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Effect of nano-Nb2Os on the microstructure and mechanical
properties of AZ31 alloy matrix nanocomposites
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Abstract. In this study, the gravitating mechanical stir casting method was used to fabricating the Nb,Os/AZ31 magnesium
matrix nanocomposites. Niobium pentoxide (Nb,Os) used as reinforcement with two different weight percentages (3 wt % and 6
wt %). The influence of Nb,Os on microstructure and mechanical properties has been investigated. The microstructure analysis
showed that the composites are mainly composed of the primary a-magnesium phase and phase B-Mgi7Al2 secondary phase.
The secondary phase was dispersed evenly along the grain boundary of the Mg phase. The Nb,Os/AZ31 nanocomposites
revealed that the grain size and its lamellar shape (B-Mgi7Al12) were gradually refined. Different strengthening mechanisms were
assessed in terms of their contributions. Results showed that composite material properties of hardness, yield strength, and
fracture study were directly related to Nb,Os as a reinforcement. The maximum values of the mechanical properties were
achieved with the addition of 3 wit% Nb,Os on the AZ31 alloy.
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1. Introduction

Research has increased substantially in recent years on
product development to improve the performance of
vehicles in the automotive and aerospace industries.
Investigators have encountered many challenges in the
enhancement of the ration between high strength and light
weight (Ali Ghorbanpour Arani 2021). The best cost-
effective solution is using alternative materials. Research on
magnesium as a substitute for cast iron, aluminum and
polymers has rapidly progressed (Chen et al. 2015, Abbas
and Huang 2020a, Vini and Daneshmand 2020).

Magnesium-based alloys have attracted considerable
attention as lightweight materials because of their low
densities (approximately two- thirds of the density of
aluminum), high specific strength, excellent castability,
machinability and great damping capability. However, the
application of magnesium alloys is limited because of its
low strength, ductility and toughness at room temperature
(Dey and Pandey 2015, Shen et al. 2020). These limitations
have impeded their use as structural materials in critical
engineering applications. Many researchers have attempted
to improve the strength of magnesium materials by
including carbides, oxide particles, carbonaceous, alloys
and deformation procedures (Sameer Kumar et al. 2017,
Dinaharan et al. 2020).

Metal matrix composites (MMCs) have attracted attention
because combining a matrix and reinforcing material result
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in a composite with excellent mechanical capabilities. Metal
matrix composites are apparently isotropic materials, and
production methods are similar to the production of
monolithic materials (Khandelwal et al. 2017, Zhou et al.
2020). Some researchers used a stir casting process to create
an AZ31 matrix composite from graphene nanoplatelets.
The microhardness and tensile strength of the composites
were higher than those of the magnesium alloy AZ31
(Rashad et al. 2015). Banerjee et al. (2019) used an
ultrasonic vibration-assisted stir casting process to create
AZ31-WC composites with WC concentrations ranging
from 0.5 wt percent to 2 wt percent. The inclusion of WC
nano-particles greatly improved the wear, friction and
hardness of the AZ31 alloy. The behavior of an AZ31B/
nano Al,O3; composite prepared using the disintegrated melt
deposition process. Under normal loads, the composite wear
rate steadily decreased with sliding speed. The wettability
of fly ash particles is sufficient for stir casting reinforcement
into AZ31 (Dinaharan et al. 2019). Niobium pentoxide
(Nb2Os) is insoluble nature in water and excellent
durability. Nb,Os is widely used in ceramic structures from
simple clay bowls to novel electronics components, light
weight aerospace structural components and fuel cell
applications (Zhu et al. 2011). The fineness and compactness
of the microstructures of the composites increase with
Nb2Os concentration and thereby contribute to increases in
density, hardness, wear resistance and flexural strength. The
properties of NbyOs include excellent thermal, chemical,
and thermodynamic stability, high reflective indices,
excellent mechanical properties, and excellent fracture
toughness. The superior catalytic property of Nb,Os enabled
hydrogen absorption and desorption, along with biomedical
and sensors applications. Nb,Os has not yet been fully
explored in terms of its potential benefits and applications.
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Fig. 1(a) Stir casting process steps; (b) Schematic diagram of the stir casting setup and sectional view

