Journal of Process Mechanical Engineering

Copyright © IMechE 2024. Sagar, P. et al. (2024) 'Synergistic effect of hybrid reinforcement on magnesium-based composites for enriching mechanical
and tribological characteristics', Proceedings of the Institution of Mechanical Engineers, Part E: Journal of Process Mechanical Engineering, O, pp. 1 - 14..
DOI URL: https://doi.org/10.1177/09544089231221683 (see: https://uk.sagepub.com/en-gb/eur/journal-author-archiving-policies-and-re-use)..

Fabrication of novel hybrid and mono magnesium base
AZ31B/FlyAsh/TiC Nano-composite material via friction stir
processing technique and improvement of mechanical
tribological properties

Journal: | Part E: Journal of Process Mechanical Engineering

Manuscript ID | JPME-23-0134

Manuscript Type: | Original Article

Date Submitted by the

Author 07-Feb-2023

Complete List of Authors: | SAGAR, PREM; I K Gujral Punjab Technical University,
Khanna, Sanjeev; University of Missouri, Mechanical Engineering
Vignjevic, Rade; Brunel University, Structural Integrity

Metal Matrix Composite, Friction Stir Processing, Tensile Strength, Wear,
Keywords: | Compressive Strength, Fly Ash, Magnesium, Microhardness,
Nanohardness

The exceptional mechanical, microstructural, and tribological
characteristics of friction stir processed (FSP) hybrid and mono
nanocomposite materials resulted in growing research interest. In the
presented work, the base matrix of magnesium-based AZ31B alloy was
reinforced with Fly Ash (FA) and nano-TiC (n-TiC) particulates using FSP
and resulting in both hybrid and mono composite surfaces. The
microstructures and homogeneous distribution of reinforcing particulates
of the synthesized composites were investigated with optical microscopy
(OM) and field emission scanning electron microscopy (FESEM). In
addition, for the synthesized nanocomposites mechanical and tribological
characteristics were investigated including using tensile & compression
strength, micro/ nano hardness, and wear characteristics. The OM and
FESEM data indicate that owing to the significant impact of the FSP
process, grain refinement and the homogenous dispersion of the FA and
n-TiC nanoparticles for both mono and hybrid composites were achieved.
Overall, the new Nano-hybrid composites have better mechanical
properties due to improved interfacial bonding and homogeneous
dispersion of hybridized n-TiC/FA reinforcements. The results indicate
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that AZ31B/FA/TiC hybrid nanocomposite has better mechanical and
tribological characteristics than the base alloy and the mono composite
materials. More specifically, the grain size was reduced nearly 20 times,
microhardness was 1.72 times higher, ultimate tensile strength (UTS)
was 2.42 times higher, compressive strength was 2.57 times higher, and
wear rate was, about 80% higher when contrasted to the base alloy.
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Fabrication of novel hybrid and mono magnesium base AZ31B/FlyAsh/TiC
Nano-composite material via friction stir processing technique and
improvement of mechanical tribological properties

Abstract:

The exceptional mechanical, microstructural, and tribological characteristics of friction stir
processed (FSP) hybrid and mono nanocomposite materials resulted in growing research interest.
In the presented work, the base matrix of magnesium-based AZ31B alloy was reinforced with Fly
Ash (FA) and nano-TiC (n-TiC) particulates using FSP and resulting in both hybrid and mono
composite surfaces. The microstructures and homogeneous distribution of reinforcing particulates
of the synthesized composites were investigated with optical microscopy (OM) and field emission
scanning electron microscopy (FESEM). In addition, for the synthesized nanocomposites
mechanical and tribological characteristics were investigated including using tensile &
compression strength, micro/ nano hardness, and wear characteristics. The OM and FESEM data
indicate that owing to the significant impact of the FSP process, grain refinement and the
homogenous dispersion of the FA and n-TiC nanoparticles for both mono and hybrid composites
were achieved. Overall, the new Nano-hybrid composites have better mechanical properties due
to improved interfacial bonding and homogeneous dispersion of hybridized n-TiC/FA
reinforcements. The results indicate that AZ31B/FA/TiC hybrid nanocomposite has better
mechanical and tribological characteristics than the base alloy and the mono composite materials.
More specifically, the grain size was reduced nearly 20 times, microhardness was 1.72 times
higher, ultimate tensile strength (UTS) was 2.42 times higher, compressive strength was 2.57 times
higher, and wear rate was, about 80% higher when contrasted to the base alloy.

