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Abstract 
This investigation explores the fabrication of AZ31B magnesium alloy surface composites, enhanced with silicon carbide 
particulate reinforcement via Friction Stir Processing, and characterizes their mechanical properties. The groove method facilitated 
the introduction of SiC reinforcement into the AZ31B matrix, a lightweight alloy recognized for its elevated strength-to-weight 
ratio. A systematic L9 orthogonal array design was implemented to modulate critical processing variables, including tool rotational 
speed, traverse speed, groove width, and tool pin geometry. Mechanical characterization encompassed tensile strength assessments 
and Vickers microhardness evaluations, alongside microstructural examination utilizing Optical Microscopy and Scanning 
Electron Microscopy. The configuration employing a square tool geometry, operated at 545 rpm and a 31.5 mm/min traverse 
speed, yielded the most refined grain morphology and a homogeneous distribution of SiC particles. This specific processing 
condition resulted in a peak tensile strength of 152.37 MPa and a hardness value of 100.54 HV. Conversely, elevated traverse 
speeds and expanded groove widths induced agglomeration of the reinforcement particles, thereby diminishing the mechanical 
performance of the resulting composites. The results conclusively demonstrate that optimizing FSP parameters is crucial for 
enhancing the microstructure and mechanical attributes of AZ31B-SiC surface composites, thereby broadening their applicability 
in diverse structural and lightweight engineering contexts. 
Keywords: Friction stir processing (FSP), AZ31B magnesium alloy, SiC reinforcement, mechanical characteristics, microstructural 
analysis, and optimal parameters. 
 