Due to their low wear resistance, low hardness, and low
malleability, the Mg—Zn alloys have some disadvantages
which limit their use. Nb,Os as reinforcement help to
overcome limitation in magnesium matrix composite
(Safavi et al. 2022). Furthermore, fine microstructure and
homogenous reinforcement distribution result from the
casting of composites (Alaneme et al. 2020a, Silva et al.
2020). Nb2Os enhancement and increase in temperature
increase the shrinking rate of composites. An optimum
proportion of Nb,Os is conducive to grain growth and
densification. At increased Nb,Os concentration, elastic
strain, yield pressure, wear characteristics and impact
loading resistance improved (Alaneme et al. 2020b).
Fabrication methods have a significant impact on the
mechanical properties of magnesium composites. The
amount of defects incorporated during the fabrication
process has a substantial impact on the overall structural
performance of MMCs (Huang and Ali 2018). Stir casting,
spray deposition, powder metallurgy, squeeze casting,
physical vapor deposition and electroplating are used in
preparing MMCs (Hassan and Gupta 2006, Borodianskiy
and Zinigrad 2015, Selivorstov et al. 2017, Zhao et al.
2017). Stir casting is widely preferred over other methods
because of its simple procedure and cost effectiveness when
applied to the fabrication of Mg-MMCs (Bains et al. 2016,
Idrisi and Mourad 2019). There are several advantages to
the stir casting process, including the ability to produce
complex shaped ingots at low costs, machinability
improvements and improved mechanical properties of
composite materials, as well as a high rate of production. In
general, appropriate volume fractions can add up to 30
percent volume fraction of a reinforcing material during the

Table 1 Magnesium AZ31 alloy composition (wt.%)

Mg Al Zn Mn Si Cu Ca Fe Ni
9542 32 09 03 01 004 003 0.005 0.005

casting of metal matrix composites (Huang et al. 2021)

The objective of this research is to fabricate a novel
magnesium nanocomposites and study the mechanical
characteristics of AZ31 composites with varying Nb;Os
weight fractions. The effects of nano size Nb,Os weight
fraction on the microstructure and AZ31 alloy
characteristics were examined. All characterization
investigations have been performed to reveal the successful
incorporation of Nb2Os/AZ31 nanocomposites and its
properties. To the best of our knowledge, Nb,Os/AZ31
nanocomposites have not been fabricated with the stir
casting technique and there is also a shortage of information
about their mechanical characteristics.

2. Materials and methods
2.1 Composite preparation

AZ31 magnesium alloy was acquired from Kuangyue
Co., Ltd., used as matrix material and 99.90% pure Nb,Os
was acquired from Allychem Company Ltd. The chemical
composition of the matrix metal shown in Table 1. The
Nb,Os with a particle size of 100 nm was used as a
reinforcement. The gravitating mechanical stir casting
(GMSC) method was used in fabricating samples with three
distinct types of composition as follows: AZ31-0 wt%-
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Fig. 2 XRD Pattern of the composites

