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Abstract: The automobile industry uses magnesium for load-bearing components due to its low
density, durability, and ductility. This study investigated a nanocomposite containing Nb2O5

(3 and 6 wt%) nanoparticles as reinforcement with AZ31 magnesium alloy made by stir casting.
A severe plastic deformation was conducted on the cast samples via equal-channel angular pressing
(ECAP) after homogenization at 410 ◦C for 24 h and aging at 200 ◦C for 10 h. The microstructural
distributions and mechanical properties of the magnesium metal matrix composites (MMCs) rein-
forced with Nb2O5 nanoparticles were investigated via ECAP. With the increase in the number of
ECAP passes, the grain sizes became uniform, and the size of secondary phases reduced in the pure
Nb2O5/AZ31 MMC. The grain size decreased remarkably after the ECAP process from 31.95 µm to
18.41 µm due to the dynamic recrystallization during plastic deformation. The mechanical properties
of hardness, ultimate tensile strength, and elongation effectively improved after each ECAP pass. The
maximum values achieved for the Nb2O5/AZ31 composite subjected to ECAP were 64.12 ± 12 HV,
151.2 MPa, and 52.71%.

Keywords: nanocomposites; microstructures; ductility; dislocations; fractography

1. Introduction

Many countries have started to focus on carbon neutrality and emission peak strategies
since 2020. Nowadays, the carbon neutrality and emission peak strategies of many coun-
tries include the transition from ICEs to electric vehicles. Weight reduction helps reduce
fuel/electricity consumption and also increase the travel range, which is key for electric
vehicles (e.g., see article ‘Cost, range anxiety and future electricity supply: A review of how
today’s technology trends may influence the future uptake of BEVs’) [1]. The extensive
use of magnesium can be one of the best solutions to reduce these problems [1–3]. Weight
reduction can lead to many advantages, such as reduction in carbon dioxide emission due
to less fuel consumption in the automotive industry [4,5]. In the automotive industry, mag-
nesium alloys (Mg-Al-Zn) are widely used because they have good corrosion resistance and
excellent die-casting abilities and can be used at room temperature. As a result, this alloy
can be found in crankcases, steering boxes, steering columns, brake pedals, transmission
cases, engine cradles, steering wheel cores, oil pump housings, and other components [6].
The most important factor that makes magnesium alloys suitable for use is their density.
They are two-thirds less dense than aluminum, but their strength, creep, and corrosion
resistance are comparatively lower than aluminum alloys, which must be improved. This
mechanical property improvement requires several techniques, such as heat treatment,
cold work, and thermomechanical forming. The features of magnesium alloy that can
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be manipulated and improved are the grain size, coefficient of thermal expansion, and
precipitation processes [7]. Grain refinement can be a solution to improve the mechanical
properties. It improves the mechanical properties, and the paradox of strength and ductility
is eliminated by achieving ultrafine grain [8,9].