INTRODUCTION 
Magnesium alloys are valued for their unique characteristics, including low density, high specific strength, and 
excellent machinability, rendering them well-suited for lightweight structural applications in aerospace, automotive, 
and biomedical sectors. Magnesium alloy AZ31B, composed of aluminum, zinc, and manganese, has garnered 
substantial interest due to its balanced mechanical properties, corrosion resistance, and ease of fabrication. 
However, magnesium alloys face certain limitations, such as low hardness, poor wear resistance, and limited creep 
strength, necessitating the employment of surface modification techniques to enhance their performance in 
demanding environments. 
Magnesium alloys stand out as an exceptional class of materials, offering a significantly lower density compared to 
aluminium and steel, by approximately 40% and 78%, respectively. This distinctive property makes them an 
increasingly attractive alternative to traditional aluminium and steel alloys. Mg alloys possess a unique combination 
of desirable characteristics, including comparable strength, superior formability, excellent cast ability, and ease of 
machining, recyclability, high damping capacity, and impressive weight-to-stiffness and weight-to-strength ratios. 
These advantageous properties position Mg alloys as strong contenders against aluminium alloys in a wide range of 
industrial and commercial applications [1-4]. 
The development of magnesium alloys can be divided into four clear phases: an initial 80-year period focused on 
foundational research, followed by 40 years of semi-technical progress, and then 30 years of widespread commercial 
and industrial adoption. Currently, Mg alloys have become ubiquitous across diverse industries, such as 
pharmaceuticals, medical equipment, industrial engineering, and scientific research, despite persistent challenges 
necessitating continued innovation and advancement [5]. 
Numerous fabrication processes are utilized in the production of magnesium alloys and magnesium metal matrix 
composites, demonstrating their versatility and capacity to adapt to diverse application requirements. Furthermore, 
attaining the desired dispersion of enhancing particles in surface composites through conventional methods has 
been recognized as a challenging endeavor. This establishes the significance of this issue [6-7]. Over the past decade, 
various efforts have been made to address these limitations. Conventional surface treatments have been employed 
to distribute ceramic-based particles on metallic surfaces, but with limited success [8-12]. The formation of 
unfavourable phases during the fabrication of surface composites was a concern with liquid processing [13-15]. 
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Surface composites represent a promising solution to address these limitations. By incorporating reinforcement 
particles into the surface layer of a material, surface composites significantly enhance properties such as hardness, 
wear resistance, and fatigue life while retaining the desirable bulk characteristics of the base material. Silicon carbide 
(SiC) is a commonly used reinforcement material due to its high hardness, thermal stability, and chemical inertness. 
Combining Mg alloy AZ31B with SiC reinforcement particles has the potential to create a surface composite with 
superior mechanical and tribological properties [16]. 
Friction Stir Processing (FSP) is a solid-state technique derived from Friction Stir Welding (FSW). It has emerged 
as an efficient and versatile method for fabricating surface composites. FSP involves the localized plastic deformation 
of a material using a rotating tool that generates heat through friction, softening the material without melting it. 
This process facilitates the incorporation of reinforcement particles into the surface layer of the substrate [17].  
The research conducted by Del Valle et al. [18] and Zang et al. [19] explored the impact of Friction Stir Processing 
on AZ31 magnesium alloys, reporting substantial grain refinement. In present work they were able to achieve a 
remarkably fine grain size of approximately 0.5 micrometers, which enabled superplastic behavior at elevated 
temperatures. Similarly, Zang et al. observed grain size variations ranging from 10.4 micrometers to 13.6 
micrometers across multiple FSP passes, demonstrating the process's capability to control the evolution of the 
microstructure. Raja et al. [20] and Panigrahi et al. [21] studied the effects of Friction Stir Processing on other 
magnesium alloys, including AZ91 and QE22. Raja et al. observed that the initial dendritic alpha-phase magnesium 
structure, measuring 100 micrometers, was refined down to 2 micrometers. Similarly, Mohan & Panigrahi 
investigated the high-temperature tensile deformation behavior of QE22 alloys, highlighting the dual-mode 
superplastic characteristics exhibited by these materials. Numerous studies have documented the enhancement of 
mechanical properties through Friction Stir Processing. Sing et al. [22]  reported a 29% increase in tensile strength 
and a 33% improvement in creep strength for AZ91 magnesium alloys at room temperature. These strength gains 
were further amplified at elevated temperatures. Similarly, Shang et al. [23] demonstrated that introducing 
extension twins in AZ31 alloys increased the yield strength from 96 MPa to 122 MPa. Moreover, Patel et al. [24] 
achieved an 80% increase in hardness and a 24% improvement in tensile strength by incorporating a copper backing 
plate during the FSP process. 
Magnesium alloys are extensively utilized across a wide range of industries due to their inherent lightweight nature 
and superior mechanical properties. They play a crucial role in a multitude of applications, including components 
for braking systems, clutch mechanisms, transmission housings, aircraft landing gear, helicopter rotor assemblies, 
gearbox casings, and high-speed textile machinery [25] [26] [27]. Furthermore, these alloys are commonly 
incorporated into consumer goods such as luggage, hand tools, computer casings, and ladders. In the electronics 
sector, magnesium alloys and their composite counterparts are the preferred materials for manufacturing device 
housings, packaging materials, hard disk arms, and mobile phone enclosures, leveraging their advantageous 
strength-to-weight ratio and durability [28]. The low density and high strength of these alloys make them well-suited 
for applications requiring dynamic loading, while their exceptional heat dissipation, electromagnetic shielding, and 
minimal radio frequency interference offer additional benefits [29]. 
Magnesium alloys have gained recognition in the biomedical sector, where they are employed in cardiovascular 
stents, orthopaedic implants, and wheelchair components, leveraging their biocompatibility and biodegradable 
nature [30]. However, limited mechanical strength and high degradation rates constrain their broader adoption. 
Although integrated into automotive applications in vehicles like Jeep, Mercedes-Benz, Ford light trucks, and 
Renault 18 Turbo, their relatively low strength and plasticity have impeded widespread use in large-scale 
manufacturing [31]. To address these limitations, surface modification techniques, such as coatings and 
reinforcements, can enhance the strength, ductility, and corrosion resistance of magnesium alloys, enabling them 
to better compete with conventional materials across various industrial applications [17]. 
The groove method is a specific approach within FSP used for surface composite fabrication. In this technique, 
grooves are machined into the surface of the base material and filled with reinforcement particles before undergoing 
FSP. The rotating tool stirs the particles into the substrate, creating a homogeneously reinforced surface layer. The 
groove method is advantageous for its ability to achieve uniform particle dispersion and a strong metallurgical bond 
between the substrate and reinforcement particles. 
The demand for lightweight and high-performance materials in various engineering applications underscores the 
importance of optimizing surface modification techniques for Mg alloys. Despite the proven benefits of FSP and 
the groove method for surface composite fabrication, several challenges remain [32]. These include achieving 
uniform dispersion of reinforcement particles, minimizing defects, and optimizing process parameters to maximize 
the mechanical and tribological performance of the modified surface [33]. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 14s 2025 
https://www.theaspd.com/ijes.php 