Nb2Os (AZ31), AZ31-3wt% Nb2Os (3 wt% Nb,Os/ AZ31)
and AZ31-6wt%Nb,Os (6 wt% Nb,Os/AZ31). The AZ31
alloy bar was chopped down into pieces. The Mg alloy
(AZ31) pieces along with reinforcement (Nb2Os) loaded in
the steel crucible and kept inside electrical furnace. The
combustion of magnesium alloy AZ31 was prevented by
adding an SFe+CO; gas mixture at 400 °C during casting.
Oxidation was prevented by adding argon (Ar) gas at 700
°C. The thermal stabilization time was maintained with 15
min for every 100 °C increase in temperature up to 700 °C
during casting. In the casting process, mechanical stirring is
used to distribute the reinforcing phases into the molten
composite phase matrix. In this research, Nb,Os/AZ31
composite melt was stirred with two stirrers at 300 rpm for
10 min at 760 °C as shown in Fig. 1. This procedure
ensured that Nb,Os was evenly distributed over the Mg
alloy. The molten alloy was collected into a mold kept
within the chamber used in making the ingots cast
(Nb20Os/AZ31). By using the same approach and fabrication
technique, three different types of cylindrical composite
ingots (100mm height and 89mm diameter) were fabricated.
The microstructural and mechanical investigation samples
were prepared from the casted ingots. Mechanical grinding and
polishing were performed for the preparation of specimens for
microstructure examination in accordance with ASTM E3-11
standards. After the polishing process, the samples were etched
in 100 ml of ethanol, 10 ml of DI water, 5 ml of acetic acid and
6 g of picric acid solution for 40 s before the testing of the
microstructure. In order to determine the phase composition of

the composite sample, XRD was performed using the Bruker
D2 phaser model and composite samples were subjected to Cu
K o-radiation at 45 kv and 0.8 mA. A scanning electron
microscope (SEM) (model JSM-6390LV) equipped with an
EDS was used to examining the microstructures of solid
samples. The hardness was measured using an Akashi MVK-
H1 micro Vickers hardness testing machine with diamond
indenter. During the test, a load of 300gmf was applied and the
holding time was 10 seconds. The results of five indentation
measurements were used to determine the hardness of samples.
Tensile samples were made in accordance with ASTM-E8-69
specifications, and tests were carried out on an MTS testing
machine at a crosshead speed of 0.5 mm/min and loading
capacity of 100 KN. Three specimens were tested for each
composite and the final result was determined by using the
average of the three specimens.

3. Result and discussion
3.1 XRD analysis

The XRD examinations of as-cast Nb,Os/AZ31 nano-
composites samples phase composition were illustrated in
Fig. 2. It can be depicted that the magnesium peaks are
observed as a major phase and minor intensity peaks of
secondary phase B-Mgi7Al1, (PDF 73-1148) in the Nb,Os/
AZ31 nanocomposites, which can be attributed to the
excellent crystallization phenomena achieved during the
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Table 2 Quantitative XRD Analysis

Crystallites Size  Dislocation Density Grain Size

Composition (D)(nm) 510° (n?) P
3 Wt%

Nb20s/AZ31 16.67 3.59 31.65
6 Wt%

Nb20s/AZ31 16.30 391 3211

fabrication process. The peak analysis reveals that the
composites are containing the peak intensity of MgNb,Os
(PDF 88-0708) phases. This indicates that the addition of
Nb,Os to the alloy AZ31 resulted in the MgNb,Os phase.
During the casting, the reaction between Mg (in AZ31) and
Nb,Os forms MgO through oxidation. At 600 °C, MgO
reacts with Nb,Os to form MgNb,Og based on the following
reaction (Rahman 2019)

MgO + Nb2Os — MgNb,Os @

The textural difference may be calculated using the
XRD peaks intensities at 26 values of 32° 34° and 36°,
which correspond to the prismatic {10-10}, basal {0002}
and pyramidal {10-11} planes of Mg crystals. The
inclusion of Nb,Os in the AZ31 alloy thereby initiates the
basal planes, and basal plane intensity is greater in
Nb2Os/AZ31 nanocomposite than in the AZ31 alloy
composite samples. The intensity changes of the basal plane
can be suggesting that the existence of the Nb,Os,

Based on the results in table, it appears that the presence
of Nb2Os in the composite may influence the recrystal-
lization process, leading to smaller crystallite size. The
Scherrer formula results in a smaller crystallite size than the
actual grain size of the fabricated composites. In addition to
the fact that the size of the crystallites is finite, there are
also lattice imperfections and dislocation that can contribute
to the peak broadening and grain size. The inhibiting effects
of the reinforcement and the greater thermal stress produced
during the cooling process caused increase in dislocations
density of Nb,Os/A31 composites. The Grain size and
residual stress are inversely related to dislocation density. A
higher dislocation rate promotes grain growth, which
accelerates precipitation kinetics. The combined interaction
of dislocation density and grains size refinement
enhancement of the Nb2Os/A31 composites (Abbas and
Huang 2021).

