as AIN nanoparticles. The
inclusion of AIN nanoparticles reduces grain size while
increasing the hardness in 12.7%. Qiang et al. [29] uti-
lized an ultrasonically assisted casting method to manu-
facture Al-SiC nanocomposites. The SiC nanoparticles
were evenly dispersed throughout the matrix and minimal
dendritic size is minimal. Due to the strengthening impact
of SiC nanoparticles, the strength of Al-SiC nanocompos-
ites increased 217.1%. Harichandran et al. [19] used an
ultrasonically assisted casting process to synthesize hybrid
Al-B,C-hBN nanocomposites. The tensile strength of Al-
6wt% B,C nanocomposites was enhanced 40% Also, the
elongation of Al-2wt% B,C-2wt% hBN hybrid nanocom-
posites was significantly better than other combinations.
Afsaneh et al. [30] used an ultrasonically aided casting
process to create hybrid Al-Al,05-TiB, nanocomposites.
The grain refining and Orowan strengthening mechanisms
enhanced the strength of hybrid nanocomposites 271%.
Shulin et al. [31] used an ultrasonically assisted casting
process to fabricate Al-SiC nanocomposites. Dry ball
milling was used to treat SiC nanoparticles then dispersed
in molten metal. The ultrasonication method decreased
the grain size, increase strength 25% and improves the
uniformity in the dispersion of SiC nanoparticles. J. Li
et al. [13] studied the ultrasonication method, which is
commonly employed to achieve homogenous dispersal
of micro/nano-sized components in composites made of

aluminum alloys. Optimize the matrix and ceramic rein-
forcements’ wettability while retaining a low porosity.
To make A356-20 wt% SiC composites, Soundararajan
et al. [23] employed mechanical stirring and an ultra-
sonic-assisted squeeze casting method. When compared
to mechanically stirred composites, the outcomes demon-
strate that composites treated ultrasonically have superior
mechanical and physical characteristics, 12.7% increases
strength and 20% increases hardness. Junxiang Zhou et al.
[32] synthesized an AM60- alumina (Al,O;) fibre and
nano-sized Al,0O; Magnesium nanocomposite material
and investigated the influence of Al,O; hybrid particle.
They observe a significant improvement in tensile strength
(26.31%) and microstructure confirm the grain refinement.
M. Gupta et al. [1] stated that enhancement in strength and
ductility in hybrid nanocomposites made of Mg is because
of the presence of ceramic reinforcements in nano-size.
E. Suneesh et al. [33] investigated Comprehensive studies
of magnesium based hybrid composite. Various types of
reinforcement effects in mechanical properties and metal-
lurgical characteristics were studied.

Compared to nanocomposites, it has been noted in
the literature that hybrid nanocomposites are a superior
choice. However, previous research works employed micro
level ceramic particles as secondary reinforcements or the
ultrasonic assisted technique was used to produce differ-
ent combinations of reinforcement. In this work, attempts
were made to fabricate the hybrid nanocomposites with
different hBNp (0%, 0.5%, 1%, 1.5%) content and fixed
content (except base alloy casting) of 1% SiCp nano-
particles reinforced with Mg-Zn alloy using ultrasonic
vibration-assisted squeeze casting technique and further
subjected to T5 heat treatment condition. Lightweight
materials are required in most of the automobile and
aircraft sectors. Hybrid nanocomposites are considered
a category of lightweight materials. While mixing the
reinforcing nanoparticles in the metal melt, they tended
to agglomerate. This is the major issue in the fabrication
of hybrid nanocomposites. This research combines the
effect of ultrasonication and squeeze casting for fabricat-
ing hybrid nanocomposites. Hybrid nanocomposites have
the potential to replace aluminum, steel, and titanium in
some applications. Sonication assisted casting followed by
squeeze casting is a relatively new approach for producing
hybrid nanocomposites. The incorporation of two nano-
sized reinforcements such as hBN and SiC in Mg-Zn alloy
is newly attempted. The calculation of yield strength from
various strengthening models for hybrid nanocomposites
was not attempted previously. The mechanical character-
istics and microstructure of the MMNCs were investigated
and compared to the matrix alloy. Hybrid nanocomposites
strengthening mechanisms were discussed systematically.
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Table 1 Properties of Mg-Zn,