Various fabrication methods, such as squeeze casting, powder metallurgy, spray
deposition, stir casting, and physical vapor deposition, have been introduced and are
used in industries at present [10–14]. Among the casting techniques, stir casting has some
advantages, such as economic feasibility, large-scale casting capacity, and considerable
flexibility [11,15]. In this study, stir casting was used to cast AZ31 with nano-Nb2O5
as reinforcement. As reinforcements approach the nano scale, their properties change.
Since nanoparticles are so small, they have a very high surface area-to-volume ratio in
comparison to bulk materials. When the reinforcement phase is reduced to a nano-scale,
particle interaction with dislocations becomes increasingly significant, which results in a
remarkable increase in mechanical properties when combined with other strengthening
effects typically seen in conventional metal matrix composites. The properties of Nb2O5
include excellent thermal, chemical, and thermodynamic stability, high reflective indices,
excellent mechanical properties, and excellent fracture toughness. The superior catalytic
property of Nb2O5 enables hydrogen absorption and desorption, along with biomedical
and sensor applications [16]. Heat treatment, forging, and rolling are some of the secondary
processing methods employed to improve strength and ductility. The combination of
aging and severe plastic deformation (SPD) with equal-channel angular pressing (ECAP)
effects has been proposed to improve the mechanical behavior [17]. Finer grain sizes can be
achieved through SPD [18]. ECAP is a more concentrated SPD method for refining grain
size in bulk materials [19–21]. In a study by Feng et al. [22], discontinuous precipitates
were observed at the grain boundaries of Mg–Zn–Al alloys during aging. ECAP can
improve and modify the mechanical properties of engineering alloys, depending on the
channel geometry and the number of passes. Researchers investigated the ECAP effects of
AZ91 reinforced with SiCp and found that the grain size reduces after four passes [23]. The
microstructural and mechanical properties of AZ31 and ZK60 were investigated by focusing
on various parameters, such as initial condition, material type, die angle, and number of
ECAP passes. They concluded that ultrafine grain can be obtained in one ECAP pass if
the initial grain size of the inserted material is fine [24]. In order to achieve a significant
impact on the microstructure and mechanical properties of high-performance materials, the
processing routes may vary depending on how the billet is rotated [25]. ECAP has several
routes, such as A, Bc, and C. The rotational approaches are as follows: route A: no rotation
of the billet; route BC: rotation of the billet 90◦ clockwise; route BA: rotation of the billet
90◦ clockwise and counterclockwise consecutively; and route C: rotation of the billet 180◦.
However, the texture has a remarkable difference depending on the various routes, and the
intensity of the textural component is different for different ECAP routes. The selection of a
suitable route path is extremely important and is based on the material [26]. The suitable
ECAP path for AZ31 magnesium alloy to achieve a better-than-expected result is route Bc.
According to Muralidhar Avvari et al. [27], the Bc route provides the maximum deformation
for AZ31 compared with routes A and C due to the strain path variation that influences
the grain size refinement in the material. As a result of SPD processing, magnesium alloy
grains are smaller than those in conventionally processed alloys, resulting in enhanced
superplasticity in Mg alloys [28]. An investigation on AZ61 magnesium alloy found that
the increase in the number of passes enhanced the uniform microstructural distribution that
increases ductility. However, the properties, such as strength, ductility, and strain hardness,
of 2 wt% SiCp/AZ61 Mg MMCs increased, whereas the opposite result was observed in the
case of 5 wt% SiCp/AZ61 due to the clustering of SiC and Mg2Si secondary phase [29,30].

The novelty in the current research is Nb2O5 as a new reinforcement considered for
the fabrication of magnesium metal matrix composites. It should be noted that none of the
studies examined the fracture properties and microstructure of magnesium alloy composites
reinforced with Nb2O5 and more specifically with the ECAP process. The objective of this
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research is to study the ECAP effects on the mechanical characteristics of AZ31 composites
with varying Nb2O5 weight fractions. All characterization investigations were performed
to reveal the successful incorporation of AZ31/Nb2O5 composite and its properties.

2. Experimental Procedures
Composite Preparation

The AZ31 magnesium alloy was bought from Kuangyue Co., Ltd.,Taiwan and Ally-
chem Company Ltd. China supplied the 99.90 percent pure Nb2O5 that was used as a
reinforcement in the composite material. The size of the Nb2O5 particles that were selected
was 100 nm. The composition of AZ31 alloy shown in Table 1.

Table 1. Magnesium AZ31 alloy composition (wt%).

Mg Al Zn Mn Si Cu Ca Fe

95.42 3.2 0.9 0.3 0.1 0.04 0.03 0.005

The composite ingots were made through a process known as gravitational mechanical
stir casting, and they were made with three distinct types of composition. The three types
of composition are as follows: AZ31-0 wt % Nb2O5 (AZ31), AZ31-3 wt % Nb2O5 (3 wt%
Nb2O5/AZ31), and AZ31-6 wt% Nb2O5 (6 wt% Nb2O5/AZ31). A gravimetric resistance
furnace with protective agents (SF6 + CO2) was used for the casting of the ingots. The
molten mixture was stirred for 15 min at 760 ◦C to produce a composite material and obtain
the maximum possible homogeneous dispersion of nano Nb2O5 in the AZ31 matrix. An
argon gas working atmosphere was utilized to prevent the occurrence of oxidation and
burning. The crucible had a mold placed underneath it so that the liquid mixture could
cool and solidify into ingots when it was brought to room temperature [31].