845 
 

Process parameters such as tool rotational speed, traverse speed, groove geometry, and the volume fraction of 
reinforcement particles play a critical role in determining the quality of the surface composite.  
The existing literature suggests that substantial research has been conducted on aluminium-based composites 
fabricated through friction stir processing with various particle reinforcements using the groove method. Therefore, 
it is essential to investigate magnesium-based alloy materials, as they possess less number of literatures for mg alloy 
AZ31B compared to other matrix materials, making them suitable for a wide range of applications. This study 
examines the processing of 6 mm-thick magnesium alloy AZ31B-based metal matrix composite plates using friction 
stir processing. The aim is to fabricate an AZ31B-SiC composite and modify the surface through friction stir 
processing with the groove method. An L9 orthogonal array with four factors and three levels was employed during 
the friction stir processing [34]. The investigation focuses on analysing key mechanical properties, including 
ultimate tensile strength, yield strength, and microhardness. Additionally, the microstructural characteristics were 
observed and recorded using optical microscopy and scanning electron microscopy to provide deeper insights into 
the surface composite [35]. This work offers a comprehensive overview of the microstructural changes and the 
impact of the proposed approach on the AZ31B-SiC surface composite. 

 
Figure 1 (a) Friction Stir Welding, (b) Friction Stir Processing 
Experimental details 
This section outlines the materials and methods employed in the study. It covers the procurement of the materials 
used in the experiments and the general approaches adopted for sample preparation, as detailed in the reviewed 
literature. 
Material Procurement 
The materials employed in this study were meticulously chosen to ensure their suitability for friction stir processing. 
The magnesium alloy AZ31B, widely recognized for its exceptional mechanical characteristics and corrosion 
resistance, was procured in the form of 6 mm thick sheets. These sheets were sourced from a certified supplier, 
ensuring compliance with ASTM standards and verification of the chemical composition and mechanical properties 
through comprehensive material test certificates. 
Furthermore, silicon carbide particles were selected as the reinforcement material due to their exceptional hardness 
and wear resistance properties. These reinforcing particles were procured in a powder form, with an average particle 
size in the nanometer range, from a certified supplier of high-purity (99%) silicon carbide powder. 
Methodology for sample preparation 
This work offers a thorough examination of the mechanical characteristics, including strength and hardness, of 
magnesium alloy and silicon carbide reinforced surface composites. The findings provide valuable insights that can 
inform the development of materials optimized for applications demanding exceptional mechanical performance. 
This study aims to fabricate surface composites composed of a magnesium alloy matrix reinforced with silicon 
carbide particles using the friction stir processing a groove method. Additionally, this work advances the state of 
the art for manufacturing surface composites by incorporating nano-scale SiC reinforcement, which is expected to 
lead to enhanced mechanical properties and improved overall performance of the surface-modified material. The 
study utilized square plates of AZ31B magnesium alloy, a material commonly employed in aerospace applications. 
These plates, measuring 100 x 100 mm2 and with a thickness of 6 mm, were prepared using wire-cut electrical 
discharge machining. Within the base plate, grooves with a depth of 4.5 mm and varying widths were created, as 
shown in Figure 2. For further analysis, the groove widths were set to 0.26 mm, 0.58 mm, and 1.032 mm. 
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Figure 2 Sample Preparation (a) Groove on top of Plate, (b) Groove filled with Reinforcement particles, (c) 
Capping pass on top Surface, (d) Friction stir Processing pass. 