Keywords: Hybrid nanocomposite, FSP, Microstructure, Micro hardness, Fly Ash

1. Introduction:

Demand and search for materials with improved surface qualities including mechanical and
tribological properties is steadily increasing. Composite materials are worthy candidates because
of their exceptional qualities, high specific strength, and refined microstructure. A significant
amount of research is going towards the enhancement of Magnesium based composite materials
by using reinforcement additions [1, 2]. In this regard, properties like low density, electromagnetic
shielding effectiveness, and lower energy consumption during production make magnesium (Mg)
a vital material in substituting conventional materials like steel and aluminum. For instance, the
North American automotive strategic vision for magnesium (NAASVM-2020), states that in a
mass reduction scenario 100 kg of Mg can replace 200 kg of steel, while 45 kg of magnesium can
replace 65 kg of aluminum [3]. In spite of these advantages, the low hardness, elastic modulus,
inferior resistance to wear, and flammability risks of magnesium alloys restrict the extensive use
of these lightweight alloys in structural applications [4-6]. Recent research shows that synthesizing
new magnesium metal matrix composite (MMMC) by incorporating secondary phase particulates,
can enhance mechanical and other characteristics of base Mg alloy [1]. However, a number of
studies also demonstrate the possibilities to use two different kinds of reinforcement particulates
in development of hybrid composite materials [2, 7-8]. Due to these favorable qualities, MMMCs
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are regarded as a material that might compete with aluminum based composites [9, 10]. However,
MMMCs are more expensive to produce than composites made of aluminum [11]. Production
costs can be decreased if industrial discarded constituents are efficiently utilized as reinforcing
particles for MMMCs [12]. One of the materials that have the potential to be used as reinforcement
is fly ash (FA). It is a type of industrial waste that results from coal burning in thermal power
plants. It is removed from the exhaust gas by appropriate filtration techniques. It is readily
available all over the world and can be used to strengthen MMMCs without endangering the
environment by causing land contamination. Solid precipitator and hollow cenosphere shells form
the two categories of FA. The main components of FA are aluminum oxide (Al,O3), silicon oxide
(S10,), and calcium oxide (CaO) [13]. By adopting the friction stir processing technique, Kondaiah
et al. [14] created an AZ31/FA MMC and achieved improved mechanical and wear properties.
Also, the improvement in the mechanical characteristics of the as-cast alloy was reported in [15].
In this study, the wastes like FA and red mud were used as reinforcement. Additionally, it has been
shown that hybrid surface composites with reinforcement of two or more nanoparticle types can
affect the way base alloys or mono composites perform [2, 7]. One of the most advanced methods
employed in the creation of a hybrid composite matrix is the friction stir process (FSP). Unlike
other methods, FSP allows for use of wide range of powders. Many researchers adopted the FSP
technique to incorporate different secondary phase particulates such as SiC [16], Al,O3 [17], TiC
[18], and CNT [19] into magnesium alloys.

In the current study, n-TiC (average particle size 80 nm) and FA (particles in micron size) were
used as reinforcement nanoparticles. The AZ31B/TiC/FA hybrid surface composite and the
AZ31B/TiC, AZ31B/FA mono nanocomposite were prepared using FSP to investigate the hybrid
impact of those nanoparticles. The microstructure, mechanical and tribological characteristics
were examined by various testing methodologies and FESEM.

2. Experimental method
2.1 Materials

For the development of mono and hybrid composites magnesium, alloy AZ31B was used as the
base matrix. Different plates of AZ31B with dimensions 250x 100x 6.3 mm were used for the
final experiment characterization. To examine and validate the content of Mg and other
constituents of, as received, AZ31B Mg alloy was determined by FESEM- Energy-dispersive
spectroscopy (EDS). FESEM-EDS analysis, (as shown in Supplementary Figure 1a), confirmed
the presence of Mg as the major element and various other elements with evidence of no carbon
content. The elemental constitution of the base Mg (AZ31B) matrix is presented in
Supplementary Table 1. For mixing up of the reinforcement into the base metal and fabricating
new mono and hybrid composites via FSP process, blind holes with 2 mm diameter and 4mm depth
were drilled over the top surface of base AZ31B Mg plates, as shown in Supplementary Figure
1(b).
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2.2 Reinforcements Used

Nano titanium carbide (n-TiC), has impressive properties like high hardness and resistance to
oxidation. The n-TiC particulates with an average 80nm size and 99.99% purity were used as
secondary phase reinforcement particulates. FESEM, EDS, and X-ray diffraction (XRD) patterns
for the n-TiC reinforcement are shown in Supplementary Figure 2 (a, b, and c¢). Supplementary
Table 2 presents the weight along with the atomic percentage of nano TiC reinforcement particles.
The second type of reinforcement was FA which was obtained from the coal-fired steam generating
plant Bhiwani textile mill, (Bhiwani) India. The SEM analysis showing the average particle size
and morphology for the FA particulates is presented in Supplementary Figure 2 (d). However,
the EDS analysis result showing particle contents is presented in Supplementary Figure 2(e),
which clearly shows the presence of Silica and other FA constituents.