i dhBN Material Density Melting point Elastic Co-efficient of thermal Thermal
SiC,,, an, P (gcrn‘3) °O) modulus expansion conductivity
(GPa) (10 mm™' Cch (Wm™' K™
Mg-Zn 1.85 638 46 28.4 96
SiCp 3.20 2730 410 4.6 120
hBN, 2.29 2527 710 4.563 27
Table 2 Chemical composition of Mg-Zn 2.2 Experimental Setup
Mg-Zn Zn% RE% Zr% Mg o ) ) .
The ultrasonication-assisted squeeze casting system uti-
4.1 Traceable 0.5 Balance

2 Experimentations
2.1 Materials Used

The matrix alloy was a commercially available Mg-Zn
alloy with traceable Yttrium obtained from Nextgen Steel
& Alloys (P) Itd., Mumbai, India. Nanoparticles of Silicon
carbide (SiCp-50nm) were acquired from the US Research
Nanomaterials laboratory, USA, was employed as primary
reinforcement. Secondary reinforcement was chosen as
Nanosized Hexagonal Boron Nitride (hBNp-60nm) pro-
cured from Intelligent Materials Pvt Ltd, India. Tables 1
and 2 describe the characteristics and chemical constitu-
tions of the matrix as well as reinforcement materials.

e

8 g
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Fig. 1
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ydraulic unit
with punch

lized to make the MMNC samples is indicated in Fig. 1.
The arrangement includes a resistance heating furnace, an
ultrasonic unit, thermocouples, preheating equipment, and
an argon supply unit. The ultrasonic unit uses 2.5 kW power,
20 kHz frequency and a 20mm diameter titanium horn.
Leak-proof bottom pouring mechanisms with multilayered
insulation was provided in the furnace. The bottom pouring
arrangement facilitates the injection of molten material into
the squeeze casting layout die through an electrically heated
route. A squeeze casting system with a hydraulic power
press of 50 tons is utilized to increase the densification and
reduce the porosity.

2.2.1 Experimental Procedure

The furnace was preheated to 800 degrees Celsius, and then
Mg-Zn alloy weighing 1 kg was melted in it. A thermocou-
ple is installed within the furnace to measure the temperature
of the liquid melt. Melting was done under the protection
of SF6 (10%) and Argon (90%). No additional undesirable

(a) Magnesium Squeeze casting setup and (b) Titanium Ultrasonication probe
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components formed during the fabrication of metal matrix
nanocomposites. The formation of undesirable components
during the casting process was effectively prevented by SF
(10%) and Argon (90%) gas environment.SF¢ has been found
to be an excellent oxidation inhibitor. It forms MgF, layer
on the liquid metal surface. MgF, layer further inhibits the
formation of any undesirable components. Figure 2 shows
the process of the novel technique used in the experimenta-
tions. To create a homogenous alloy mixture, the molten
metal was stirred at 500 rpm for 2 min. The pre-heated SiC,
and hBNp nanoparticles (400 °C for 30 min) were gradu-
ally included with the molten material. To primarily mix
the nanoparticles, mechanical stirring was continued for
another five minutes. It reduces the time required for sonica-
tion. After spreading the melt using mechanical stirring, the
stirrer was withdrawn from the melt. The sonication probe
was submerged in liquid melt to 30mm depth, and the ultra-
sonic wave generator was activated. Ultrasonic processing
was carried out for 10 min for all the experiments. The ultra-
sonic generator with titanium horn was helps in generating
the ultrasonic cavitation effect at 20 kHz frequency. When
the strength of ultrasonic waves exceeding the Mg binding
energy of the liquid melt during ultrasonic processing, the
liquid bonds are broken, and cavitation bubbles develop
within the liquid melt. The surrounding particles scattered
randomly in all directions after the implosion of the cavita-
tion bubbles during the change in the pressure cycle. After
efficient ultrasonic processing, the agglomeration tendencies
of nanoparticles were reduced to a significant amount.
Since the hBNp tends to float during fabrication due to
its low density, the authors made use of a special type of
casting called sonication-assisted squeeze casting system.
The high-intensity cyclic ultrasonic waves in magnesium
melt create nonlinear sonication effects, like transient cavita-
tion and acoustical streaming. The acoustic streaming effect