. 
Figure 3 Tool pin profile: (a) Cylindrical threaded, (b) Taper threaded, (c) Square headed 
Further fabricated custom FSP tools from high-strength H13 tool steel, featuring three distinct geometries: square, 
tapered, and tapered threaded, as illustrated in Figure 3. These tools were manufactured at a specialized machining 
facility to ensure precise dimensions and optimal performance during the processing phase. The selected materials 
and tools were thoroughly prepared and characterized to meet the specific requirements of the experimental setup 
 Design of experiment 
A total of 9 experimental trials were conducted using an L9 orthogonal array design, wherein four factors were 
investigated at three distinct levels each. The factors and their respective levels are summarized in Table 1: 
Tool geometry: square, cylindrical threaded, and tapered threaded 
Rotational speed: 545 rpm, 765 rpm, and 1070 rpm 
Traverse speed: 20 mm/min, 31.5 mm/min, and 50 mm/min 
Groove width: 0.26 mm, 0.58 mm, and 1.032 mm. 
For all experiments, the groove depth was maintained at a constant 4.5 mm. 
The samples were prepared by cutting the processed plates into suitable dimensions for conducting various 
characterization tests, including tensile, hardness, and microstructural evaluation. The mechanical properties, such 
as tensile strength, yield strength, and elongation, were assessed using a universal testing apparatus. Vickers hardness 
measurements were performed on the surface of the composite materials. Comprehensive microstructural 
examination, utilizing optical and scanning electron microscopy techniques, was carried out to investigate the 
distribution and dispersion of the SiC reinforcement within the Mg alloy matrix. 
Table 1 L9 orthogonal array for Groove method 

http://1.1.design/
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Exp. No 

Tool 
Rotation 
Speed 
 (RPM) 

Traverse 
speed   
(mm/min) 

Groove 
width  
(mm) 

Tool Profile 

S1 545 20 0.26 Tapered Threaded 
S2 545 31.5 0.58 Square Head 
S3 545 50 1.032 Cylindrical Threaded 
S4 765 20 0.58 Cylindrical Threaded 
S5 765 31.5 1.032 Tapered Threaded 
S6 765 50 0.26 Square Head 
S7 1070 20 1.032 Square Head 
S8 1070 31.5 0.26 Cylindrical Threaded 
S9 1070 50 0.58 Tapered Threaded 