The ingots served as the starting material for the production of the billets, which had
dimensions of 11.5 × 11.5 × 75 mm (Figure 1a). The billets were quenched in water after
homogenization for 24 h at 400 ◦C. The samples underwent aging for 10 h at a temperature
of 200 ◦C, and the temperature of the furnace was lowered until the room temperature was
reached. The samples were then allowed to cool down gradually. During the ECAP process,
the billet was allowed to remain inside the die for a period of 40 min at a constant tempera-
ture of 350 ◦C to produce uniform heat dispersion. The billets were deformed by using a
plunger at a speed of 15 mm/min and an internal angle of 120◦. For all the samples used for
microstructural and mechanical characterization, as shown in Figure 1b, the samples were
ground by using silicon carbide paper of varying grit sizes. The grain boundaries in the
specimens were brought to light by polishing them with fine polishing paper and alumina
solution. The polished samples were etched with 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 performing microstructure
analysis. A scanning electron microscope (SEM) with energy dispersive spectroscopy
(model number JSM-6390LV) was utilized to investigate the fracture and microstructure
characteristics. A Bruker D2 phase X-ray diffractometer operating at 35 kV and 40 mA with
Cu-K radiation was utilized to explore the phase composition of the composites. D (nm) is
the crystallite size, calculated through the Scherer equation: D = kλ/βcosθ, where 2θ is peak
position and β is its corresponding FWHM. These two parameters are calculated directly
through Origin software from XRD data. δ (nm−1) is the dislocation density. δ = 1/D2 is the
equation for the calculation of its value. Tensile samples in the shape of a dog bone were
made in compliance with the ASTM-E8-69 requirements (Figure 1a), and a universal testing
machine was used to evaluate the mechanical behavior of the composites (MTS-100KN)
operated at a 0.5 mm/min deformation rate at room temperature. Three tensile samples
were considered for each set of experiments. The microhardness was measured at 300 gmf
with a 10 s dwell time by using a Vickers hardness tester (Akashi MVK-H1).
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Figure 1. (a) Schematic diagram of the experimental setup. (b) Sampling locations for characterization
of microstructure and mechanical properties.

3. Results
3.1. Microstructure Characteristics

The SEM images (Figure 2) show that the grain sizes and microstructure distributions
of the Nb2O5/AZ31 composites are more uniform after being subjected to the ECAP plastic
deformation processes. A reduction in Al12Mg17 secondary phase sizes was observed
in the AZ31 magnesium alloy because more ECAP passes were made. The quantitative
value of the Al12Mg17 secondary phase changed with the increase in ECAP passes, as
determined by analyzing the X-ray diffraction (XRD) quantitative phase data for the
composite results of one and two passes. The values for the first and second passes were
0.9% and 0.7%, respectively. Secondary phases, such as Al12Mg17, have an effect on the
strength of magnesium alloys and have a detrimental effect on their ductility. As shown in
Figure 3A–C, an elemental analysis was performed by using EDS on the composite that
was aged and ECAPed composite. The findings of this study indicated that the Nb2O5
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particles were evenly distributed in grain boundaries, indicating the presence of the major
element magnesium. The minor alloying elements of aluminum and zinc were distributed
throughout the grain evenly.
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Figure 3. (A). EDS mapping images of annealed samples: (a) AZ31, (b) 3 wt% Nb2O5/AZ31, (c) 6 wt%
Nb2O5/AZ31. (B). EDS mapping images of ECAP 1-pass samples: (a) AZ31, (b) 3 wt% Nb2O5/AZ31,
(c) 6 wt% Nb2O5/AZ31. (C). EDS mapping images of ECAP 2-pass samples: (a) AZ31, (b) 3 wt%
Nb2O5/AZ31, (c) 6 wt% Nb2O5/AZ31.