2.3 Fabrication of mono and hybrid nanocomposite materials

The reinforcement particles were introduced to the blind holes of the AZ31B base matrix by the
FSP technique to manufacture mono and hybrid composite. The FSP process (as shown in
Supplementary Figure 3) was carried out on a dedicated computer numeric control vertical
milling center. The FSP process comprises two stages. First — sealing of the holes filled with the
reinforcement particulates is performed with the pin less tool. Second — mixing of the
reinforcement into the matrix material which is performed with the tool with a pin. To exclude the
presence of any material defect, a pilot study was conducted aiming to choose the optimal set of
parameters along with the tool profile. Two tools (with a pin less shoulder and a taper cylindrical
pin profile) made up of high carbon high chromium (HCHCr) steel were selected after the pilot
study. This selection was made since the samples manufactured using these tools revealed no
flaws. The tool without a pin was only used to seal off the top cover of the holes after incorporating
n-TiC and FA particulates for mono composite and TiC/FA for hybrid composite fabrication. The
tool with a taper cylindrical pin profile with a shoulder diameter of 16 mm and a pin length of 4
mm, is shown in Supplementary Figure 4. Final manufacturing was performed with the tool
revolution speed of 1800 rpm, the tool transverse speed of 20mm/min and three FSP passes to
consolidate reinforcement into the Mg base alloy. Following the FSP procedure, the various
manufactured surfaces are shown in Supplementary Figure 5. It, depicts the typical crown
appearance of developed surfaces fabricated via FSP process. The crown appears smooth, devoid
of prominences or depressions. There are semicircular characteristics that resemble those produced
by standard milling. Hence it is justified that process parameters are adequate to generate a crown
with no flaws. In order to comply with the ASTM standards for testing and analysis the fabricated
samples underwent different preparation processes. In the case of hybrid surface composite, 50%
of n-TiC and 50% of FA reinforce particles were mixed (by volume %) for filling up the volume
of the blind holes. The mono composite surfaces were manufactured by adding n-TiC and FA
reinforcement particulates separately, before applying the final synthesis process by FSP.
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2.4 Microstructural characterization

Standard metallographic approaches were used after the mono and hybrid nanocomposites were
synthesized. The metallographic specimen was cut perpendicular to the stir zone (SZ) of FSP.
After that, the obtained specimen was grounded polished, and etched with the picric acid etching
solution. Further OM and JEOL USA FESEM equipped with EDS FESEM which were used to
characterize the microstructure, interface bonding, and homogenous distribution of reinforcement.

2.5 Mechanical testing

The prepared specimens were tested for microhardness, nanoindentation, tensile test, and
compressive strength. According to ASTM guidelines, the Vickers hardness method was employed
to quantify micro-hardness. A 15-second dwell period was used with a 500 g load at 0.5 mm
indentation intervals. Each indentation site received three measurements, and the average of these
readings was used as the final value. The nano-hardness was measured using a Hysitron
triboindenter, equipped with a Berkovich diamond three-sided pyramid tip in a quasi-static
indentation mode, having a radius of curvature of 150nm. At a peak load of 500 mN, an indentation
was created on the polished surface of specimens with a fixed loading time of 10 s and unloading
time of 2s and up to 20pm. The value of nano hardness was calculated utilizing equations given in
[20].

In order to perform tensile and compression testing on the base, mono composites, and hybrid
composite, specimens from the stir zones of each fabricated composite were extracted using Wire
cut electric discharge machine (WEDM), in accordance with ASTM E-8 M and ASTM E-9
standards (please see Supplementary Figure 6). A Tinius Olsen UTM (model HKS50) with a
load capacity of 50 KN and an initial strain rate of 1 x 1075 ! was used to examine the ultimate
tensile and compressive strength of each specimen type. In the nanocomposites and the base Mg
alloy samples the crack nucleation sites and crack propagation were further examined using
FESEM, after final breaking.

2.6 Tribological properties Tests

WEDM was used to extract pins with a size of 3 mm x 30 mm from base metal and composite
materials in order to study wear and friction characteristics. A pictorial view of the extracted
specimen for the wear test is given in Supplementary Figure 7. Every experiment adhered to
ASTM G99 standards and was assessed using a pin-on-disc tribotester (DUCOM TR-20 LE). A
sliding distance of 700 m, a time period of 300 s, a disc rotational speed of 400 rpm, and a fixed
load of 20 N was used in all wear studies. The final loss of height values was multiplied by the
pin's cross-sectional area to determine the volumetric loss. The final wear rate was obtained by
dividing volumetric loss by sliding distance. Wear morphology was examined using FESEM.
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3. Results and Discussion

A typical stir zone (SZ) crown is shown in Supplementary Figure S for the FSPed mono and
hybrid composite materials. The crown's surface is completely flat, free of any voids and
discontinuities. The texture of the crown includes semi-circular striations that were created by the
rotating tool rubbing against the surface. Weld pitch, which is the ratio of traverse and tool
rotational speeds, is proportional to the distance between the striations [21].