Fig. 3 SEM analysis images of (a) AZ31 (b) 3% Nb,0Os/AZ31 (c) 6% Nb,Os/AZ31

3.2 Microstructural characteristics

The SEM and EDS (Figs. 3-4) images show that a-Mg
(red arrow) grains are surrounded by the secondary
intermetallic phase B-Mgi7Ali2 (yellow arrow) grains at the
grain boundaries. The grain refinement in Mg-Al systems
(Al concentration more than 1 wt%.) is mostly attributable
to the superheating process. In the current investigation, the
composites were fabricated at a superheated temperature of
750 °C and facilitates grain refinement in Nb,Os/AZ31
composite. The addition of Nb,Os to AZ31 alloy improves
its resistance to coarsening and results in a smaller grain
size. In accordance with coarsening models, grain size is
directly related to surface energy, therefore a decrease in
surface energy at a given temperature result in finer grains.
The uniform temperature in the mold, nucleation and grain
growth took place evenly. According to the free growth
model, it has been found that nucleation growth can begin
freely at different temperatures depending on the type of a
matrix (da Silva et al. 2017). As a result, grains grow more
rapidly as the temperature decreases. Microstructure
refinement is also dependent upon a mismatch in
coefficients of thermal expansion. Adding Nb,Os caused the
thermal expansion mismatch, causing the grain boundaries
to break down and the grains to become smaller. A
reduction in the grain size was achieved with the
nanoparticles, which resulted in an improvement in the
microstructure of the composite (Borodianskiy and Zinigrad
2015). As a result, the density of the grain increases, and
grain refinement provides greater strength to casted
Nb2Os/AZ31 composites. From the EDS elemental mapping
analysis revealed that the uniform distribution of nano
Nb,Os particulates is observed in the composites. The
uniformly distributed Nb,Os in molten AZ31 acts as a
heterogeneous nucleus substrate, stimulating nucleation and
limiting grain growth during solidification. The reason for
the homogeneous distribution was the stable dispersion of
nano Nb,Os particulates in the AZ31 magnesium alloy
matrix during stirring. Pressure does not have a great impact
on wetting behavior (Malaki et al. 2021). No apparent voids
were observed at the interface between the Nb,Os and
magnesium matrix, which indicating that the matrix and
reinforcements were bonded well. As the Mgi7Al1, phases
had adverse effects on mechanical properties, Nb,Os was
added for the dissolution of precipitates and gradual
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Fig. 4 EDS mapping images of (a) AZ31 (b) 3% Nb,0s/AZ31 (c) 6% Nb,Os/AZ31

Table 3 Microhardness, Porosity and Density values for
Nb,Os/AZ31 composite

Composition Micro- Theoretical ~ Actual density Porosity
P hardness  density (g/cm®) (g/cm®) (%)
AZ31 5506+ 7.56 177 1.7640  0.3359
3 wt%
Nb,OgAZ31 5868285 18033 17714 L7710
6 wt%
Nb2Os/AZ31 59.68 +5.13 1.8382 1.7684 3.7971

reduction of the lamellar shape (B-Mgi7Alz). This
procedure resulted in discontinuity, refining the micro-
structure for the AZ31 alloy (Abbas and Huang 2020b).