3.2. XRD Analysis

XRD plots are shown in the figure for aged and ECAPed composites. From the graph,
it is apparent that there is a presence of the Mg matrix, indicated by the occurrence of major
peaks around 32, 34, and 37 degrees (PDF 65-4596) and scattered minor peaks. Additionally,
peaks at 32.4◦ (PDF 38-1459) and 36◦ (PDF 73-1148) were identified as evidence of Mg17Al12
and Mg4Nb2O9, respectively. With the exception of minor peaks, the plots were similar to
those of the base AZ31 alloy. It was also noted that Al5Mg11Zn4 and Al3Mg2 phases exhib-
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ited diffraction peaks at 36.8◦ (PDF 50-1502) and 37.5◦ (PDF 29-0048), respectively. Phase
quantification of annealed and ECAPed Nb2O5/AZ31 composites are shown in Table 2.

Table 2. Phase quantification of annealed and ECAPed Nb2O5/AZ31 composites.

Annealed

Major Phases AZ31 3 wt% Nb2O5/AZ31 6 wt% Nb2O5/AZ31

Mg0.97 Zn0.03 24.9 19.4 19.6
Al12Mg17 0.9 0.6 0.6
Al3Mg2 6.1 4.6 4.5
Al5Mg11Zn4 68.1 52.4 52
Mg4Nb2O9 - 23 23.3

ECAP-1 Pass

Mg0.97 Zn0.03 25.4 19.3 19.4
Al12Mg17 0.7 0.6 0.6
Al3Mg2 6 4.7 4.8
Al5Mg11Zn4 67.9 52.4 52.6
Mg4Nb2O9 - 23 22.6

ECAP-2 Passes

Mg0.97 Zn0.03 25.7 19.1 19.1
Al12Mg17 0.7 0.7 0.6
Al3Mg2 6 4.9 4.9
Al5Mg11Zn4 67.6 53 51.3
Mg4Nb2O9 - 22.3 24.1

3.3. Microhardness

The microhardness values of Nb2O5/AZ31 MMCs processed using ECAP are shown
in Table 3. Compared with aged composite, ECAPed Nb2O5/AZ31 composites exhibited
an improvement in microhardness. The hardness of the reinforced composite increased
marginally as the volume fraction of the reinforcement particles increased. The microhardness
value of 3 wt% Nb2O5/AZ31 increased by 4.7% and 5.8% for one and two passes compared
with the annealed composite. Similarly, the microhardness value of 6 wt% Nb2O5/AZ31
increased by 5% and 4% for and 1 and 2 passes compared with the aged composite.

Table 3. Mechanical properties of annealed and ECAPed Nb2O5/AZ31 composites.

Composition Crystallite Size
(µm)

Degree of
Crystallinity (%)

Microhardness
(Hv)

Ultimate
Tensile Strength

(MPa)

Young’s Modulus
(MPa) Elongation %

Annealed

AZ31 31.95 62.08 59.24 ± 7.12 131.7 ± 2.12 5528.6 15.01 ± 5.60
3 wt% Nb2O5/AZ31 34.38 70.60 62.68 ± 6.60 142.9± 3.60 5784.1 20.47 ± 4.34
6 wt% Nb2O5/AZ31 37.15 72.92 60.88 ± 7.10 136.8 ± 2.05 5715.5 17.09 ± 2.48

ECAP 1 Pass

AZ31 29.29 59.77 58.83 ± 5.17 135.8 ± 4.60 5415.0 33.69 ± 4.81
3 wt% Nb2O5/AZ31 26.034 64.978 63.21 ± 6.71 149.6 ± 4.25 6385.8 52.71 ± 3.35
6 wt% Nb2O5/AZ31 27.12 68.360 61.83 ± 4.19 143.7 ± 3.70 5971.4 45.59 ± 4.10