Material characterization  
In the present study, various mechanical characterization techniques were employed to analyze the influence of 
process parameter variations. Uniaxial tensile tests were conducted in accordance with ASTM E8-E8M [36] to 
determine the mechanical properties, including yield stress, ultimate tensile stress, and elongation, of the surface 
composite samples measuring 100 mm x 10 mm x 6 mm. These samples were analyzed using a universal testing 
machine with a capacity of 100 KN and a test speed of 1 mm/min at the Hertz Testing and Training Center in 
Ahmedabad. Additionally, the hardness of the Mg alloy AZ31B and SiC-reinforced surface composite was evaluated 
using a Vickers hardness testing machine, as per ASTM E92-17 [37] standards, on samples measuring 50 mm x 6 
mm x 3 mm. 
Comprehensive microstructural characterization of magnesium alloy and silicon carbide reinforcement surface 
composites, utilizing techniques such as Optical Microscopy and Field Emission Scanning Electron Microscopy, 
offers valuable insights into the distribution and orientation of the nanoscale reinforcing particles within the 
processed region. This knowledge is essential for assessing the quality of the magnesium alloy and silicon carbide 
reinforcement surface composites and ensuring the effective dispersion of the nano-scale reinforcements. 
Results and Discussion 
This section examines the effects of the process parameters—rotational speed, feed rate, groove width, and tool pin 
profile type—on the response variables. Comparisons are made for specific levels of each parameter, and an overall 
optimization is discussed. 
Effect of process parameters on Mechanical Properties 
 Effect of Tool Rotation Speed 
The tool's rotational speed substantially influences heat generation, material flow, and mechanical characteristics 
in friction stir processing. Insufficient heat is produced at lower rotational speeds, resulting in poor bonding, 
whereas excessive speeds may cause overheating, grain growth, and reduced strength. The mechanical properties of 
the Mg Alloy processed at various tool rotational speeds are presented in Table 2, Table 3, and Table 4, with their 
graphical representations depicted in Figure 4, Figure 5, and Figure 6. 
 Effect of tool rotational speed 545 RPM 
At 545 RPM (Table 2, Figure 4), the highest ultimate tensile strength recorded is 152.37 MPa, while the lowest is 
123.52 MPa. The percent elongation ranges between 3.15% and 5.99%, with specimen S2 showing the highest 
ductility. The hardness of the specimens varies, with S2 achieving the highest hardness of 100.54 HV, indicating 
improved grain refinement and strengthening at this rotational speed. The UTS of specimen S2 is 23.3% higher 
than S1, suggesting that optimal heat generation and material mixing occur at 545 RPM.  
Table 2 Mechanical properties at 545 RPM tool rotational speed 

Specimen 
Number 

UTS POE Avg. Hardness 

S1 123.5197 4.033333 73.13636 
S2 152.367 5.996667 100.5364 
S3 141.3873 3.153333 72.04545 

Additionally, S3 exhibits a 12.7% increase in UTS compared to S1, demonstrating intermediate mechanical 
strength. The hardness of S2 is 37.5% higher than S1, further supporting the notion of better grain refinement and 
strengthening at this rotational speed. 
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Figure 4: Graphical representation of Mechanical properties at 545 RPM tool rotational speed 
Effect of tool rotational speed 765 RPM 
Elevating the tool rotational speed to 765 RPM (Table 3, Figure 5) results in a diminished ultimate tensile strength, 
with the maximum value decreasing to 140.722 MPa, approximately 7.6% lower than the peak UTS at 545 RPM. 
Conversely, hardness exhibits a slight increase, with specimen S6 displaying a hardness of 94.86 HV, which is 5.3% 
higher than S3 at 545 RPM.  
Table 3 Mechanical properties at 765 RPM tool rotational speed 

Specimen 
Number 

UTS POE 
Avg. 
Hardness 

S4 111.7557 3.16 75.6 
S5 71.23533 2.2 73.32727 
S6 140.722 4.36 94.86364 

When the rotational speed is escalated to 765 RPM (Table 3, Figure 5), a noticeable reduction in UTS is observed. 
Specifically, specimen S6 demonstrates a 7.6% decrease in UTS compared to S2 at 545 RPM, while specimen S5 
showcases a significant 53.3% reduction in UTS, suggesting poor material consolidation. However, specimen S6 
achieves a hardness of 94.86 HV, which is 5.3% higher than S3 at 545 RPM, indicating improved hardness at this 
elevated rotational speed. 