3.3 Porosity and density

The porosity and density values of the prepared Nb,Os/
AZ31composites are shown in Table 3. Differences in
porosity and density among the casted composites increased
with the weight percentage of the reinforcing particles. As
the weight percentage of nano size Nb,Os increased, the
theoretical density value of the composite increased, and the
maximum value was obtained at 6 wt% Nb,Os/AZ31
nanocomposite. The actual densities of the cast composites

were lower than the theoretical density because there are
some porosity in the samples. Porosity increased with the
weight percentage of the reinforcement increment, and the
maximum porosity was found at 6 wt% Nb,Os/AZ31. In
addition to the Nb2Os, some trapped air in the melt may
increase porosity. Also, agglomeration causes the porosity
to increase and the actual density of the 6 wt% Nb,Os/AZ31
to led decrease. Despite the fact that porosity cannot be
completely avoided, it can be managed in the stir casting
process. Composites with less than 4% porosity are
however acceptable in MMC castings. The actual density
and porosity variations in the Nb,Os /AZ31 nanocomposites
may be due to reinforcement particle size, weight fraction
of Nb,Os increases, reduction in wettability, pore nucleation
casting deficiencies, and shrinkage during the cooling of
casted ingots. Fig. 5(a) indicates changes in porosity and
density values of the nanocomposites with different Nb.Os
weight percentages.

3.4 Effect of Nb,Os on the mechanical properties of
AZ31

3.4.1 Microhardness
The microhardness of each prepared Nb,Os/AZ31 nano-
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Fig. 5 (a) Density and Porosity and (b) Microhardness values of Nb,Os/AZ31 nanocomposites

Table 4 Tensile strength comparison of Nb2Os/AZ31
composites

Sample Proof Stress  UTS Young’s Elongation
P (MPa)  (MPa) Modulus (MPa) %
80.725+ 120.6*
AZ31 370 8.24 4370.90 5.768+ 0.3
3 wt% 83.703+ 1404t
Nb20s/AZ31 2.53 15.88 458119 6.970+465
6 wt% 73912+ 126.1% 4184.98 6.932 + 1.80

Nb20s/AZ31 1.62 12.22

composites is presented in Fig. 5(b). Compared with non-
reinforced AZ31, the Nb2Os/AZ31 nanocomposites showed
enhancement in microhardness. The hardness of the
reinforced composite increased marginally as the volume
fraction of the reinforcement particles increased. The
microhardness of the nanocomposites containing 3 wt% and
6 wt% NbyOs/AZ31 increased by 6.5% and 7.74%,
respectively because the B-MgizAli; phases in the Mg
matrix composites were significantly diffused. Moreover,
the uniform distribution of the p-phases and hard
reinforcement particles add strength to magnesium alloy by
imposing grain refinement contributed positively to
increasing the composite's hardness. There is a tendency for
particles to agglomeration when the viscosity of the molten
metal is higher and there is a higher surface tension between
the Nb2Os and AZ31 alloy melt. Nb,Os/AZ31 composite's
hardness reportedly decreases because of porosity and
agglomeration (Huang and Abbas 2020).

3.4.2 Tensile Properties

Fig. 6 illustrates the stress-strain curves for the tensile
behaviour of the Nb,Os/AZ31 composites. The AZ31 alloy
contained Nb,Os nanoparticles exhibited an enhancement in
yield strength (YS) and ultimate tensile strength (UTS) and
elongation as the weight percentages of Nb,Os increased
(Table 4). Therefore, the maximum YS, UTS and elongation
of the NbOs/AZ31 were achieved with the addition of 3
wt% Nb,Os. Furthermore, the addition of 6 wt% NbyOs
content on AZ31 alloy decreased the YS, UTS and
elongation of the Nb2Os/AZ31 composite. The YS and UTS
of the 3 wt% Nb20s/AZ31 nanocomposite improved from
80.725 MPa to 83.703 MPa and from 120.6 MPa to 140.4