3.1 Micro-structural characterization

The microstructural characterization of AZ31B Mg matrix alloy and the fabricated mono and
hybrid nanocomposite was successfully examined by a trinocular inverted metallurgical
microscope and at different magnifications. All the micrographs captured are presented in Figure
1. It is noticeable from Figure 1 (a) that the microstructure of AZ31B base magnesium alloy is
characterized by coarse a-Mg and -Mg;7-Al;, and possesses a discontinuous network at the grain
boundary. Unrefined coarse grains were observed in a distributed manner for the base metal matrix.
In addition to that, alongside segregated large crystals, clusters of tiny crystals were also present.
The magnesium base AZ31B alloy had an average grain size of 78 pm. As presented in Figure 1
(b-d) i.e. Stir zone micrographs of the mono and hybrid composite show refined grain structure.
Microscopy images demonstrated that coarse magnesium grains were broken and refined by the
action and rotation of the FSP tool. The findings of the stir zone reveal the presence of dynamic
recrystallization as a leading phenomenon. Where the material had undergone intense plastic
deformation like stir zone, a high degree of grain refinement was observed. In addition to the above
high thermal energy produced by FSP rotating tool, causes dynamic recrystallization which has as
a consequence the evolution of fine grains, similar to what was reported in [22, 23]. For all
manufactured composites, this frictional heat is further liable for the refining of the grains in the
stir zone, which is also in agreement with [24]. For both mono and hybrid composites, the refined
microstructure is due to grain boundary pinning with reinforced particulates. Also, the multiple
passes resulted in the increased level of stirring and reduced the asymmetry in the structure of the
FSP zone caused by the asymmetric material flow produced by the tool rotation and traverse
motion. This resulted in the homogenous distribution of reinforcements with fine grains which is
in agreement with [25]. Lastly, n-TiC and FA both resisted grain growth in the case of both mono
and hybrid composite materials, owing to the peening effect caused after dynamic recrystallization,
as it prevents the migration of grain boundaries and restricts grain growth after FSP. In addition,
these secondary phase particulates act as heterogeneous nucleation sites for magnesium grains and
lead to finer grain structures, also in agreement with [25]. Average grain size values of the base,
mono, and hybrid composite materials are presented in Table 1.

The FESEM result of the mono and hybrid composite specimens are shown in Figure 2. From the
comparison of microstructure and FESEM results (as presented in Figure 1 and 2) of the base and
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composite materials, it is confirmed that large crystals, during loading, break down into smaller
ones and increases the area of stress concentration, which is prone to initiate cracks during loading.
It is evident from Figure 1 (b-d) and Figure 2 that the region of stress concentration has grown
as a result of the breakdown of larger crystals into smaller ones, making it more likely to crack
under load. As a result, the need for secondary reinforcement particles is legitimate. For instance,
in AZ31B/TiC mono composite the n-TiC particles represent obstacles and constrain the
movement of dislocations. In addition, FSP fragments the larger intermetallic particles into smaller
ones and redistributes them throughout the matrix with more uniformity. The FA particle
distribution for AZ31B/FA mono composite is shown in Figure 2. This distribution may be
attributed to action of the FSP tool and the related plastic flow which may have fragmented the
large reinforcement particulates and changed their size and morphology, which is also reported in
[26]. These small sizes particulates, the Cenosphere of FA, are redistributed in the base matrix in
a homogenous manner. The lack of clustering of debris from the fragmentation of the particulates
indicates that fragments continued to mix with the plasticized metal and were uniformly distributed
throughout the matrix. The dispersion of reinforcement within the magnesium alloy matrix
depends on the speed at which the tool rotates [24], which in current research work is good enough.

3.2 Mechanical Characteristics

3.2.1 Microhardness and Nano-indentation

The micro hardness of the mono and hybrid composite materials was measured relative to the stir
zone region. All the measured values are given in Table 1 and represented graphically in Figure
3. The graph shows that the microhardness of the hybrid AZ31B/TiC/FA (95.1 Hv) is significantly
higher than the microhardness of the base AZ31B Mg alloy (55Hv), the nanocomposites
AZ31B/TiC (89.2) and AZ31B/FA (80.1).