Mgnesium alloy Furnace is set

Mechanical

generates a tumble motion inside the crucible, thus hBNp
present in the surface of the molten magnesium is pulled into
the melt during the ultrasonication process. Simultaneously,
the nonlinear effects produce thousands of transient cavita-
tion bubbles. These cavitation bubbles expand and compress
during the cyclic process. When the pressure of the bubble is
above the threshold level, they are not able to hold the high
pressure. Hence, the bubbles will suddenly implode. The
sudden implosions of cavitation bubbles randomly scatter
the nanoparticles in the liquid melt. This ensures the uniform
dispersion of nanoparticles in the liquid melt. The wettabil-
ity of nanoparticles and Mg matrix were improved in two
stages. Before adding the nanoparticles to liquid metal, they
were preheated. Preheating of nanoparticles improves the
wettability (bonding). During the sonication-assisted casting
process, ultrasonic vibration also improves the wettability
between the reinforcing nanoparticles and the metal matrix
[17, 34, 35].

By adding nanoparticles of SiC and hBN, the molten
liquid material viscosity increased slightly, obstructing
the liquid metal’s smooth flow into the preheated steel die.
Therefore, reheating was done to 800 °C after an efficient
sonication process. At last, the liquefied metal was put inside
a split type of squeeze die that was compressed for 1 min at
125 MPa and preheated to 400 °C.The diameter and height
of the casting ingots obtained, as illustrated in Fig. 3, are 50
mm and 260 mm, respectively. IHNC (Mg-98.5%, hBN-
0.5%, SiC-1%), 2HNC (Mg-98%, hBN-1%, SiC-1%), and
3HNC (Mg-97.5%, hBN-1.5%, SiC-1%) are the names of the
nanocomposites that were created (except base alloy cast-
ing). The composite materials were thermally treated at TS
in an argon-gas-protected atmosphere in a muffle furnace.
Heat-treatment was done for 2 h at 330 °C, and then cooled
in air. After that, 16 h of aging at 180 °C was followed by
air chilling.

Ultrasonication

Mg Melt : Squeeze
o Frequency 20 kHz, Applied queez
at 680°C Sirerhee Stirring e sq%%eze pressure
500 rpm a EEN & SIC O BN &SiC : . ressure
Resistance Nanoparticles t \dno])an’wlcs Pourmg of IS
Heating Coil i Mg melt MPa
Formation and
Ultrasomcmo growth of bubbles
(\-) Bubble N
' Nanoparticle I [
&  Nanoparticle Collapsing of Break-up and
cluster bubbles dispersion of
nanoparticles Steel die Cast )
clusters casting Specimen

Fig.2 Sketch of the novel fabrication process
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Fig. 3 Cast nanocomposite specimens

3 Results and Discussion
3.1 Tensile Studies

The standard ASTM ES8 samples were prepared for tensile
testing. Surface defects were removed by polishing the
specimens with abrasive sheets made up of silicon carbide
with 300 to 800 grit size. Universal tensile testing (UTM)
equipment with10 kN load cell and 0.1 mm/min crosshead
speed was employed for tensile studies. The engineering
stress-strain curve for monolithic alloy and hybrid MMNCs
is displayed in Fig. 4. The variation in UTS, YS and elonga-
tion (%) values of the monolithic Mg and hybrid nanocom-
posites are presented in Fig. 5. The nanocomposites have
higher values of UTS and YS than the basic Mg alloy. The

