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ABSTRACT
Titanium alloys are utilized in many fields of science, engineering, and technology because of their superior 
mechanical and tribological properties. The investigation goal is to develop an innovative composite for use in 
the automobile industry by applying additive processes such as selective laser melting and reinforcing titanium 
alloy with bio-silica. Bio-Silica (BS) nanoparticles are extracted using agricultural waste of Calotropis gigantea 
as reinforcement. The Industrial Grade Titanium (IGT) alloy nanocomposites are employed for making alloys 
with bio-silica nanoparticles reinforcement of 0, 5, 10, and 15%. The IGT/BS nanocomposites mechanical prop-
erties, such as microhardness, tensile (ultimate and yield) strength, and compressive strength, were investigated. 
According to the investigation's outcomes, 15wt.%IGT/BS nanocomposites had better mechanical characteris-
tics. L9 Taguchi's orthogonal array is utilized to illustrate the wear trials. ANOVA is used to optimize outcomes. 
The ANOVA was utilized to determine the ideal process parameters that would result in the lowest possible wear 
rate and coefficient of friction (COF). The findings indicated that the applied load of 30 N, sliding velocity of 
4 m/s, and sliding distance of 2000 m may achieve the lowest wear. According to an ANOVA, load is the most 
significant factor (30%) influencing wear.
Keywords: Titanium alloy; Selective laser melting; Wear; ANOVA; Bio-silica.

1. INTRODUCTION
Lightweight applications were needed by the automobile sector to increase overall system performance. 
Mechanical and tribological characteristics, including creep, fatigue, hardness, density, strength, stiffness, wear 
resistance, and thermal conductivity, all improve system efficiency and performance for the automobile sector 
[1]. Composite materials are claimed to produce good mechanical and tribological characteristics in a variety 
of engineering, science, and technology fields, including automotive, aerospace, biomedical and instruments, 
civil structures, defence, electrical and electronics equipment, food technology equipment, marine applications, 
sports goods, and transportation [2]. The metal matrix composites were able to achieve improved mechanical, 
physical, chemical, and tribological properties by the utilization of many matrix components, such as cop-
per, titanium, magnesium, aluminium, and steel [3]. Excellent mechanical and tribological qualities were also 
attained by titanium and its alloy, which found usage in a varitey of productions, including sports goods, auto-
motive, aerospace, marine, defence, biomedical, and power plants [4]. In metal matrix composites, reinforcing is 
essential for improving tribological and mechanical properties such as creep, fatigue, hardness, density, strength, 
stiffness, wear resistance, and thermal conductivity [5]. For the purpose of enhancing mechanical, physical, 
chemical, and tribological properties, commonly used ceramic type reinforcements include Alumina (Al2O3), 
Silicon Carbide (SiC), Titanium Carbide (TiC), Titanium Boride (TiB2), Zirconium Oxide (ZrO2), Boron Car-
bide (B4C), Aluminum Nitride (AlN), Silicon Nitride (Si3N4), Magnesium Oxide (MgO), Titanium Nitride 
(TiN), Zirconium Carbide (ZrC), and Tungsten Carbide (WC) [6].
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For this investigation, the matrix material of choice was Industrial Grade Titanium (IGT), which is 
renowned for its remarkable strength-to-weight ratio, corrosion resistance, and biocompatibility. Among the 
industries that commonly employ IGT are automotive, aerospace and aviation, chemical processing, marine 
applications, energy, medical and dental, sports equipment, architecture, and electronics. In titanium alloys 
with high temperature stages, silicon in the form of silicide is an important content and improves the strength, 
creep resistance, and oxidation resistance [7]. The addition of nanoscale silicon and silicide to titanium alloy 
(Ti-4Al-4Mo-4Sn) improved the composites’ high strength, yield strength, bonding between the titanium alloy 
and reinforcement, and reduced ductility when they were produced using a powder metallurgy method [8]. SiCf/
SiC reinforcement was added to the titanium-silicon alloy (Ti16Si84) for making composites, which demon-
strated enhanced wettability and corrosion resistance [9]. Ti6Al4V matrix composites enhanced with SiC were 
solidified by pulsed electric current sintering (PECS). One of the consequences of the composites was the 
strengthening, enhanced hardness, and greater flexural strength achieved by adding SiC particles to the titanium 
matrix [10]. Three different categories of industrial debris with high concentrations of Si, Ti, and Fe. Minimiz-
ing resource depletion, protecting the ecosystem, and promoting sustainability growth in industry all depend 
on their recovery [11]. (TiC + Ti5Si3)/Ti layered composites with graphene oxide and silicon powder added 
have shown improved yield strength, ultimate tensile strength, and strengthening of the grain boundary [12]. 
Reaction-bonded silicon carbide (RBSC) requires a high-strength joining in order to be used in the semicon-
ductor industry [13]. The aerospace material titanium grade 5 alloy was coated with silicon aluminium mixed 
with multi wall carbon nanotubes utilizing a thermal spray technique to increase its physical, mechanical and 
tribological properties [14]. It is unique to reinforce pottery elements through nanoscale magnitudes on titanium 
alloys, boosting their hardness and resistance to wear. Conversely, a decrease in particle size also contributes to 
the reinforced materials’ increased ductility, strength, and resistance to creep [15].