The increase in microhardness is the consequence of the microstructure change resulting from FSP
and reinforcement by the n-TiC/FA particles. And as per the Hall-Petch equations, microhardness
increases as grain size decreases [27]. Therefore, it can be claimed that smaller grain boundaries
cause increased microhardness. In the case of AZ31B/TiC mono composite, the possible cause of
enhanced microhardness is the ability of nano-sized reinforcements to restrict grain boundary
movement. This is in accordance with the Zener pinning effect, and the strengthening of grain
boundary which is in compliance with the well-known Hall-Petch equation [27]. In the case of
AZ31B/FA mono composite, in addition to the Hall-pitch and Orwan hardening mechanisms, the
reduction in the average inter-particle distance caused by the FA particle fragmentation contributed
to the enhanced microhardness. For hybrid composite, the possible cause of the high value of
microhardness is the presence of different sizes of reinforce particulates i.e. nanoparticles for n-
TiC and microsize particles for FA, which results in good dispersion, which further enables
reinforcement to settle well around the grains during the recrystallization process and leverage
microhardness properties. Lastly, different degrees of dislocation density was created in the
composites due to temperature difference between FA particulates and the base Mg metal matrix,
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causes a quench hardening effect.. In addition to the above, for all fabricated composite materials
three FSP passes reduce the composite's surface area, which further decreases the inter-particle
spacing in the SZ and increased the microhardness, which was also reported in [28,29]. The results
presented in the previous section in order to illustrate enhancement of hardness of the composite
materials can be further supported by the force displacement curves from the Nano-hardness tests
shown in Figure 4. It is obvious that the load-displacement curve (as it shift leftwards) for hybrid
AZ31B/TiC/FA composite indicates lowest depth of indentation, i.e. highest hardness. This might
be due to the excellent pulsating action provided by the tool pin which helps for better dispersion
of nano reinforcement particles during FSP in SZ that is responsible for higher hardness values.
Also, the better distribution of reinforcement particles at high heat input resulted in the formation
of small grain size. This small-size grain development is accountable for higher hardness.

3.2.3 Tensile experiments

Supplementary Figure 8 shows the tensile and compressive specimen before and after the
experiments which were performed according to ASTM standards. In comparison to base metal,
both mono and hybrid composites displayed better strength and ductility values presented in Table
2. According to Table 2, all specimens achieved higher UTS and strain at failure when compared
with the base magnesium metal matrix. The modulus of elasticity, UTS and yield strength (YS) of
the synthesized composites were significantly increased by the introduction of secondary phase
particulates when compared to the base AZ31B Mg matrix as shown in Figure 5. The base
material's lower UTS is a result of its coarse grain and the presence of Mg precipitates at grain
boundaries. As a result, these precipitates become ideal locations for fracture initiation. Due to the
reduced grain bonding strength caused by these Mg precipitates, crack initiation and propagation
are more likely to occur near to these precipitates. The tensile property enhancements are a
consequence of microstructural modifications brought on by processing, such as grain refinement,
resistant to dislocation dispersion in the matrix, and reinforcement-matrix interaction [30]. The
reduced average grain size values are presented in Table 1, which clearly shows significant grain
refinement and homogenous dispersion of dislocations in the matrix, which corresponds to the
enhancement of properties from the base AZ31Mg matrix to the hybrid composite. The higher
UTS value of hybrid composite as compared to base alloy and mono composites, and high UTS
value of mono composites as compared to base alloy is might be due to the smaller grains. The
refinement of the grain size in the specimens increased the density of the available boundaries,
which can efficiently cause obstacles to the movement of dislocation and in turn increase the
strength. The mono-composites exhibited higher yield stress, strain to failure, and lower plastic
hardening rate than compared the base Mg alloy. The hybrid composite exhibited higher yield
stress and higher plastic hardening rate than compared the base Mg alloy and the mono-
composites. For AZ31B/TiC mono composite the introduction of the hard n-TiC particulates and
the refinement in the grain size improved elastic stiffness (higher elastic modulus) and increased
the tensile strength by shifting the load from the magnesium matrix to the hard reinforcements,
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which is in agreement with [30]. Additionally, the dispersion of nano-reinforcements resulted in
an increase of the material’s elasticity moduli. For instance, TiC's high elastic modulus and strong
interfacial interaction with the matrix were prime reason of increases in elastic modulus. The
distribution of particulates along the grain boundaries of the developed hybrid AZ31B/FA/TiC is
the cause of the load transfer from the ductile magnesium phase to the hard-brittle phases. And
especially for mono composite AZ31B/FA the FA particles have a significant wettability that
enables load distribution and transfer from the base matrix to the reinforced particulates, hence
strain to failure was significantly increased for all composites.

3.2.3.1 Fractography

The location of crack onset and the fracture mechanism present in the samples from the tensile
tests of the nano-composite and the monolithic A31B alloy were investigated using FESEM
fractography. A typical tensile fracture surface was present in all samples, see Figure 6. Figure
6(a), illustrates the development of cracks in monolithic AZ31B magnesium alloy. Monolithic Mg
fractures via a cleavage mode of fracture as a result of the lack of homogeneity (brittle
fracture). Mg deforms as a result of a restricted basal slip. This might have been caused by the
tensile test-induced crack propagation from weaker surfaces, which the Griffith theory of failure
also covers nicely [32].