250 — Mg-Zn':
— 1 HNC|
‘f ——2 HNC
s 200 ~ —— 3 HNC|
»
o
S 150
7]
o
£
-
$ 1004
£
=)
c
w
50
0 T T T T T T T

0 1 2 3 4 5 6 7 8
Engineering strain (%)

Fig.4 Stress-strain curves of monolithic alloy and MMNCs
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Fig.5 Strength properties of monolithic alloy and MMNCs

augment of UTS and YS of nanocomposites are attributed
to the strengthening effect of Hall-Petch, thermal mismatch
(high dislocation density) and Orowan bowing produced by
the nanoparticles. The load sharing effect has a negligible
impact on the mechanism of nanoparticle reinforced com-
posites [36]. In comparison to the base alloy, the variance in
CTE and tensile modulus between the Mg-matrix and nano-
particles tends to augment dislocations in nanocomposites.
The Orowan bowing mechanism shows how nanoparticles
limit the mobility of dislocations in a matrix [37]. The Hall-
Petch hypothesis relates the enhanced strength of nanocom-
posites to grain refining [38]. Squeeze casting was utilized
to enhance the grain structure of these nanocomposites and
reduce their porosity. Comparing nanocomposites (1% SiC
and 1.5%) with the base alloy, the UTS value increased by
42%. This is since the primary and secondary reinforcements
are equally distributed throughout the matrix. The hybrid
reinforced nanocomposites had the lowest ductility. It is
attributed to the inclusion of strong ceramic reinforcements
in the Mg matrix. The calculated tensile strength values of
this work were found to be similar to the tensile strength val-
ues of magnesium-based hybrid nanocomposites developed
by Junxiang Zhou et al. [32].

3.2 Hardness Test

The specimen microhardness was determined using a Vick-
ers microhardness tester with OM. The entire experiment
was being conducted at room temperature. A 100 g load is
applied for 30 s at five separate sites during the specimen’s
hardness test, and the average values are utilized to calculate
the specimen’s final hardness value.

The microhardness of nanocomposites varies as a rein-
forcement function, as represented in Fig. 6. Vickers micro-
hardness rises almost linearly as the base alloy reinforcement
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Fig. 6 Microhardness of Mg-Zn alloy and its hybrid nanocomposites

content improves. The nanocomposite has a hard surface
than the basic alloy Mg-Zn. It happened due to the inclu-
sion of Silicon Carbide particles, which have a better hard-
ness contrasting the matrix alloy. As the load is applied,
these nanoparticles restricted the dislocation motions of an
obstacle, resulting in a less penetration depth. The hardness
of hybrid reinforced nanocomposites was found to be higher
than the base alloy. The microhardness values obtained in
this research work was found to be similar to the values
reported in the previous literatures [33].

3.3 Microstructure: OPTICAL, SEM, TEM, and XRD

Figure 7 shows optical micrographs of different materials
produced by ultrasonic-assisted squeeze casting (Mg-Zn
alloy, IHNC, 2HNC, and 3HNC hybrid nanocomposites).
Grain refinement is evident when the SiC concentration
in the Mg-Zn alloy matrix is kept constant while the hBN
content is increased. Optical micrographs of hybrid nano-
composites and Mg-Zn alloy reveal a substantial difference

Fig. 7 Optical images of cast samples (a) Mg-Zn alloy (b) IHNC (¢) 2HNC and (d) 3HNC
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Fig. 8 Variation of mean grain size of Mg-Zn alloy and MMNCs

in grain size. The disparity of mean grain size is shown in
Fig. 8. The mean diameter of the grain is 84 pm for Mg-Zn,
58 pm for IHNC, 52 pm for 2HNC and 49 pm for 3HNC
respectively. It is evident from the microstructure of hybrid

nanocomposites that the amount of hBN nano reinforcement
in the Mg-Zn alloy increases, and the mean size of grain
reduce. When comparing to the base alloy, the average grain
size reduction is 31%, 38%, and 41% for 1HNC, 2HNC, and
3HNC, respectively. Because of the homogeneous scattering
of nanoparticulates in the matrix, quicker nucleation reduces
the size of grains as the number of nanoparticles placed in
the matrix increases. The reinforcing particles dimension,
the nanoparticles weight%, the influence of squeeze casting,
and the ultrasonic cavitation impact play a significant role
in grain refining.