 
Figure 5: Graphical representation of Mechanical properties at 765 RPM tool rotational speed 
 
 
Effect of tool rotational speed 1070 RPM 
At 1070 RPM (Table 4, Figure 6), a further decline in ultimate tensile strength is observed. Specimen S8 exhibits 
the highest UTS at this speed, measuring 123.34 MPa, which is 19.1% lower than the peak UTS recorded at 545 
RPM. Additionally, hardness values show a slight increase, with specimen S9 achieving a hardness of 91.76 HV.  
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Table 4 Mechanical properties at 1070 RPM tool rotational speed 
Specimen 
Number UTS POE 

Avg. 
Hardness 

S7 53 2.933333 76.40909 
S8 123.347 3.16 80.49091 
S9 97.32433 3.773333 91.76364 

The decrease in UTS at these elevated rotational speeds suggests that excessive heat input leads to grain coarsening, 
which in turn diminishes the overall mechanical strength. Specifically, S8 displays a 19.1% reduction in UTS 
compared to S2 at 545 RPM, while S9 demonstrates an even more significant 31.7% decrease in UTS relative to 
S2. Despite the relatively stable hardness values, the excessive rotational speed of 1070 RPM appears to promote 
grain growth, resulting in a decline in the overall mechanical properties. 

 
Figure 6: Graphical representation of Mechanical properties at 1070 RPM tool rotational speed 
The optimal tool rotational speed for achieving the maximum ultimate tensile strength and hardness was found to 
be 545 RPM. Increasing the rotational speed to 765 RPM resulted in a slight improvement in hardness, but a 
reduction in tensile strength. Further increasing the rotational speed to 1070 RPM caused a significant decrease in 
UTS, which was attributed to grain growth. The 545 RPM rotational speed provided the highest UTS and hardness 
values. Specifically, the UTS decreased by 7.6% when the speed was increased to 765 RPM, and by 19.1% when it 
was increased to 1070 RPM. These findings suggest that higher rotational speeds promote grain growth, ultimately 
diminishing the mechanical properties of the material. 
Effect of Feed rate 
Feed rate is a critical parameter that governs strain rate and heat input during the process. A lower feed rate 
facilitates improved material bonding, but may also lead to excessive heat generation. Conversely, a higher feed rate 
can result in insufficient heat input, ultimately causing defects. The mechanical characteristics associated with 
varying feed rates are presented in the tabular formats of Tables 5, 6, and 7, and their corresponding graphical 
representations are depicted in Figures 7, 8, and 9. 
Effect of Feed rate 20 mm/min 
At 20 mm/min (Table 5, Figure 7), the ultimate tensile strength ranges from 53 MPa to 123.52 MPa. The lowest 
recorded UTS value for specimen S7 suggests incomplete material mixing at this lower feed rate. The hardness 
measurements are relatively moderate, with S7 exhibiting a hardness of 76.40 HV.  
Table 5 Mechanical properties at 20 mm/min feed rate 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S1 123.5197 4.033333 73.13636 
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S4 111.7557 3.16 75.6 
S7 53 2.933333 76.40909 

The highest UTS recorded at 20 mm/min (Table 5, Figure 7) is 123.52 MPa, while the lowest is 53 MPa. This 
indicates that specimen S1 displays UTS that is 133.1% higher than S7, confirming that lower feed rates may not 
provide adequate bonding in all cases. 

 
Figure 7: Graphical representation of Mechanical properties at 20 mm/min feed rate 
Effect of Feed rate 31.5 mm/min 
Increasing the feed rate to 31.5 mm/min (Table 6, Figure 8) significantly boosts the ultimate tensile strength. 
Specimen S2 reaches a UTS of 152.37 MPa, a 23.3% increase compared to the 20 mm/min feed rate. Similarly, 
the hardness values also improve, with S2 achieving a hardness of 100.54 HV.  
Table 6 Mechanical properties at 31.5 mm/min feed rate 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S2 152.367 5.996667 100.5364 
S5 71.23533 2.2 73.32727 
S8 123.347 3.16 80.49091 

At the 31.5 mm/min feed rate (Table 6, Figure 8), there is a noticeable enhancement in UTS. Specifically, S2 attains 
a UTS of 152.37 MPa, which is 23.3% higher than S1 at 20 mm/min. Additionally, the hardness values show a 
37.5% improvement for S2 compared to S1. 