Figure 6 (b), represents the fracture mode of AZ31B/FA mono composite. Micro cracks in the
fractured surfaces of nanocomposite samples during the tension test are an indication of the brittle
deformation of nanocomposites. These cracks may arise due to less strong bonding of
reinforcement and the base matrix. A small void is also visible on the fractograph. In general,
debonding, particle pull out, and matrix cracking—which may happen as a result of overloading—
are attributed to voids. As noted by Sun, S.et al., [33], the general rule is that the existence of voids
directly affects the elongations of the material during tensile testing. The fracture mode may also
be gradually shifting toward the brittle mode, according to a rise in surface flatness, which is
consistent with Thangarasu A et al [28]. Additionally, to support the aforementioned claim that
rosette patterns resulted in honeycomb dimples, it should be noted that the material's quasi-
cleavage suggests a mode of fracture between ductile and brittle. The fracture mechanism of the
AZ31B/TiC mono composite is shown in Figure 6 (c¢). The increased fracture surface flatness
caused by the inclusion of n-TiC particles also comes from the reduced material flow brought on
by improved strengthening. As was already noted, it was found that the bulk of the nano titanium
carbide particles was enmeshed in the base matrix. The matrix and the substance containing the n-
TiC (hard inclusions) did not deform at the same pace, it was also found. In order to resolve this
disparity, nucleation of voids was reported. The n-TiC particles fracture as a result of this
nucleation, which also causes the sites at the particle-metal interface to split. The nucleation may
cause the inclusion to fracture or the inclusion-matrix interface to lose cohesion. The base matrix
was discovered to be embedded with n- TiC reinforcement particles, which leads to ductile failure
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of the composites. In addition, the combined influence of basal and non-basal slip produced by
nano-size reinforcements causes the fracture mode of Mg nanocomposites to change from pure
Mg in most situations to a ductile fracture. In Figure 6 (d), the dimple structures that could be
clearly observed in the hybrid AZ31B/FA/TiC composite were finer and more intensive than those
in the base and mono composites. The lack of micro cracks and voids is a clear indicator of the
large plastic deformation of nanocomposites. These dimples type features are more distinguished
in nanocomposite materials fractography, which clearly indicates that these nanocomposites hold
enhanced ductility. In comparison to monolithic material, the majority of reinforced magnesium
nanocomposites demonstrated strong microcrack formation resistance and minimal tensile
cavitation. The grain boundary's ability to prevent dislocation movement and deformation also
gave the hybrid composite substantially greater strength and elongation than the other composites.
Although there were a few ash particles that weren't totally broken, they were minimal. On the
tensile strength and elongation, they had no appreciable impact. Therefore, it was determined that
three FSP passes greatly increased the tensile strength and elongation of the hybrid composite.
Also, the presence of tear edges around little dimples also shows the ductile nature of the fracture.
Lastly, it can be seen from Supplementary Figure 8, that base monolithic Mg shows brittle (flat)
fracture type, however, tensile test failures for the composites happened at a nearly 45-degree angle
to the tensile loading axis, which clarified that the mode of fracture shifts to ductile (shear) fracture,
which is in agreement with [34].

3.2.3.2 Compression experiments

Compression test results for base Mg alloy, mono AZ31B/TiC, mono AZ31B/FA and hybrid
AZ31B/FA/TiC composite in the form of the stress-strain plot are presented in Figure 7 and
corresponding values are tabulated in Table 3. From Figure 7, it is clear that fabricated composite
materials do possess a high value of yield strength and ultimate compressive strength (UCS). For
magnesium, twinning is the most favorable deformation phase under compressive stress. The
activity and spread of twinning in pure Mg occur favorably and unhindered by factors like the
existence of secondary phases or coarse grain size. Twin activation and propagation may be
challenging in the case of composites because of limitations posed by reinforcement and grain
refinement. The yielding of pure Mg at low strengths can be explained by easy twin nucleation,
whereas the yielding of composites at high strengths is correlated with delayed twin activation.
Pure Mg showed increased failure strain as a result of the facile twin propagation. Barriers in
composites, such as second phases and more grain boundaries, prevented twin propagation. Thus,
when the continuity of twinning stopped, the composites failed at lower failure strain. In general,
the resulting failure mechanisms in pure Mg and its composites are consistent with findings from
earlier studies [35]. This clearly indicates that adding secondary phase particulates and the FSP
process directly contributes to leverage compressive strength properties. It may be attributed to the
pinning effect cussed by secondary phase particulates and high heat developed by the FSP tool,
which straight away causes grain refinement and formation of participates phase, which further
contributes in improving the micro-hardness and strength of the material. Smaller crystals are
produced as a result of the larger original grain structure shattering during the FSP, which increases
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the stress concentration area and causes the material to fail upon loading. The secondary phase
reinforcing particles' involvement limits the mobility of dislocations and aids in the composite
strength [35]. In the present case, the reinforced particulates that must be mixed with the AZ31B
base alloy in order to prevent the gliding of dislocations in the stir zone are nano-reinforcements
like n-TiC, FA, and hybrid compositions of both. Therefore, as compared to the base AZ31B Mg,
additional stress is needed to overcome the interplay of dislocation and restriction, which increases
the strength of the composite. Later, dislocation avoids the particulates by bending through the
sidewalls during loading, the motion occurs in a loop shape and is known as Orowan looping
around the secondary phase particles. These loops might result in back stress, which limits the
deformation up to a higher strain value and composite strength. With additional nano
reinforcement particulates engaging in the stir zone, which results in delayed crack nucleation and
propagation, the compressive fracture strength of the hybrid nanocomposite has risen up to 1.88
times, indicating a rise in the ease of slips [36].