MPa respectively. Furthermore, increase in the amount of
nano Nb,Os from 3 wt% to 6 wt% resulted in decreases in
UTS (from 140.4 MPa to 126.1 MPa) and Y'S (from 83.703
MPa to 73.912 MPa). The improvements in mechanical
properties are related to refinement of the microstructure
through dissolution of the B phase. Young's modulus of
composites increases with a greater interfacial integrity
between the AZ31 alloy and Nb,Os particulate reinforcement.
Nb,Os/AZ31 nanocomposites have improved tensile
properties due to uniform dispersion of Nb,Os within the
matrix and the reinforcing effect generated by it. Tensile
strength improved by grain refinement by pinning effect of
Nb,Os, which is consistent with Hall-Petch's mechanism.
AZ31 alloy and Nb;Os have a thermal mismatch, which
intensifies dislocations, but the uniform distribution of
Nb2Os prevents movement of dislocations. As a result of the
uniform distribution of fine and hard reinforcement,
dislocation movement is resulting in increased tensile
strength. A reduction in tensile yield strength and UTS
occurred because of residual stress created during the
deformation or agglomeration of nanoparticles. The drop in
UTS was attributed to the clustering of particles and
increase in porosity.

The combined effects of reinforced nanoparticles and
inhibited growth in grain size after the reduction in
dislocation movements greatly increased the hardness and
tensile strength. Moreover, the load transfer formed by the
inclusion of strengthening phases exerted a substantial
effect. The increased hardness, YS and UTS of the casted
composites were due to the fundamental strengthening
mechanisms of the MMCs, which included the CTE-
coefficient of thermal expansion (Aacte), EM-elastic
modulus (Aaem) among the AZ31 (matrix) and NbyOs
(reinforcement)  strengthening, Orowan  strengthening
mechanism (Acos) and load transfer effect (Ac.t) (Huang et
al. 2021).

The CTEs for AZ31 and Nb,Os are 25 X 107°K~1 and
5.8 X 107K~ respectively. CTE values of AZ31 and Nb,Os
varies greatly to contribute the formation of geometrical
required dislocations (GNDs) near the grain boundary,
resulting in increasing the strength of Nb,Os/AZ31
composite. The matrix-reinforcement Aa.rp calculated
using the Eq. (2) (Rashad et al. 2015, Huang et al. 2021).
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Table 5 Parameters for determining Particle-Induced
strengthening contribution

Parameter Description Value Reference/

Comment

) - —6—1 (Khandelwal

OlMatrix CTE of matrix 25 x 107°K etal. 2017)
_6—1 (Flaminio etal.

OINb205 CTE of Nb2Os 5.8 x 107°K 2010)
Difference in CTE

ac of Matrix and 19.2 x 107°K~1! Calculated Value

Reinforcement
YS of matrix (as-

Experimental

oYs 80.725 MPa

cast AZ31) Value
Magnitude of (Khandelwal
b Burgers Vector 0.321 nm et al. 2017)
(Khandelwal
M Taylor factor 6.5 et al. 2017)
(Khandelwal
A Constant 0.25 etal. 2017)
dn Diameter of Nb20Os 100 nm Data from
manufacturer
AT Processing 300K Room
temperature Temperature
Calculated for
vV Volume fractions  0.01176 and 3 wt% and
R of Nb2Os particles ~ 0.02397 6 Wt% Nb20s

respectively

12v2 X Aa, X AT x Vg @)

A =AXMXGXDb ix X
AcTE matrix \/bmatrix X dp x (1= V)

where constant (A), Taylor factor (M), shear modulus (G),
burger vector (b), volume fraction (V) and diameter of the
reinforcements (dn). During the heating/cooling fabrication
fabrication process, the mismatch in coefficient of thermal
expansion (CTE) between Nb,Os and AZ31 alloy
contributes to thermal mismatch stress led to heterogeneous
interfaces. Dislocations and twins in the matrix are typically
responsible for accommaodating this stress plastically. The

96 - ®— Theoretical Yeild Strength
@ Experimental Yeild Strength =

Yeild Strength (MPa
[s+]
[\
L

0 1 2 3 4 5 6
wit% of Nb,Og

Fig. 7 Comparison of yield Strength of Nb,Os/AZ31
composites

occurrence of nanoscale twins induced by thermal
mismatch stress is more prevalent in composites with
smaller particles and higher volume fractions. Dislocations
and twins are induced by thermal mismatch stress prior to
plastic deformation, resulting in an increase in composite
yield strength (Hou et al. 2021).