 
Figure 8: Graphical representation of Mechanical properties at 31.5 mm/min feed rate 
Effect of Feed rate 50 mm/min 
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At a feed rate of 50 mm/min (Table 7, Figure 9), the ultimate tensile strength slightly decreases to 141.38 MPa, 
indicating that an excessively high feed rate might compromise the quality of material bonding. The hardness values 
exhibit a similar trend, with the highest value recorded at 94.86 HV.  
Table 7 Mechanical properties at 50 mm/min feed rate 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S3 141.3873 3.153333 72.04545 
S6 140.722 4.36 94.86364 
S9 97.32433 3.773333 91.76364 

The data presented in Table 7 and Figure 9 shows a reduction in UTS at the 50 mm/min feed rate. Specifically, 
specimen S3 records UTS of 141.38 MPa, which is 7.2% lower than that of specimen S2 at the 31.5 mm/min feed 
rate. This suggests that an excessive feed rate can reduce the effectiveness of material bonding, ultimately leading to 
lower mechanical strength. 

 
Figure 9: Graphical representation of Mechanical properties at 50 mm/min feed rate 
The analysis indicates that the optimal feed rate for maximizing ultimate tensile strength and hardness is 31.5 
mm/min. By increasing the feed rate beyond this point results in a slight decrease in UTS, likely due to insufficient 
heat input. The UTS exhibited a 23.3% increase when the feed rate was increased from 20 mm/min to 31.5 
mm/min. By increasing the feed rate further to 50 mm/min, however, resulted in a 7.2% decline in UTS. These 
findings suggest that 31.5 mm/min is the optimal feed rate for achieving the highest UTS and hardness values. 
Effect of Groove width  
The groove width created during the friction stir processing significantly impacts the material flow and distribution 
of the reinforcement, which in turn affects the mechanical properties, such as ultimate tensile strength, percentage 
of elongation, and average hardness. The experimental findings for groove widths of 0.26 mm, 0.58 mm, and 1.032 
mm are presented in the corresponding tables, and their graphical representations are shown in Figures 10, 11, and 
12. 
Effect of Groove width 0.26 mm 
The mechanical properties for a groove width of 0.26 mm, as presented in Table 8, show that specimen S6 had the 
highest ultimate tensile strength of 140.722 MPa, while specimens S1 10 suggests that at this groove width, the 
material flow was sufficient to improve and S8 exhibited relatively lower values. The percent elongation ranged 
from 3.16 to 4.36, and the hardness values varied from 73.136 HV to 94.863 HV. The graphical representation in 
Figure mechanical properties, but did not achieve optimal reinforcement dispersion. 
Table 8 Mechanical properties at 0.26 mm groove width 
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Specimen 
Number UTS POE 

Avg. 
Hardness 

S1 123.5197 4.033333 73.13636 
S6 140.722 4.36 94.86364 
S8 123.347 3.16 80.49091 

Analysis of Table 8 and Figure 10 for the 0.26 mm groove width reveals that specimen S6 had the highest UTS, 
which was 14% higher than S1 and 0.14% higher than S8. Additionally, the POE increased by 37.97% in S6 
compared to S8, while the hardness also showed a 29.70% increase, indicating improved material properties due 
to better reinforcement dispersion. 