SEM pictures of Mg-Zn alloy, hybrid nanocomposites
ITHNC, 2HNC, and 3HNC are shown in Fig. 9. As shown
in Fig. 5b—d, the SiC and hBN reinforcements are evenly
distributed across the base matrix. However, as the amount
of hBN increases, microstructural clusters of hBN were
appeared during SEM investigation.

TEM was performed on a high-resolution JEM 2100
machine for TEM manufactured by JEOL. Wire-cut elec-
trical discharge machining is appropriate for cutting HNC
specimens with a thickness of around 3 millimeters (mm).
Polishing the wire cut EDM specimens was easy with Emery
sheets in grade levels 1200, 1500, and 2000. Using emery

SiC
g

SiC Cluster -
4

Fig. 9 SEM images particle dispersion (a) Mg-Zn alloy (b) IHNC (¢) 2HNC and (d) 3HNC
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sheets, each sample is physically polished for more than an
hour. The samples are determined to be around 200 nm thick
after manual polishing. The samples’ thickness is reduced
to 50 nm using dimple grinding and ion milling equipment.
Punching discs with a diameter of 3mm is done with a disc
punch and an ultrasonic disc cutter.

Figure 10 represents the morphology and silicon car-
bide (SiC) distribution of nanoparticles of hexagonal boron
nitride (hBN) in the Mg-Zn/(SiC+hBN) hybrid nanocom-
posite. Some SiC and hBN nanomaterials are effectively
distributed, whereas others are agglomerated, as seen in
Fig. 10(a). The SiC and hBN nanomaterials outside the
cluster exhibit a homogeneous dispersion when viewed at

a high resolution, as seen in Fig. 10(b). In magnesium melt,
ultrasonic vibration efficiently disperses SiC and hBN nano-
particles. In the SiCp/Mg-Zn nanocomposite, the interaction
between the SiC nanoparticle and the matrix is illustrated
in Fig. 10(c). It is validated that at the surface, there is no
interfacial reaction. It denotes a strong bond between the SiC
nanoparticles and the Mg-Zn alloy.

Increasing the dislocation density of the Mg-Zn/
(SiC+hBN) hybrid nanocomposite also increases the
strength of the nanocomposite, as represented in Fig. 11(a)
and (b).

Figure 12 illustrates the XRD reports of Mg-Zn alloy,
ITHNC, 2HNC, and 3HNC hybrid nanocomposites. The kind

102
0112

100

0014
0012

Fig. 10 TEM micrographs of Mg-Zn/(SiC+hBN) (a) SiC and hBN dispersion (low magnification) (b) SiC and hBN dispersion (high magnifica-
tion) (¢) SiC and Mg-Zn interface (d) Electron diffraction of SiC and hBN nanoparticles
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Fig. 11 Typical dislocation arrangements of Mg-Zn/ (SiC+hBN) nanocomposite (a) dislocation density of 1HNC hybrid nanocomposite and (b)

dislocation density of 3HNC hybrid nanocomposite

of reinforcing component has an impact on the properties of
hybrid nanocomposites. Different phases of hybrid nanocom-
posites in XRD investigation were identified by JCPDs soft-
ware. The intensity peaks of hBN and SiC are lower due to
their reduced intensity in the matrix.