ECAP 2 Passes

AZ31 18.41 63.325 63.01 ± 5.69 138.5 ± 4.33 4626.84 15.05 ± 3.05
3 wt% Nb2O5/AZ31 19.38 80.47 64.12 ± 7.10 151.2 ± 3.40 5805.2 29.14 ± 4.74
6 wt% Nb2O5/AZ31 20.35 84.64 61.04 ± 4.56 142.3 ± 3.15 5780.7 16.79 ± 3.98

3.4. Tensile Properties

The tensile curves (Figure 4a–d) of Nb2O5/AZ31 Mg MMCs at different stages of
plastic deformation are shown to determine the engineering stress–strain curve. A summary
of the mechanical properties of Nb2O5/AZ31 MMCs obtained through uniaxial tensile tests
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is presented below in Table 3. This study shows that the ECAP plastic deformation process
and the addition of Nb2O5 weight percentage remarkably influence the mechanical behavior
of Nb2O5/AZ31 MMCs. The ultimate tensile strength of AZ31 composites increased
from 131.7 MPa to 135.8 MPa (1 pass) and 138.5 MPa (2 passes) due to their improved
performance. The ultimate tensile strength value of 3 wt% Nb2O5/AZ31 increased by 4.7%
and 5.8% for one and two passes compared with the annealed composite. Similarly, the
ultimate tensile strength value of 6 wt% Nb2O5/AZ31 increased by 5 % and 4% for and
1 and 2 passes compared with the aged composite.
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4. Discussion
4.1. Microstructural Characteristics

Homogenization and subsequent aging treatment conditions resulted in the dissolu-
tion of a large amount of the second phase (Mg17(Al, Zn)12). A high processing temperature
and a high strain rate during the preparation of the ECAP are believed to be responsible for
this result [32]. The high plastic straining that occurs during the ECAP plastic deformation
process results in improvements to the microstructure and mechanical characteristics of
the material. The coarse grains were broken up because several pressings were performed,
which led to a more uniform microstructure after two passes. Dynamic recrystallization
occurs during this process because equiaxed grains may be observed in each pass of the
ECAP process. However, it does not occur during the nucleation process or the formation
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of new grains. When subjected to strain via ECAP, a microstructure that has been ECAPed
gradually develops additional fine grains due to the straining effect. The ECAP microstruc-
ture transforms into a homogenous microstructure that is formed of fine grains and has
high-angle boundaries because the subgrain boundaries can accommodate a considerable num-
ber of dislocations. From the SEM micrographs and XRD analysis, a remarkable relationship
was observed between the grain size distribution and dislocation density of the samples. As
shown in Figure 5d, the dislocation density increases with the decrease in particle size in the
annealed and ECAP samples. The nucleation rate increases with the decrease in particle size,
resulting in a decrease in the average grain size (or crystallite size). As shown in the results, the
change in dislocation density with particle size is consistent [33]. Accordingly, more grains are
observed in the microstructure, resulting in a high dislocation density value.
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4.2. XRD Analysis

The XRD results of the as-cast AZ31 alloy, 3 wt% Nb2O5/AZ31, and 6 wt% Nb2O5/AZ31
composites processed using ECAP are presented in Figure 5a–d. The ECAP has an effect
on the types of phases that are characterized by peak intensity. In all stages of the ECAP
process, the as-cast magnesium alloy AZ31 emerged as a single or multiphase system, with
one Mg phase present in all of them. However, the quantitative XRD analysis indicated
limited evidence for the presence of Al12Mg17, Al5Mg11Zn4, and other Al–Mg phases at all
stages of ECAP plastic deformation. During the casting of AZ31 alloy, a eutectic structure
consisting of Al12Mg17 formed in the grain boundary due to the diffusion of Al and Zn
elements into the composite. The eutectic structure of α-Mg+ MgZn totally disintegrated
when the billets were subjected to heat treatment, and an icosahedral phase composed of
Al5Mg11Zn4 + α-Mg was formed at the grain boundaries [34]. The present study examined
the low-symmetry (HCP) structure of the AZ31 alloy composite. The basal slip system
[0 0 0 1] and <1 1 −2 0> could only be operated when ECAP was in operation [35]. The
intensity of the [1 0 1 1] and [1 0 −1 2] planes increased after ECAP, which indicated
that the dislocation slip is the main means of deformation during the passes [36,37]. An
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irreversible dislocation slip can be generated in a crystal structure containing symmetry
(HCP) structure, and the samples will deform plastically in this case [38]. The XRD ex-
perimental study showed that the plane intensity increased with the passing of the ECAP
process with respect to the passes performed. Table 2 shows the formation of phases under
different conditions of heat treatment and the diffusion of major phases based on their
weight fractions. The quantitative analysis of the phases must be evaluated as accurately as
possible. This condition is because the properties of a material are remarkably influenced
by the varying weight fraction of the phase involved.