3.3 Wear mechanism

Wear rate values for the fabricated composite materials as well as the base material are presented
in Supplementary Table 3. Also, the progressive height loss value for the developed composite
as well as the base magnesium material is presented in Supplementary Figure 9. Lower wear rate
values for the hybrid composite material and titanium carbide base mono composite material might
be attributed to the high micro-hardness values. Also, as per Archard's wear law [37], the hardness
of metallic materials has an inverse connection with the wear rate. All the mono, as well as hybrid,
develop composite materials possess a lower value of wear rate as compared to the base material.
The improved toughened surface efficiently sustains the counterforce asperities' cutting action.
Additionally, the developed composite has a lower coefficient of friction (COF), all corresponding
values of COF are also given in Supplementary Table 3. Homogenous dispersion of the
reinforced particles leads to minimizing the interaction zone between the sliding pin and the
counter face plate. The titanium carbide and FA particulates in the mono and hybrid composites
provide adequate support for the imposed load. Lower values of COF further lead to a reduction
in the acting shear stress on the sliding surface which consecutively helps in developing
improvements in the wear resistance. Owing to the Hall-pitch mechanism which contributes to the
evolution of grain boundary and pinning of secondary during FSP, also contribute to the formation
of composite hardness and strength which further result in an improved force bearing competence
and decreased wear rate.

3.3.1 Wear fractography

Through SEM analysis, worn Surface morphology was examined. Supplementary Figure 10
shows SEM images of all specimens processed using FSP and base AZ31B alloy. It was noted
from Supplementary Figure 10 (a) that the underlying material AZ31B has a texture made up of
deep, straight ploughs. This might be caused by the as-manufactured Mg network, like -
Mgl17Al12, being heated up by friction, and showing an inability to withstand this much of thermal
energy and consequently break down easily. The material softened as a result of this brittle and
coarse phase's ineffectiveness to function as an obstruction to wear. These deep grooves were
principally caused by the predominance of the abrasive wear process. It ultimately caused wear
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debris to accumulate over the base metal's texture. Additionally, the morphology of the base
AZ31B monolithic Mg worn-out surface revealed considerable plastic deformation and
detachment of material from the primary Mg base matrix. This might also be a result of higher
growth in heating values due to intense friction. The material's substantial plastic deformation and
separation from the basic Mg matrix further supported the idea that this sample had delamination
wear along with an adhesive wear mechanism. This might be explained by the material's lower
softness when compared to FSPed composites. Primary monolithic Mg alloy showed a range of
adhesive and abrasive wear, also as in consensus with Madhusudhan Reddy et al. [38].

The composites' wear component, however, was different from that of the basic metal.
Homogenous and uniform dispersal of n-TiC particles have an impact on wear resistance. The
inclusion of n-TiC particles also caused a change from severe to mild wear by decreasing the
amount of metal-to-metal contact area and the direct load. On the other hand, AZ31B/TiC as shown
in Supplementary Figure 10 (¢), specimen demonstrated the supremacy of a minor abrasive wear
mechanism by having shallow grooves and fewer pits along the wear paths. The magnesium alloy
composite's wear morphology may have been caused by the n-TiC particles being pulled out of
the material. Abrasive wear was the primary cause, as evidenced by the existence of loose debris
particles on almost every surface of composites that had been created. The primary contributors to
the appearance of these loose debris bits are sliding n-TiC tugging and oxidizing mono composite.
The progress of constant friction was also the main cause of the change of the worn surface from
scratches to grooves. Mild abrasive and wear debris production, as well as the occurrence of a
delamination wear mechanism, were observed for the AZ31B/FA specimen as shown in
Supplementary Figure 10 (b). This delamination wear phenomenon may be mostly attributable
to shear plastic deformation, which caused fractures to form and spread under the surface. These
cracks ultimately cause layered areas to separate, as in tune with Sarmadi et al. [39]. The buildup
of dislocations under the surface is chiefly accountable for the development of pores in the
subsurface region. The interface between particles and magnesium alloy might develop pores since
there were no chemical bonds between them. Cracks start to appear as a result of pores combining,
and as they continue to grow as wear occurs, wear debris is produced. Due to the superior
nanoparticle distribution in AZ31B/FA/TiC hybrid composite. The specimen had a surface with
fewer micro cracks, as shown in Supplementary Figure 10 (d). Additionally, this consistent
distribution not only avoids delamination but also the immediate contact load.

Conclusions:

Successful fabrication of composite materials (hybrid and mono) was accomplished utilizing FSP.
To strengthen, the n-TiC and FA Nanopowder were utilized to reinforce AZ31B magnesium
wrought alloy. The following findings were made as a result of this.