Microcrystalline silicon is a particle that is amorphous. In comparison to diamond, silicon exhibits soft-
ness, low melting, and chemical reactiveness due to its lower bonding energy in its crystalline state. Machining 
apparatus, engines, cylinder heads, dynamo and transformer plates, and their decomposition are all made with 
silicon [16]. SiC/C nanocomposite material is produced from Si-containing biomass using a novel two-step 
process. Husks from rice, oats, and oats were selected as waste from agriculture because they have a high silicon 
concentration in the mineral component. Consequently, the discovered method enables us to transform waste 
from agriculture into high-tech, valuable goods in the form of materials that are electrocatalytically active [17]. 
The traditional restrictions in its synthesis process had been disrupted by the flaring out of silica nanoparticles 
from agricultural wastes. Rice husk, maize cob, sugarcane bagasse, palm ash, coconut fibre, bamboo leaves, 
tapioca, and other silica-rich effluvia were acknowledged as cost-effective precursors to activate silica nanopar-
ticles [18].

Dental implants are surgically placed in the oral cavity to progress an capability to wad food. Crowns 
and other prosthetic teeth, bridges, and dentures are supported by them. Composites of silicate and bio-silica are 
used to make pharmacological prostheses [19]. The purpose of the bio-silica, which was made from Bermuda 
grass, is to enhance the mechanical and wear properties of the silver-grey magnesium. The excellent mechanical 
and tribological properties of the magnesium reinforced with bio-silica composite, produced using the stirring 
moulding technique, were attributed to improved bonding between the composite’s components [20]. An alu-
minium/rice husk ash hybrid metal composite’s composition diminished as the number of small concentrations 
of reinforcement elements augmented [21].

Numerous methods, including casting, additive manufacturing, spray casting, metallurgical route, and 
physical vapor deposition, are utilized to create metal matrix composites. Among all the production processes, 
stir forming is the most hands-on and cost-effective way to produce metal composites [22]. Nonetheless, con-
ventional techniques of preparation such as the powder metallurgy route and the casting process show significant 
problems, including reactive surfaces that are harsh and restricted wettability between the matrix and reinforce-
ments. As such, the metal matrix composites made using these techniques have unsatisfactory and uneven char-
acteristics. SLM overcame the challenges by suitably altering the process parameters, enabling the creation of 
MMCs with directionally generated unique structures in detail [23]. Metal composites are treated using an addi-
tive manufacturing technique called selective laser melting (SLM). The benefit is the quick creation of intricate 
geometric patterns on objects. The shipbuilding, automotive, aerospace, and aviation industries have all lately 
seen a significant increase in the usage of flexible laser technology for additive manufacturing [24].

Calotropis gigantea is often considered a weed due to its large-scale cultivation for agricultural purposes, 
despite the fact that it grows wild along roadsides. The majority of creatures of all kinds do not consider it to be 
a suitable or safe diet. Calotropis gigantea is poisonous, so it’s not a good idea to feed it to a lot of animals or 
birds of prey as an overall feed for animals. Agricultural waste of Calotropis gigantea may be utilized in many 
ways for metal applications, mainly because it can be employed as a potential strengthening component and 
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in ecologically conscious production methods. This is why waste from agriculture from Calotropis gigantea is 
used to create bio-silica nano reinforcement. According to earlier studies, bio-silica can provide efficient nano 
reinforcements that facilitate the production of metal matrix composites with better mechanical and tribological 
qualities at a lower weight and expense. The best way to get rid of Calotropis gigantea plant residue environmen-
tally is to use the plant’s leftovers to make bio-silica reinforcements. One extremely environmentally friendly 
method of eliminating Calotropis gigantea residue from leftover material from plants is to use bio-silica as nano 
reinforcement. Industrial Grade Titanium nanopowders (IGT)/bio-silica composite can be used in the aerospace, 
aero-structural, automotive, defence, energy storage, and medical instrument industries to make industrial tool-
ing, mould making, robotics, manufacturing equipment, oil and gas valves, pumps, wellhead components, pipes, 
and chemical Heat exchangers, reactors, and process equipment When lightweight components with outstanding 
hardness and strength are required, advantages over traditional production include weight savings, customiza-
tion, easier assembly, quicker prototyping, and improved lifespan costs. The Calotropis gigantea plant is used 
to create the bio-silica that is added to a matrix of Industrial Grade Titanium nanopowders (IGT) to create this 
unique composite. This study examines the tribological parameters (wear, CoF) and mechanical parameters 
(microhardness, compressive strength, and tensile strength) of a special blend of bio-silica and Industrial Grade 
Titanium nanopowders (IGT) made by selective laser melting. The purpose of the investigation is to optimize 
the wear resistance parameters for the least amount of wear rate and coefficient of friction.