4.3. Mechanical Properties
4.3.1. Microhardness

The microhardness values of Nb2O5/AZ31 MMCs processed using ECAP are shown
in Table 3. The composite’s microhardness determines its strength and ductility. In general,
microhardness and tensile strength are linearly correlated. Several researchers have found
that the grain size decreases when the number of passes is increased [39]. The reduction
in grain size occurred in tandem withs an increase in the hardness value and ductility. A
similar increase in the microhardness of the Nb2O5/AZ31 composite was observed in the
current study with the increase in the number of ECAP passes. The matrix grain size and
agglomeration reduced because of the effects of Nb2O5 nanoparticles and ECAP plastic
deformation, resulting in uniform microstructure distribution. An Al12Mg17 phase was
formed because of the ECAP process, and the dissociation of different intermetallics was
refined and distributed uniformly due to the grain refinement. The porosity of metal matrix
composites increases with the percentage of reinforcements used. As a result, particle
agglomeration results in porosity formation and removing agglomerates with increasing
plastic deformation results in a reduction in porosity and an increase in interfacial bonding
between matrix grains and reinforcement particles. It is possible to eliminate some air that
is trapped within particle clusters during solidification by imposing plastic deformation
upon them.

4.3.2. Tensile Properties

The grain refinement improved the mechanical properties due to SPD. The presence
of Nb2O5 particles in the matrix acts as a nucleation surface during deformation, which
prevents the dislocations from forming and refines the grain structure, thereby improving
the strength of the material. The grain boundaries become more prominent due to the
refinement of the grains, resulting in the formation of more hindrances, thereby decreasing
the dislocation motion caused by the grain refinement [18]. Consequently, the dislocation
density in the grain boundaries increases, which results in an increase in strength caused
by the Hall–Petch mechanism [40]. Although Mg alloys exhibit a limited number of slip
systems, deformation twinning can easily activate their HCP crystal structure at room
temperature. The aluminum atoms will effectively interfere with the atomic shuffle that
occurs during twinning due to their small size. Thus, the stress levels in the localized
region caused by twinning remain the same. Orowan strengthening leads to twin bands
due to twinning that occurs and propagates during stress concentration. The strength
increase can be attributed to the Orowan strengthening and load-bearing effects of the
reinforcements. When the composite is deformed under stress, the increased crystallinity of
the matrix enhances the stress transfer between the matrix and reinforcement particles [32].
During deformation, AZ31 magnesium alloys exhibit a yield plateau caused by localized
twinning. There is also a significant correlation between the yield plateau and grain
size. The grain size decreases when the number of ECAP passes is increased. This may
lead to a yield plateau being exhibited. Furthermore, the yield plateaus have been also
related to the Lüders phenomenon. Stress–strain curves show a serrated pattern that may
be due to the propagation of Lüders bands in the tensile specimen during testing. The
Lüders phenomenon occurs when a material experiences localized deformation prior to
macroscopically yielding. In the initial stages of tensile deformation, materials undergo
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elastic deformation until their critical stress level is reached. Lüders bands form initially
in localized areas as the material deforms plastically. As these bands spread throughout
the specimen, the material undergoes uniform plastic deformation. The yield plateau
appears on some materials’ stress–strain curves. The stress stays relatively constant during
the significant plastic deformation of the material. The material can sustain a relatively
high stress level at this stage without significant strain. Plastic deformation occurs in the
surrounding regions when Lüders bands propagate. The Lüders bands redistribute stresses
within the material, so it can undergo significant plastic deformation while maintaining
a nearly constant stress level. Lüders phenomena or yield plateaus are influenced by
diverse material characteristics, including crystal structure, impurity level, and processing
conditions. The SPD of the matrix results in strong interfacial bonds between the matrix
and reinforcements, so that the properties of the composite are improved. Thus, high
crystallinity correlates with higher ductility and strength.