4 Grain Refinement Studies - Effect
of Sonication/squeeze Casting on Grain
Refinement

On solidification, UST may also be employed to improve the
microstructure of metallic alloys. The influence of ultrasonic
cavitation refining at the course of solidifying has been described
with two theories [35]. The initial hypothesis is that ultrasonic
boosted the melt’s nucleation potential. When ultrasonic cavita-
tion is employed, the heat and pressure characteristics of the melt-
ing have changed at high frequencies, which greatly enhanced the
nuclei count. Furthermore, ultrasonic cavitation boosts the solute
diffusion and augments the nuclei values in the melt by creating
intense convection. The second theory proposes that ultrasonic
cavitation might create shock waves, causing dendritic tips to
break and contributing to microstructure refinement [39—41].

5 Strengthening Mechanisms
Many factors influence the mechanical characteristics of

hybrid nanocomposites including manufacturing techniques,
matrix strength and grain size, CTE/elastic modulus mismatch,

@ Springer

and reinforcement size and wt%. Hall-Petch effect, increased
dislocation density, Orowan bowing, and load transfer are
some of the predominant strengthening mechanisms in hybrid
nanocomposites.

5.1 Hall-Petch Effect

The size of the matrix grain is getting refined by incorporat-
ing the nano reinforcements of SiC and hBN in Mg matrix.
Refining the grain size would improve the elastic limit of com-
posites. Hall-Petch established a link among the matrix YS
and grain diameter. Reducing the grain diameter of the matrix
boosts the YS of the MMNC:s, as per the Hall-Petch relation-
ship depicted Eq. 1. [36].

1 1
s =k 7 = 7| M
Where d - mean grain size of SiC and hBN, d, - average
grain size of matrix and k is equal to 0.1 MNm~>2,

5.2 Orowan Strengthening

In practice, it is not suitable to apply the Orowan strength-
ening mechanism to the MMCs having a reinforcement
diameter above5 pm. In nanocomposites, particle size and
spacing between the nanoparticles are small, hence disloca-
tion movements are prevented. SiC and hBN nanoparticles
function as dislocation barriers, enhancing hybrid nanocom-
posite yield strength. Equations 2-4 describe the influence
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of Orowan strengthening caused by the SiC and hBN nano-
particle mixture in MMNCs [37].

d
In( 2 In ( &y
Ao-orowan = 013Gmbm (2bm ) + ( 2b,, ) (2)
Tsic TheN
1
L \:
TSiczdSic<<%>3 — 1) 3
1
= =) @)
hBN nen |\ 2y, —

Where AGq,gwan 1S the yield strength variation because
of the Orowan effect, G, is the modulus of shear of the
alloy. b,,, represents the magnitude of the material Burgers
vector. dg;c represents the SiC mean diameter, The mean
diameter of the hBN nano reinforcement is denoted by
d;gn- The mean inter atomic spacing of SiC is tg;c. The
normal inter particulate spacing of hBN is t,5y. The vol-
ume percentage of SiC nano reinforcements is denoted by
Vsic. The volumetric fraction of hBN nano reinforcements
is denoted by V,gn. G, and b,, are 17.3 GPa and 0.32 nm
for matrix alloy. SiC nano reinforcement has an average
diameter of 50 nm, while hBN nano reinforcement has a
standard diameter of 60 nm.

2 theta (deg)

5.3 Dislocation Density

The higher dislocation density in the MMNC as compared
with monolithic alloy is attributed to the CTE and elastic
modulus mismatch amongst the Mg-Zn and the SiC/hBN
nanoparticles. It is possible during the process of cooling
during the solidification process. Thus, the empirical rela-
tionship provided in Egs. 5 and 6 are used to determine the
increase in thermal stress caused by the geometrically mis-
matched dislocations [37]:

1
Aocrg = ﬂGmbm(PCTE)E ©)

CTE _ 12AT (“m - “Sic)VSic (O‘m - “hBN)VhBN
b dSiC(l - VSiC) thN(l - VhBN)