2. EXPERIMENTAL AND TESTING METHODS
In this current investigation, the Industrial Grade Titanium nanopowders (IGT) are adding with bio-silica (0, 5, 
10 and 15 wt.%) and the nanocomposites are prepared by selective laser melting. The bio-silica reinforcement is 
extracted from using agricultural waste of Calotropis gigantea. The process of bio-silica preparation is explained 
in Figure 1. Calotropis gigantea was harvested from Avinashi areas and used to prepare the bio-silica. Enormous 
quantizes of Calotropis gigantea are accessible at Avinashi village inside the settlement area.

Calotropis gigantea dried in the sun for four days. The dried Calotropis gigantea lawn plants were put in 
an iron drum and sent separately to burn completely. The burning procedure resulted in the production of ash. 
After being sun-dried, utilizing a cylindrical roller grinder, the Calotropis gigantea ash is crushed to a smooth 
ingredient. It cooled for eight and a half hours before being removed from the drum. Lowering the temperature 
of carbonization was especially important to improve this technology’s ecological attributes without sacrific-
ing its suitability to be used in the purifying process. After purification, follow the phases of the processing 
of bio-silica as shown in Figure 2, and the produced high purity bio-silica. The detailed process for making 
Bio-silica (BS) nano reinforcement extract from Calotropis gigantea Ash (CGA) is depicted in the figure. The 
CGA blend with In a suitable container, dissolve 3.5 NaOH in distilled water to create an alkaline solution. After 
that, stir the mixture constantly while heating it for two hours to a temperature of around 150°C. Proceed to the 
following step of filtering and washing the mixture to remove the solid residue from the liquid after the alkaline 
treatment. Use distilled water to completely wash away any excess NaOH and other contaminants from the solid 
residue. The filtrate produced by the precipitation of silica method contains sodium silicate, which is dissolved 

Figure 1: Synthesis of bio-silica nano reinforcing particles derived from Calotropis.
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silica. Using an HCL acid to bring the solution’s pH down to about 7 can cause silica to precipitate out of it as a 
gel. For aging and drying, the following step. To enhance the silica gel’s qualities, let it sit for a few hours. Use 
distilled water to wash the gel in order to get rid of any leftover contaminants. The silica gel should be dried 
entirely in an oven at 130°C. To get pure bio-silica, calcine the dried silica gel in an incinerator at a heating of 
around 800°C. This phase guarantees the elimination of any leftover organic contaminants and enhances the 
bio-silica’s purity.

The IGT/BS nanocomposite had been formed by layer-by-layer fabrication using selective laser melting 
(SLM). The SLM process with nanocomposite production was explained in Figure 3. IGT/BS nanocomposite 
produced in compliance with Table 1. The preparation of the tensile test specimens can be observed in Figure 4. 
A popular advanced additive manufacturing method for creating intricate, high-performance parts is selective 
laser melting (SLM). Customization and design freedom, material efficiency, precise control, material versa-
tility, enhanced mechanical properties, and cost-effectiveness for complex batches are some of the benefits of 
using SLM for experimentation, particularly when working with materials like titanium alloy nanocomposites 
[25].

Vickers microhardness tester was used to assess the microhardness of the IGT/BS nanocomposite. The 
ASTM E8-M04 micro hardness test was performed on four specimens. The computerized UTM was used to 
perform the tensile test. The ASTM E-8 standard was followed in the preparation of the test specimens. The 
specimens were produced in compliance with ASTME-9 guidelines, as well as the compressive test was per-
formed through a computerized UTM.