4.3.3. Fractography

Fractographic analysis shows that the magnesium alloy composite breaks in aw brittle
way because of its limited slip system. Figure 6a shows the fracture surface morphology
of homogenized pure AZ31, which indicates mixed fracture facets, such as ductile and
brittle in nature. The twinning transgranular fracture can be observed because of the
limited slip planes of magnesium HCP crystal arrangement. The dimple diameter of
AZ31 is less than the 3 wt% Nb2O5/AZ31, which might be the reason for the lower
strength value. As shown in Figure 6b, more dimples were observed, but the cleavage
facet led to the propagation of a microcrack, which was followed by brittle surface fracture.
The introduction of 3 wt% Nb2O5 led to a clear improvement in dimple diameter and a
remarkable improvement in tensile strength compared with pure AZ31. The precipitation
of the secondary phase increased in the case of 6 wt% Nb2O5/AZ31, which is indicated by
the grain boundary thickness in Figure 6c. The precipitate partial hotspot around the grain
boundary might induce a stress–strain inhomogeneity, leading to an intergranular crack
from a cleavage facet.
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Figure 7a shows the brittle fracture characteristic of one ECAP-passed AZ31 magne-
sium alloy with typical fluted facets. The induction of micropores might be due to the
oxygen inclusion, which can be a reason for the crack initiation or play an important role in
crack propagation. The tensile strength value of 3 wt% Nb2O5/AZ31 shows the improve-
ment by introducing reinforcement and ECAP followed by aging. In Figure 6b, the addition
of reinforcement increased the dimple diameter. In Figure 7b, the crack surface is featured
with uniform dimples. Compared with other fracture surfaces, no microcrack is induced,
and brittle pattern cracking is minimal. The presence of precipitates helped improve the
mechanical properties due to their decent distribution throughout the grains. The heat
treatment and the number of ECAP passes favored the distribution of the secondary phase
in this case. With a slight decrease in ultimate tensile strength, 6 wt% Nb2O5/AZ31 shows
a wide variety of fracture morphology, such as micropores, dimples, microcracks, and
fluted facets, as shown in Figure 7c. The second ECAP pass might lead to these multiple
crack categories, and the formation of micropores can be the result of the β-Mg4Nb2O9
phase. The chance of microcrack growth increases because of the coalescence of fluted
facets and limited slip planes. Although the increase in dimple diameter can be observed,
the localization of precipitates around the grain boundary might lead to an extremely
small reduction in strength but increase the chance of crack induction due to the local
inhomogeneity.
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With a comparative decrement in the tensile strength of 2-pass AZ31, the correspond-
ing elongation decreased because of the microstructural change. An extremely lower
percentage of dimples with considerable layered crystal fracture mechanics can observed
by comparing Figures 7a and 8a. The decrease in dimple diameter and number signifies
the reduction in ductility. As shown in Figure 8b, the 3 wt% Nb2O5 reinforcement shows
considerable strength, but its ductility remarkably decreases when compared with one pass.
The increased oxygen inclusion amount in Figure 8b might lead to the crack propagation.
The tearing ridges can propagate from the generated pores due to the early-stage reinforce-
ment nucleation. Several layered crystals with different slip plans can be observed, and the
agglomeration of the layered crystal generates a cleavage facet and propagates toward the
tearing ridges. As shown in Figure 8c, the morphology of 6 wt% Nb2O5/AZ31 consists of
more depressive fracture mechanics due to shear bend and precipitate localization. The
dimple count is mostly negligible, with the highest percentage of layered crystal. The incre-
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ment in the secondary phase in 2-pass 6 wt% Nb2O5/AZ31 has good strength. However,
the fracture morphology shows ductility reduction and has a wide variety of brittle fracture
mechanics compared with other compositions and passes. Mg has an HCP structure with
limited slip, so severe plastic deformation may result in local shear stress exceeding the
metal’s shear yield stress, causing void formation. Micro voids can be generated in highly
strained regions, such as shear bands and cross twins, which can lead to a decrease in
strength and ductility after one ECAP pass. The localization of precipitates near the grain
boundary can add up with the shear bend and lead to a catastrophic failure of the material.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 19 of 21 
 