(6

Where Aoy is the variation in elastic modulus because
of thermal mismatch, § (constant) is equal to 1.25, G,, repre-
sents the matrix rigidity modulus, and b,, is the burger vector
magnitude p©TF is dislocation density, The SiC mean diam-
eter is denoted by dg;c, The diameter of the hBN is d, g
a,,, denotes the matrix material’s thermal expansion coeffi-
cients, ag;c is the SiC reinforcement thermal expansion coef-
ficients, o,y is the hBN reinforcement thermal expansion
coefficients, Vg stands for volume concentration of SiC
nano-reinforcements. Vg stands for the volume fraction
of hBN nano-reinforcements. AT represents the temperature

@ Springer
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variation between the stress-free homologous and room tem-
peratures. (AT =T -T,,,,=300 °C-25 °C =275 °C).

room

5.4 Load-bearing Effect

As the ultrasonic cavitation is employed at high frequencies,
the formation of variations in the characteristics of the pres-
sure and temperature at the melt helps in potential increase
in the number of local nuclei. The relationship given in Eq. 7
describes the load-bearing capacity of nano reinforcement
particles [36].

A6 1000 = 0.5(Vsic + Vigy )0, )

Where Aoc,,,q denote a variation in yield strength because
of the load-bearing action. Vg;c and V, g\ represent the vol-
ume fraction of SiC, and hBNj, respectively. 6, represents
the Mg-Zn alloy’s yield strength. Table 3 represents the vari-
ous parameter values which are used to estimate the yield
strength of the fabricated MMNC:s in this work. The val-
ues in the Table 3 were obtained from the previous litera-
tures and the experimental work carried out in the current
research. Table 4 indicates the percentage of strengthen-
ing contribution of different strengthening mechanisms in
1HNC, 2HNC and 3HNC.

6 Yield Strength Prediction Models

The arithmetic model [38], quadratic summation model [47],
compounding models [37], and modified Clyne model [37]
are some of the many prediction models useful for analyzing
how nanocomposites increase their yield strength.

The phrase “arithmetic summation model” refers to the
total of each strengthening mechanism’s contributions. The

Table 3 Parameters are used in the estimate of yield strength of MMNCs

different strengthening effects would work separately and
contribute to the hybrid nanocomposites yield strength,
according to the Eq. 8 [38].

Uync =0p + AO-HP + A0[0ad + AUOrowan + AO-CTE (8)

For particle reinforced composites with micron size, a
quadratic summation model is proposed. Numerous studies
indicate that characteristics of the nanocomposite increase.
In addition, nanocomposites do not follow the same assump-
tions as composites reinforced with micron-sized particles.
Based on a square root model (Eq. 9), the total improvement
in yield strength depends on the sum of all strengthening
effects.

— 2 2 2 2
o-)'m‘ =Om + \/AGHP + A6Orowan + AO-load + AO-CTE (9)

According to the compounding model, as shown in
Eq. (10) the increase in yield strength because of nano rein-
forcements is multiplied by c,,.

_ A6y Aocrg A6 poan Aoyp
Cyne —(am)<l+ . ><1+ . 1+ . 1+_°'m (1())

The Orowan and thermal mismatch effects are the pri-
mary factors for increasing the hybrid nanocomposite yield
strength. While comparing other strengthening mechanisms,
the load bearing, and Hall-Petch effects are negligible. The
thermal mismatch strengthening mechanisms and Orowan
theory have a direct impact on the hybrid nanocomposite’s
yield strength. Because of this, the square root must be used
to add up both Orowan and the thermal mismatch impact.
The modified Clyne model indicated in Eq. 11 considers
these two strengthening mechanisms when it is squared [37].
Theoretical yield strength values calculated by four different
strengthening models and the corresponding experimental

Parameter Description Value Comment/ Reference

a, CTE of matrix 28.4x 1076 °C™! [42]

Oic CTE of SiC 4.6x1075 °C! [36]

QN CTE of hBN 4.563x 1076 °oC! [43]