The pin-on-disc apparatus provided by DUCOM was utilized to conduct dry sliding wear testing on an 
alternative specimen. The ASTM G99 guidelines was adhered to, and grade H11 tool steel was used for the 
disc material in the pin on disc wear test apparatus. The hardness rating of the disc is 500 HB. This alloy can 
experience deep hardening by air quenching. This alloy’s low carbon content and hardness make it appropriate 
for highly stressed structural components in the aircraft industry. The specimen was whipped next to the oppo-
site face of a rotating disk that had a 60 mm wear track. Using a deadweight loading method, the specimen 
was loaded next to the disk. The wear test was conducted at sliding velocities of 2, 4, and 6 m/s and below the 

Figure 2: The phases of the processing of bio-silica.
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Figure 3: The SLM procedure flow diagram for the preparation of IGT alloy and IGT/BS nanocomposite.

Table 1: Contents of the produced IGT/BS nanocomposite.

SPECIMEN NO. MATRIX (IN %) REINFORCEMENT (IN %)
T1 100 0
T2 95 5
T3 90 10
T4 85 15

Figure 4: The tensile specimen of IGT alloy and IGT/BS nanocomposites.
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standard loads of 10 N, 20 N, and 30 N. As shown below, wear tests were carried out over a total sliding distance 
of 2000 m (constant) in parallel environments. An IGT/BS nanocomposite specimen’s wear worn surface anal-
yses were performed utilizing field emission scanning electron microscopy (FESEM). ASTM E3-11 rules are 
followed in the production of the specimens.Taguchi’s approach is a strong optimization strategy that focuses on 
reducing variance caused by uncontrolled elements in order to improve the quality of processes and products. It 
use orthogonal arrays and a design of experiments (DOE) methodology to methodically investigate how vari-
ous factors affect performance. One statistical technique for determining and measuring each factor’s and their 
interactions’ contributions to overall performance is ANOVA [26]. The main input parameters for this approach 
are load, sliding velocity, and sliding distance, and The experiment is conducted with a L9 orthogonal array.

3. RESULTS AND DISCUSSION

3.1. Impact of Bio-Silica (BS) reinforcement on mechanical properties
The impact of bio-silica nano reinforcing particles on the microhardness of IGT alloy, IGT/BS nanocomposites 
at 5, 10, and 15 wt. % is shown in the Figure 5. The microhardness values of the IGT alloy and IGT/BS nano-
composites are 336.54 VHN, 386.78 VHN, 402.12 VHN, and 424.83, respectively. The increase in hardness 
seen in IGT/BS nanocomposites was due to producing dislocation brought on by the variation in laser heat 
expansion between IGT alloy and BS nano reinforcement. Meanwhile, the microhardness flinches to grow with 
the addition of 5, 10, and 15 weight percent of BS nano reinforcement. When compared to base alloy, there was 
a 26.23% improvement in microhardness and excellent bonding among the BS reinforcement with IGT matrix 
after the addition of BS particles to the IGT matrix. For previous investigation, titanium matrix composites 
(Ti6Al4V)/(TiB + TiC) and discovered that the addition of reinforcements enhances the material’s microhard-
ness [27]. Furthermore, compared to 20 wt.% SiCp, 15 wt.% SiCp generates an α-phase of titanium, enhancing 
the hardness. Furthermore, when SiCp weight percentage increases, fractures emerge due to a reduction in 
attraction and becoming interconnected [28]. TiC reinforcement was included in an alloy constructed from tita-
nium (Ti-13Nb-13Zr) to develop an in-situ laser composite material were examined. In contrast to composites 
employing WC reinforcement particles, the outcomes demonstrated the composites’ enhanced microhardness 
and wear resistance [29]. When high entropy alloy particles are added to the titanium alloy matrix at the sinter-
ing temperature, the hardness of the titanium matrix rises while the hardness of the high-entropy alloy particles 
falls [30]. For the similar studies that were conducted some of the reinforcement added to the matrix, due to the 
agglomeration of reinforcement, it can obviously be identified the microhardness values dropped and the failure 
occurred. When Al2O3 was added to the Al-Fe-Si Alloy Matrix in varying ratios, the hardness value decreased by 
12 wt. % [31]. The investigation discovered that attaining desired mechanical characteristics depends critically 
on the ideal content of reinforcements. SiC presence increases hardness, but too much of it can cause agglomer-
ation, increase porosity, and reduce hardness [32]. In contrast to the Mg-SiC composite without Ti, the hardness 
of the composite dropped when Ti was added [33].