 

 
Figure 8. Fracture surface of ECAPed 2-pass Nb2O5/AZ31 composites: (a) AZ31, (b) 3 wt% 
Nb2O5/AZ31, (c) 6 wt% Nb2O5/AZ31. 

5. Conclusions 
This study focused on the microstructure and mechanical properties of Nb2O5/AZ31 

composites subjected to an SPD (ECAP) process. The conclusions are summarized as fol-
lows: 
• The Nb2O5/AZ31 ECAPed composites had remarkably reduced grain size when com-

pared with the aged composites, and the microstructures of the composites contained 
mostly α-magnesium. 

• On the basis of the XRD results, the intensity of the [1 0 1 1] and [1 0 −1 2] planes 
increased, indicating that the dislocation slip is the main means of deformation dur-
ing each pass, leading to a reduction in porosity. 

• With an increasing number of passes, the microhardness value increased, and the 
maximum microhardness value was reached, which was 64.12 HV for a 3 wt% of 
Nb2O5/AZ31. 

• In accordance with the tensile results, the ultimate tensile strength of the ECAPed 
Nb2O5/AZ31 composites remarkably increased compared with the annealed AZ31 
composite. With the increase in the number of passes, the mechanical properties of 
the composites began to increase, and the maximum ultimate tensile strength value 
was reached, which was 151.2 MPa for a 3 wt% of Nb2O5/AZ31 (two passes). 

Author Contributions: Validation, writing—review, editing, supervision, formal analysis, S.-J.H. 
Conceptualization, methodology, writing—original draft preparation, S.K., M.S., and M.P.M. All 
authors have read and agreed to the published version of the manuscript. 

Funding:  The Ministry of Science and Technology, Taiwan (MOST 109-2224-E-011-002-, MOST 
111-2221-E-011 -096 -MY3), for providing financial support.  

Data Availability Statement:  

Acknowledgments: The authors would like to thank the Ministry of Science and Technology, Tai-
wan for providing financial support.  

Conflicts of Interest: The authors declare no conflicts of interest. 

  

Figure 8. Fracture surface of ECAPed 2-pass Nb2O5/AZ31 composites: (a) AZ31, (b) 3 wt%
Nb2O5/AZ31, (c) 6 wt% Nb2O5/AZ31.

5. Conclusions

This study focused on the microstructure and mechanical properties of Nb2O5/AZ31
composites subjected to an SPD (ECAP) process. The conclusions are summarized as follows:

• The Nb2O5/AZ31 ECAPed composites had remarkably reduced grain size when com-
pared with the aged composites, and the microstructures of the composites contained
mostly α-magnesium.

• On the basis of the XRD results, the intensity of the [1 0 1 1] and [1 0 −1 2] planes
increased, indicating that the dislocation slip is the main means of deformation during
each pass, leading to a reduction in porosity.

• With an increasing number of passes, the microhardness value increased, and the
maximum microhardness value was reached, which was 64.12 HV for a 3 wt% of
Nb2O5/AZ31.

• In accordance with the tensile results, the ultimate tensile strength of the ECAPed
Nb2O5/AZ31 composites remarkably increased compared with the annealed AZ31
composite. With the increase in the number of passes, the mechanical properties of the
composites began to increase, and the maximum ultimate tensile strength value was
reached, which was 151.2 MPa for a 3 wt% of Nb2O5/AZ31 (two passes).
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