K Constant 0.1 MNm™? [44]

d, Average grain size hybrid nanocomposites 58 pm,52 pm, 49 pm Experimentally obtained value

d, average grain size of Mg-Zg alloy matrix 84 pm Experimentally obtained value

G, Rigidity modulus of matrix 16.6 GPa [45]

b, Matrix burgers vector (Magnitude) 0.32 nm [45]

dgic Average diameter of the SiC nanoparticle 50 nm Average particle size supplied by Manufacturer
dipn Average diameter of the hBN nanoparticle 60 nm Average particle size supplied by Manufacturer
Vsic Volume fraction of SiC nanoparticle 0.0057 Calculated for 1.0 wt% SiCp

Vien Volume fraction of hBN nanoparticle 0.00435,0.00872,0.0131 Calculated for 0.5 wt%, 1.0 wt% and 1.5 wt% hBN,,
Ty Stress-free homologous temperature 300 °C [46]

Toom Room temperature 25°C Room temperature

O Yield strength of matrix 110 MPa Experimentally obtained value
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Table4 Percentage of Specimens  Average grain Aoy (MP2)  AGomuy MPa)  Acers (MPa) Aoy, (MPa)
strengthening contribution size (um) ©
of different strengthening )
mechanisms in THNC, 2HNC 1HNC 58 2.22 31.1 45.06 0.552
and SHNC 2HNC 52 2.95 35.8 53.2 0.793
3HNC 49 3.37 39.54 60.32 1.033
Table.S Theoretical and Specimens oy, (MPa)
experimental YS values Y
Arithmetic summa- Quadratic summa- Compounding  Modified Clyne Experi-
tion method tion method method Model mental
value
IHNC 189.13 164.79 204.52 167.52 161
2HNC 202.74 174.19 220.72 177.86 176
3HNC 214.26 182.21 240.98 186.52 188

yield strength values are presented in Table 5. This table
explicitly shows that the yield strength values predicted by
the modified Clyne and quadratic summation model are
very much closer to the experimental yield strength values.
Hence, these two strengthening models are highly recom-
mended for predicting the yield strength of the Mg MMNCs.

Oppe = Oy + Aoyp + Acyyy + \/Aaz

y Orowan

2
+AcZ, (1D

7 Conclusions

The combined effect of stir-ultrasonication and squeeze cast-
ing was successfully applied to produce monolithic Mg-Zn
alloy, IHNC, 2HNC, and 3HNC hybrid nanocomposites.
The samples were heat-treated according to T5 heat treat-
ment conditions. Experiments, testing, and characterization
lead to the following results.

i. Optical micrographs represent notable grain structure
refinement due to the collective effect of sonication and
squeeze casting. The grain sizes measured were 84, 58,
52, and 49 pm correspondingly for monolithic Mg-Zn,
ITHNC, 2HNC, and 3HNC hybrid nanocomposites.

ii. Ultrasonic streaming and transient cavitation help to
disperse the SiC and hBN nanoparticles in Mg matrix.
The squeezing effect assists in the reduction of poros-
ity. SEM pictures validated the uniform dispersion of
nanoparticles.

iii. Dislocation density in MMNCs is higher compared
with the monolith Mg-Zn. The same was confirmed
by the TEM images.

iv. XRD validates the SiC, BN, and Yttrium (Traceable)
phases in the hybrid nanocomposites.

v. The hard particle dispersion in the nanocomposites
significantly inhibits dislocation movements, which
increases the yield strength by a considerable amount
and marginally lowers the ductility.

vi. Microhardness is increased by 7%, 19%, and 31%,
respectively, while comparing 1HNC, 2HNC, and
3HNC MMNCs with the base alloy. The augmenta-
tion in microhardness is attributed to the integrated
effect of reduction in grain size, Orowan bowing and
higher dislocation density.

vii. The yield strength of IHNC hybrid nanocomposites
rises by 46%, that of 2HNC by 60%, and that of 3HNC
by 71% when compared with monolithic Mg-Zn.
The strengthening contribution of each strengthen-
ing mechanism in the decreasing order is denoted as
AGCTE - AGOrowam - AGHP 'Acload'

viii. Yield strength values predicted by the modified Clyne
and quadratic summation model are very much closer
to the experimental yield strength values.
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