Figure 6 illustrates the impact of bio-silica nano reinforcing particles on the yield and ultimate strengths 
of IGT alloy and IGT/BS nanocomposites at 5, 10, and 15 wt.%. The addition of BS nano reinforcing particles 

Figure 5: The microhardness of IGT and IGT/BS nanocomposite (in different wt. %).
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steadily increases the ultimate and yield strength of IGT alloys and IGT/BS nanocomposites. In contrast to the 
IGT matrix alloy, the IGT/BS nanocomposite’s ultimate strength and yield strength are enhanced by 39.49% 
and 58.26%, respectively. The highest values of these strengths are 484.24 and 292.47, respectively. The % 
elongation of the IGT alloy and IGT/BS nanocomposites was shown in Figure 7, with the corresponding values 
being 6.9, 5.4, 4.8, and 4.1. The addition of BS nano reinforcing particles increases ultimate and yield strength 
relative to the base IGT alloy matrix without significantly lowering the nanocomposites percentage of elonga-
tion to failure. This is demonstrated by the IGT/BS nanocomposites higher ultimate and yield strength values 
than those of the IGT alloy base matrix.

In comparable research, stir casting was used for making SG-Mg-10% Si/bio-silica composites, which 
outperformed the basic matrix of silver-grey magnesium alloy in terms of tensile strength. A cutting-edge 
bio-silica substance made from wheat husks for high-tech silica-based applications [20]. The multilayer com-
posite Ti 6Al 4 V/Cp Ti alloy was created by laser energy deposition, and the outcomes demonstrated improved 
homogeneity, tensile strength, ductility, and impact strength of the composites [34]. Prosopis juliflora was 
the source of the silicon dioxide, which was added to the magnesium alloy matrix to improve tribological  
and mechanical charactestics [35]. The formation of structural composites based on natural fiber for use in 
hybrid energy storage systems. Tensile, flexural, and impact strength were improved when natural fibers were 
added to epoxy resin and hardener, according to their research [36]. Biosilica’s incorporation into the matrix by 
electroless Ni–P coating may improve the material’s hardness, wear and strength. The SEM surface morphology 
showed that the composite surface exhibited strong Ni–P deposition [37]. The study found adding filler made of 

Figure 6: The IGT and IGT/BS nanocomposites ultimate tensile and yield strengths.

Figure 7: The elongation (%) of IGT and IGT/BS nanocomposite.
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biosilica enhanced the density and the amount of moisture of the bio-foam when compared to bio-foam without 
filler. However, the strength and durability of the bio-foam combination increased once coconut oil was added. 
The compressive and tensile strengths of the bio-foam were higher when coconut oil was added than when it 
wasn’t [38]. Biosilica-reinforced composites offer remarkable tensile strengths. The composite that contained 
20wt.% biosilica was composed of 36.15% increase in tensile strength [20].

The representation illustrates the impact of bio-silica nano reinforcing particles on the compressive 
strengths of IGT alloy and IGT/BS nanocomposites (5, 10, and 15 wt%) as shown in Figure 8. Compressive 
strength values prominence from 354.83 MPa to 496.38 MPa progressively as a result of the addition of bio-sil-
ica nano reinforcing particles. The IGT alloy has a higher compressive strength of 39.9% when compared to IGT/
BS nanocomposites, making it appropriate for use in the automotive, aerospace, defense, and medical industries 
[39]. The compression characteristics of titanium alloy Ti6Al4V/hydroxyapatite composites were enhanced in 
a prior study by the functioning evaluated structure and selective laser melting [40]. For reinforcement, tita-
nium and nickel microparticles were introduced using the powder metallurgy approach to the AZ91D matrix. 
It has been determined that the addition of titanium to hybrid composites increased the hybrid materials’ yield 
strength, compressive strength, and ductility by around 29%, 80%, and 30%, respectively [41]. In a different 
investigation, Ti64-HA composites with 5% HA were made effectively; nonetheless, their compressive strength 
was noticeably lower than that of Ti64 [42]. Aluminium alloy 2024 hybrid composites with many SiC and red-
mud reinforcements have been designed in order for improving the blended composites strength in compres-
sion [43]. ZGŁOBICKA et al. [44] developed the magnesium matrix reinforced with biosilica filler. Improved 
microhardness, strength, reduced compressive strain, and modifications to thermo-elastic properties including 
coefficient of thermal expansion and conductivity were among the outcomes. The compressive strength and 
corrosion resistance of graphene nanosheet-based composites based on AZ61 and AZ91 were enhanced by the 
use of liquid phase exfoliation procedures [45].