The outcome of the study reveals that grain sizes of the developed composites were reduced by 10
times as compared to parent AZ1B alloy, demonstrating the significant impact that FSP has on
grain refining. Additionally, by changing the grain from coarse and elongated grains to finer and
equiaxial grains, grain aspect ratio was enhanced. Due to the incorporation and fusion of the n-TiC
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and fly ash (FA) reinforce particles during the fabrication process, the hybrid AZ31B/TiC/FA
nanocomposite showed a worthier outcome in mechanical, wear characteristics, and
microhardness behavior. Furthermore, attributed to differences in reinforcement nanoparticles
characteristics and particle sizes, impressive, homogenous, and uniform dispersal of the
nanoparticles for reinforcement was accomplished. On the other hand, owing to the inclusion of
ceramic nanoparticles in the manufactured surface reduced the strain rate of the hybrid and mono
composite matrix, improving the UTS stress of the hybrid composite by around 70% compared to
the alloy as received.
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Supplementary Table 1: Chemical composition of Magnesium base AZ31B alloy (EDS result).

Element Aluminum  Zinc  Manganese Copper Calcium Iron  Nickel Magnesium Silicon
, Al Zn Mn Cu Ca Fe Ni Mg Si
C‘:f,‘/“)’“t 34 1.5 0.2 0.05 0.04 0005  0.005 88.1 6.7
0

Supplementary Table 2: Various technical properties of secondary phase n-TiC particulates

Specific

Purit Average Surface Bulk True Meltin, Zeta
y Color Particle Density Density . og Potential  Morphology
(%) . Area Point (°C)
Size (nm) 2 (g/cm3) (g/cm3) (mV)
(m?/g)
99 Black  80(Approx) 51 0.07 43 3190 2448 S;‘;:rri'gal

Table 1: Average grain size and micro-hardness values of as-received and synthesized materials.
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Test parameters Base Matrix Mono AZ31B/FA Mono AZ31B/TiC Hybrid
composite composite AZ31B/TiC/FA
composite

Vickers’s Hardness

(Hv) 55 80.1 89.2 95.1
Average grain size 78 5.4 4.9 3.8
(nm)
0.553 0.876 0.981 1.102

Nano-hardness (GPa)

Table 2: Tensile tests results

Materials E (GPa) 0.2%YS (MPa) UTS (MPa)
Hybrid
AZ31B/TiC/FA 7.97+0.2 49.37+2.5 204.8+£2.2
composite
Mono AZ31B/TiC
6.16+£ 0.1 51.68+3.2 128.0+4.2
composite
Mono AZ31B/FA
6.9+ 0.3 5332+22 114.1 £3.3
composite
Base AZ31B Alloy 4.06 0.3 553+£2.2 84.37+3.7
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Table 3: Compressive test results

Materials E (GPa) 0.2%CYS (MPa) UCS (MPa)
Hybrid
AZ31B/TiC/FA 11.36+3.2 159.37+2.3 232.22+2.6
composite
Mono AZ31B/TiC
10.16+ 2.1 117.68 £ 4.5 175.55+3.2
composite
Mono AZ31B/FA
991+4.3 118.32+3.7 174.44 5.3
composite
Base AZ31B Alloy 6.23 £2.7 75.3+3.8 128.88 + 1.5

Supplementary Table 3: Wear properties of the base and developed composites

Componen Hybrid AZ31B/TiC/FA Mono AZ31B/FA Mono AZ31B/TiC Base AZ31B
t composite composite composite Alloy
Wear rate 0.011361 0.013499 0.012683 0.014068
(mm3/m)
Cocfficient 0.268 0.278 0.280 0.305
of friction
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Supplementary Figure 1: AZ31B a) FESEM and EDS analysis b) AZ31B plate with blind holes
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Supplementary Figure 4: The FSP tools used for the manufacture of the composites.
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Supplementary Figure 7: Extracted pins for wear examination

Figure 1: Microstructural images of a) base meatal: b) mono AZ31B/FA composite
AZ31B/TiC composite: d) hybrid AZ31B/TiC/FA composite captured from stir zone
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Figure 4: Load-displacement (P-h) curves of Nano-hardness experiments
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Supplementary Figure 8: Tensile specimen before and after tensile testing
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Figure 5: Tensile test stress-strain graphs of base Mg alloy and the composites
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Figure 6: Tensile test SEM fractographs of a) base meatal: b) mono AZ31B/FA composite: ¢)

mono AZ31B/TiC composite: d) hybrid AZ31B/TiC/FA composite
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Figure 7: Compression test stress — strain curves for the base Mg alloy and the composites
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Supplementary Figure 9: Height loss of base, mono and hybrid composite during sliding wear
test.
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Supplementary Figure 10: Wear morphology of a) base meatal: b) mono AZ31B/FA composite:
c¢) mono AZ31B/TiC composite: d) hybrid AZ31B/TiC/FA composite.
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