As a result of the EM mismatch between the matrix and
reinforcements, the composites have increased strength
because significant dislocations are created at their
interfaces, as well as geometrical dislocations that are
induced at the interface between matrix and reinforcements.
The yield strength of the composites vary as a result of the
EM mismatch, as the following Eq. (3) (Rashad et al. 2015,
Huang et al. 2021).

6 X Vyp X €
Aagy = AXM X G X bpgerix X

bmatn‘x X dHR (3)
where ¢ is elastic strain.

Orowan strengthening is a significant mechanism for
nano-sized particle reinforced in metal matrix composites,
mainly because of reinforced nanoparticle with small
particle sizes and particle spacing can inhibit with the
movement of dislocations. The homogeneous distribution of
Nb2Os in the matrix improved YS and the nano reinforced
composites have a high strength because of Orowan
looping. As a result of these loops, work hardening rates
increased. The Orowan strengthening contribution to the
yield strength can be expressed by Eq. (4) (Rashad et al.
2015, Huang et al. 2021).

0.4 X M X G X bypaerix X In ( i )

bmatrix
4
T X dyp X ( ,TVHR — 1) X /(1 = Vmatrix)

Where Ui 1S Poisson’s ratio.

During tensile testing, load transferred from soft matrix
to hard nano-reinforcement, especially when the interfacial
integrity between the two phases is good and leading to an
improvement in composite strength. Because of the small
volume fraction of nanoparticles added, the load transfer

AJOS =

(4)
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Table 6 Contribution of different mechanisms to the weight fraction of nano-Nb;Os

Sample op (MPa) Experimental  op (MPa) Theoretical Aacrg Aagy Adps Aoyr

3 wt% Nb20s/AZ31 83.703 91.118 6.436 7.140 3.921 0.475

6 wt% Nb20s/AZ31 73.912 95.614 9.246 10.042 5.865 0.968

Table 7 Comparison of mechanical properties
Material Processing Method Proof Stress (MPa)  UTS (MPa) Elongation % Ref
90.5% AZ31+ 8% SiC Stir casting 2521 30.21 7.58 (Sathishkumar et al. 2021)

AZ31D +1% SiC Stir casting 72.05 114.56 - (Kumar et al. 2022)

AZ31 Stir casting 80.725 £ 3.70 120.6+8.24 5.768+0.3
3 wt% Nb20s/AZ31 Stir casting 83.703 £ 2.53 140.4 + 15.88 6.970 £ 4.65 Present Study

6 wt% Nb20s/AZ31 Stir casting 73.912 + 1.62 126.1+12.22 6.932+1.80

Fig. 8 Fracture surface of (a) AZ31 (b) 3% Nb,0s/AZ31 (c) 6% Nb,Os/AZ31

mechanism contributes less. The enhancement of yield
strength due to the load transfer is estimated from the
following expression Eq. (5) (Rashad et al. 2015, Huang et
al. 2021).

AO—LT = 05 X VHR X Opys

Q)

where g,y - Yield strength of cast AZ31alloy.

A theoretical yield strength (a.ys) of the AZ31+ x%
Nb,Os (x=3,6) composites calculated from Eq. (6) and the
Table 6 displays the values of different strengthening
(Rashad et al. 2015, Huang et al. 2021)

Ocys (6)
= ayys +V[(Bacre)? + (Bagy)? + (Mos)? + (Aoyr)?]