3.2. Wear and frictional analysis for IGT/BS nanocomposite
The wear rate of the IGT base alloy matrix and the IGT/BS nanocomposite varies with respect to sliding distance 
at various composite locations, as shown in Figure 9. For a typical wear graph (0, 5, 10, and 15 weight per-
cent), four specimens are used, with the sliding distance varying from 500 to 2000 meters. The bio-silica nano 
reinforcing particle approach enhances the wear rate of the IGT alloy to the utmost. IGT/BS nanocomposite 
wear rates then decrease. The wear resistance of IGT/BS nanocomposites is clearly increased when compared 
to the IGT base alloy matrix, as demonstrated by the impact of bio-silica nano reinforcing particles. The graph 
indicates that the maximum wear rate utilized to generate IGT alloy is 570 × 10–3 mm3/m, and the values for 
applied stress, sliding distance, and velocity range from 10 N to 30 N, 500 m to 2000 m, and 2 m/s to 6 m/s. The 
minimum wear rate showed in IGT/15 wt.% of BS as 148 × 10–3 mm3/m.

In a similar work, NAIDU et al. [46] synthesized a hybrid composite by selective laser melting an 
aluminum- silica alloy matrix reinforced with graphene and bio-silica. The reinforcements were made of rye 
grass and leftover coconut shell, which were used to make graphene and biosilica. The effects of bio-silica and 
graphene on the hybrid composites’ wear, tensile strength, and hardness were studied and contrasted with the 

Figure 8: The compressive strength of IGT and IGT/BS nanocomposite (in different wt. %).
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fundamental matrix alloy. The composites had been developed by JIA et al. [20] employing the stir casting 
method, a magnesium matrix alloy supplemented with bio-silica, and enhanced mechanical and tribological 
results. VENKATESH et al. [47] developed hybrid composites by employing the squeeze casting process and 
adding boron carbide and groundnut shell ash to an aluminum matrix. Utilizing sustainable agricultural waste, 
groundnut shell ash reinforcement is made. Improved density, hardness, tensile strength, and impact strength 
are the outcomes of the study. A silicon-containing magnesium alloy was employed to increase wear resistance 
[48]. The system’s total efficiency is increased by the superior qualities for biosilica, including robust excessive 
maximum strength of tensile, outstanding resistance to oxidation, photoconductivity and lower wear rate [49].

At different nanocomposite sites, as seen in Figure 10, the Coefficient of Friction (CoF) of the IGT/
BS nanocomposite and the IGT base alloy matrix changes with respect to sliding distance. IGT/BS nanocom-
posites and IGT alloy matrix have average CoF of 4.42, 9.28, 6.9, and 10.65, respectively. When related to 
the IGT alloy matrix, the wear resistance and CoF of IGT/BS metal nanocomposites are improved by 28.51% 
and 14.09%, respectively. Comparable research revealed that enhanced tensile characteristics, a particular 
wear resistance, hardness of the surface, and coefficient of friction were the outcomes of an in situ method to 
assess biosilica’s reinforcing applying a Al-TiB2 [50]. The introduction of FMH biosilica particles resulted in 

Figure 9: The wear depth of IGT and IGT/BS nanocomposite.

Figure 10: The CoF of IGT and IGT/BS nanocomposite.
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the lowest specific wear rate and CoF. In order to enhance the biosilica, the scientists added coconut rachilla 
and millet finger husk [51].

3.3. Wear and coefficient of friction of IGT/BS nanocomposites: analysis of variance (ANOVA)
The wear and Coefficient of Friction (CoF) study is conducted in this part to identify the most advantageous 
parameters for achieving wear and CoF of the IGT/BS nanocomposite through the application of the analysis of 
variance (ANOVA) approach. Trials were conducted in accordance with orthogonal array L9 according to plan, 
and Table 2 contains the experimental data.

Depending on the maximum mean values that were observable for separate limits, the ideal parameter 
was selected in the response table. Based on Figures 11 and 12, the best parameters for increased wear resistance 
were selected from the most prominent points as A1-B1-C3 and A3-B3-C2, or 20 N of applied load, 4 m/s of 
disc velocity, and 2000 m of sliding distance. Sliding velocity was the most wear-inducing parameter, tracked by 
distance and load, according to the rank in Table 3 and Table 4 and Figures 11 and 12. The significant influence 
of the factors was determined using an ANOVA with a 96% confidence level. The ANOVA statistical tool is 

Table 2: Wear and CoF experimental data of IGT alloy and IGT/BS nanocomposite.

APPLIED LOAD (N) SLIDING VELOCITY 
(m/s)

SLIDING DISTANCE 
(m)

WEAR ×10–3 
(mm3/m)

COF

10 2 2000 151.17 62.3
10 4 2000 454.59 56.7
10 6 2000 453.51 58.79
20 2 2000 302.34 64.32
20 4 2000 345.3 54.21
20 6 2000 604.68 57.25
30 2 2000 172.65 52.36
30 4 2000 517.95 59.85
30 6 2000 690.6 53.54

Figure 11: ANOVA- main effects plot for means of wear parameters.
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Figure 12: ANOVA- main effects plot for SN ratios of wear parameters.

Table 3: Response table for signal to noise ratios (smaller is better).

LEVEL APPLIED LOAD SLIDING VELOCITY SLIDING DISTANCE
1 –49.96 –45.98 –51.17
2 –52.00 –52.73 –53.18
3 –51.94 –55.18 –49.55

Delta 2.04 9.20 3.64
Rank 3 1 2

Table 4: Response table for means.

LEVEL APPLIED LOAD SLIDING VELOCITY SLIDING DISTANCE
1 353.1 208.7 424.6
2 417.4 439.3 482.5
3 460.4 582.9 323.8

Delta 107.3 374.2 158.7
Rank 3 1 2

Table 5: Analysis of variance (ANOVA).

SOURCE DF ADJ SS ADJ MS F-VALUE P-VALUE
Applied Load 1 17273 17273 3.01 0.143

Sliding Velocity 1 210050 210050 36.57 0.002
Sliding Distance 1 15235 15235 2.65 0.164

Error 5 28717 5743
Total 8 271275

applied to determine the percentage effect of specific wear characteristics on response values [26]. ANOVA has 
been conducted, and the results are shown in Table 5. Results from related investigations indicated that lower 
SR and greater MRR were attained. The most important process parameters for MRR were Ton and WF, while 
the least important process variables for surface roughness included pulse on time and pulse off time [52]. The 
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results of the ANOVA show that temperature, load, and sliding distance all affect wear. When compared to slid-
ing distance and weight, temperature has the biggest impact [53].

3.4. IGT/BS nanocomposites contour plot analysis for wear analysis
The wear contrary to applied load (10 to 30 N), sliding velocity (2 to 6 m/s), and sliding distance (2000 m 
constant) contour plots in Figure 13(a–c) help illustrate the primary progression limit for the lowest wear rate. 
Figure 13(a) displays the outline conspiracy for the wear in relation to sliding velocity and applied load.

This indicates that the applied load (about 10 to 12 N range) and wear rate (<200 × 10⁻3mm3/m) were 
both at a minimal. The velocity was also reduced (2 m/s). The wear rate steadily rises as the load and sliding dis-
tance are grew. The contour plot for sliding distance and applied load for response wear rate are shown in Figure 
9(b). As can be seen in Fig. 13(b), under nominal load (13 N) and sliding distance (about 1100 m), the wear rate 
was lower (200 × 10⁻3mm3/m) than it was with higher applied load and sliding velocity. It additionally demon-
strates that wear increased with weight, regardless of sliding distance. Plotting the retort wear rate against distance 
and velocity is shown in Figure 13(c). It clear that reduced disc velocity and sliding distance result in less wear 
(<200 × 10–3mm3/m). Even yet, there is less contact time between the pin and the disc. Furthermore, it is mentioned 
that raising the disc velocity led to the observation of greater wear (>600 × 10–3mm3/m). ANOVA was employed 
from the similat investigations, and the low F value demonstrated the hypothesis’s adequacy. The optimum wear 
rate based on load and time was achieved by reducing the wear rate [54]. ANOVA analysis indicates that load has a 
strong important role in every sample category. Sliding distance is the subsequent most important element, accord-
ing to the vacuum aided resin transfer molding and resin transfer molding interaction plot and ANOVA, while the 
sliding velocity of hand layup specimens has a secondary impact on the wear rate [55].

3.5. Confirmation test
The improvement in grade from the original setting to the projected parameter value was finally verified by 
confirmation tests. The trials were carried out, and Table 6 contains the results. Using ANOVA, the expected 
parameter was determined to be 172.65 × 10–3 and improved by 30%, from the initial parameter setting to the 
anticipated parameter value.