Fig. 7 illustrates the theoretical and experimental YS of
the Nb2Os/AZ31 composites. In order to determine the
theoretical yield strength, the ideal materials and assumptions

were considered without defects or imperfections. During
fabrication of the composites, there are defects that allow
atomic motion, particularly dislocation motion and slip,
resulting in shear stresses that made experimental YS of the
Nb,Os/AZ31 composites lower than those predicted
theoretically. The tensile strengths of the composites were
reduced when high amounts of NbyOs (6 wt%) particles
were added due to the residual stress was produced through
agglomeration or deformation.

3.4.3 Fractography

Fig. 8(a) shows the fractographic surface morphology of
pure AZ31 and AZ31 reinforced using 3% and 6% of
Nb,Os. As usual the pure AZ31 magnesium alloy showed a
high intensity of brittleness which can be justified by the
fracture surface image analysis. With a variety of fracture
mechanics like cleavage facets, layered crystals, micro-
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cracks, and macropores. The micro-crack grown from the
cleavage facets seems an issue in pure AZ31. The micro-
crack being transgranular in the as-cast pure AZ31 makes it
noticeable that most of the fracture categories belong to
brittle fractures. Hence the as-cast AZ31 might show less
strength compared to reinforced Nb.Os/AZ31. Fig. 8(b)
features the change in fracture mechanics with the addition
of reinforcement 3% Nb2Os/AZ31. The increase in dimple
number and diameter shows a direct improvement in
elongation percentage by approximately 28.8% then as-cast.
With the addition of Nb2Os, the XRD result shows a small
intensity of the new B-phase i.e., Mg(Nb.Os) with Mg12Al7
which was found in pure AZ31. The inclusion found in the
fracture morphology of 3% Nb.Os/AZ31 might be because
of the oxygen in Mg(Nb2Og). But the image analysis shows
a reduction in major crack formation. The increase in
dimples and the reduction of cleavage and layered crystal
imply that the failure is mostly ductile in nature. Fig. 8(c)
shows the mixed mode of fracture consists of dimples,
cleavages, layered crystal, and micro-crack. The general
grouping of fracture types can be done i.e., cleavage, and
layered crystals are the proof of brittle fracture. The
increase in reinforcement percentage might create a
precipitation localization around the grain boundary, and the
cleavage facets initiated the crack tip and the local
inhomogeneity induced the local stress around the grain
boundary and the crack being followed through the
boundary. But the dimples can also be seen in the
morphology providing evidence of ductile fracture. The
elongation value shows a reduction compared to 3%
Nb,Os/AZ31. In the mixed mode of fracture, it can be
concluded that the dominance is brittle cracks.

According to the determined results of the Nb,Os/AZ31
composites, the microhardness, yield strength and
elongation have significant increase in the Nb,Os/AZ31
composites compared to as cast AZ31 alloy. Upon
increasing the composition of Nb.Os to 3 wt% in the
composites, mechanical properties began to increase and
subsequently decreased as volume proportions increased to
6 wt %, respectively.

4. Conclusions

The stir casting method was successfully used in
fabricating AZ31/Nb,Os nanocomposites. The effects of
nano size Nb2Os on microstructure and mechanical
properties were investigated. As a result of the analysis, the
following major conclusions were reached:

» Owing to the presence of Nb,Os particles in the
composite, significant grain refinement was achieved. As
the Mgi7Ali2 phases exerted effects that inhibited
improvement in mechanical properties, Nb;Os addition
dissolved the precipitates and reduced their thickness,
resulting in discontinuity and refined microstructure for the
AZ31 alloy.

 The tensile strength was improved by reinforcing the
Nb,Os nanoparticles with matrix AZ31 alloy. However, the
3 wt% Nb,Os/AZ31 composite had a maximum tensile
strength of 140.4 MPa. As concentrations of NbyOs
increased, the strengthening contribution that the particles

provide also increased.

» The nano-Nb,Os particles contributed significantly to
the strengthening of the matrix, and strengthening
contribution  increased with  nano-Nb,Os particle
concentration. EM contributed more significantly to
strengthening than the Orowan mechanism regardless of
Nb2Os nanoparticle fraction and volume fraction.
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