Figure 13: Wear rate dependent on sliding velocity, sliding distance, and applied. Load in IGT/BS nanocomposites contour 
plot.
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3.6. Worn surface analysis of IGT/BS nanocomposite
Figure 14 displays a FESEM examination demonstrating the wear worn surface track observed on the 15 wt.% 
IGT/BS nanocomposite under applied loads varying from 30 N, sliding velocity 6 m/s, and constant sliding 
distance 2000 m. The FESEM image clearly displays microcracks, grooves, delaminated and worn debris. The 
development of a tiny layer that prevents the specimen from interacting directly with the revolving steel disc 
surface is what caused the worn surface of the IGT/BS nanocomposite to become less accurate. The reinforce-
ment and matrix have a robust and evenly distributed bonding structure throughout the matrix. The A significant 
role of the reduced wear behaviour of the 15 wt.% IGT/BS nanocomposite can be attributed to the bio-silica 
reinforcing. The 15 wt.% of IGT/BS nanocomposite pin started to move across the counterface disc as the load 
was applied, and wear debris accumulated, as seen in Fig. 14. The grooves were created by ploughing motion, 
and these wear remnants function as a third body abrasion. Substantial wear debris develops at higher loads as 
a result of dry sliding among metal contacts, which encourages massive deformation of plastic and removes an 
important quantity of material from the nanocomposite surface. Studies that correspond show that the strength-
ening element were isolated homogeneously through the metal composite. The strengthening elements gather-
ing was inattentive after the metal composites. Consequently, inside the different base alloy matrixes, the laser 
melting process aids in attaining a homogeneous dispersal of strengthening elements [56]. SEM micrographs 
were used in similar tests to confirm the interface relationship among the biosilica fragments and the matrix 
of SG-MgSi alloy [20]. FESEM analysis was used to identify tiny cracks, shallow and broad channels, molten 
debris, flakes, and delamination in wear detritus. According to this research, the reinforced material and matrix 
have an effective bonding arrangement that is evenly dispersed across the matrix [41].

Table 6: Confirmation test.

OPENING PARAMETERS PROPHESIED OPTIMAL PARAMETERS
Applied Load 30 30 30

Sliding velocity 6 4 4
Sliding distance 2000 2000 2000

Wear 690.6 × 10–3 172.65 × 10–3 172.65 × 10–3

Wear Resistance 
Enhancement

172.65 × 10–3

Figure 14: Worn surface analysis of 15 wt.% of IGT/BS nanocomposite.
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4. CONCLUSION
This work The influence of adding bio-silica (BS) nano-reinforcing particles to the IGT alloy on the resultant 
IGT/BS nanocomposites’ microhardness, ultimate tensile and yield strength, compressive strength, and wear 
properties remained inspected in this work. The following is a summary of the major findings:

•	 The IGT/BS nanocomposite comprising IGT alloy and addition with bio-silica (0, 5, 10, and 15 wt.%) is 
formed satisfactorily utilizing selective laser melting.

•	 The results of the Vickers hardness test, which has been employed to assess micro hardness, were 336.54 
VHN, 386.78 VHN, 402.12 VHN, and 424.83 VHN. Over the basic matrix of the IGT alloy, this suggested 
a 26.23% increase in microhardness.

•	 By evaluating the tensile strength, the ultimate, yield, and % of elongation were ascertained. At 484.24 MPa 
and 292.47 MPa, respectively, the T4 specimen had the maximum confirmed standards for ultimate and yield 
strength. At 4.1, the specimen exhibited the least amount of elongation.

•	 At specimen T4 (15 wt. % of IGT/BS nanocomposite), the highest compressive strength value is recorded as 
496.38 MPa.

•	 In wear analysis, the sliding velocity and applied load parameters are utilized to compute the wear rate based 
on the sliding distance (2000 m, constant). The IGT/BS nanocomposite minimum and maximum wear rates 
are 570 × 10–3 mm3/m and 148 × 10–3 mm3/m.

•	 The IGT/BS nanocomposites wear behaviour was examined using ANOVA, and the ideal parameters for 
increased resistance to wear and least possible coefficient of friction were found to be 30 N load, 4 m/s veloc-
ity, and 2000 m distance. The findings after ANOVA showed a 30% improvement over the original setting 
condition.

•	 FESEM study to identify grooves, microcracks, delaminated, and worn debris was performed. There is a 
strong and uniform bonding structure between the reinforcement and matrix throughout the matrix. The 
bio-silica reinforcing has a major role to play in the 15 wt.% of IGT/BS nanocomposites decreased wear 
behaviour setting condition.

•	 This study helps to provide high-performance materials that are appropriate for challenging uses such as 
the aerospace, biomedical, automotive, energy sector, tooling, and industrial machinery by improving the 
mechanical and wear characteristics.
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