 
Figure 10: Graphical representation of Mechanical properties at 0.26 mm groove width 
Effect of Groove width 0.58 mm 
The results presented in Table 9 and Figure 11 indicate that increasing the groove width to 0.58 mm led to a 
significant enhancement in the mechanical properties of the material. Specimen S2 exhibited the highest ultimate 
tensile strength and percentage of elongation, while the hardness reached 100.536 HV. The graphical 
representation further corroborates that this groove width facilitated a more uniform distribution of the 
reinforcement, resulting in improved mechanical performance. However, some specimens, such as S4 and S9, 
displayed reduced UTS values, suggesting that further optimization of the process parameters may be required to 
achieve consistent improvements across all samples. 
Table 9 Mechanical properties at 0.58 mm groove width 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S2 152.367 5.996667 100.5364 
S4 111.7557 3.16 75.6 
S9 97.32433 3.773333 91.76364 

Overall, the 0.58 mm groove width provided the best overall results. Specimen S2 achieved the highest UTS, which 
was a 56.57% increase compared to S9, and the POE increased by 89.72%, indicating superior ductility. The 
hardness values were also the highest, reaching 100.536 HV, representing a 32.98% improvement over S9. 
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Figure 11: Graphical representation of Mechanical properties at 0.58 mm groove width 
Effect of Groove width 1.032 mm 
Increasing the groove width to 1.032 mm, as shown in Tabl 10, led to a decline in the mechanical properties of the 
material. Specimen S3 exhibited the highest ultimate tensile strength, while specimens S5 and S7 displayed lower 
UTS values (71.235 MPa and 53 MPa, respectively). Furthermore, the hardness values ranged between 72 and 76 
HV, as illustrated in Figure 12. This decline in mechanical properties suggests that an excessively wide groove width 
may result in poor bonding and uneven distribution of the reinforcement. 
Table 10 Mechanical properties at 1.032 mm groove width 

Specimen 
Number 

UTS POE 
Avg. 
Hardness 

S3 141.3873 3.153333 72.04545 
S5 71.23533 2.2 73.32727 
S7 53 2.933333 76.40909 

 
Figure 12: Graphical representation of Mechanical properties at 0.1.032 mm groove width 
When the groove width was further increased to 1.032 mm, a reduction in the overall mechanical performance was 
observed. Although specimen S3 had the highest UTS, this value was 165.7% higher than S7, but still lower than 
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the performance of specimen S2 from the 0.58 mm groove width group. The hardness values showed only a minor 
6.05% increase compared to S7, indicating that the excessive groove width led to poor reinforcement dispersion, 
ultimately decreasing the mechanical properties. 
The findings suggest that a groove width of 0.58 mm facilitated the optimal mechanical performance, as this 
configuration demonstrated the highest ultimate tensile strength, percentage of elongation, and hardness values 
across the tested conditions. This can be attributed to the enhanced dispersion of the SiC reinforcement within the 
Mg matrix, highlighting the advantages of achieving a uniform distribution of the reinforcing phase. 
Effect of Tool Pin Profile 
The shape of the tool pin plays a crucial role in determining the efficiency of material mixing and the dispersion of 
the reinforcement during the friction stir processing operation. Three distinct pin profiles were evaluated, including 
Tapered Threaded, Square Headed, and Cylindrical Threaded, and their corresponding mechanical properties are 
summarized in the respective tables (11, 12, and 13) and illustrated in the corresponding figures (13, 14, and15). 
Effect of Tool Pin Profile Tapered Threaded 
The analysis of the tapered threaded pin profile presented in Table 11 indicates moderate mechanical properties. 
Specimen S1 achieved the highest ultimate tensile strength and percentage of elongation of 4.033, while the 
hardness values ranged between 73.136 HV and 91.763 HV. The graph in Figure 13 suggests that although this 
profile ensures adequate material flow, it does not result in the highest mechanical strength. 
Table 11 Mechanical properties at taper threaded (TT) pin profile 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S1 123.5197 4.033333 73.13636 
S5 71.23533 2.2 73.32727 
S9 97.32433 3.773333 91.76364 

Table 11 and Figure 13 show that the tapered threaded pin profile provided moderate results. Specimen S1 achieved 
a UTS of 123.5197 MPa, a 27% increase compared to S5, and hardness improved by 25.18% in S9 compared to 
S1.  

 
Figure 13: Graphical representation of Mechanical properties at taper threaded (TT) pin profile 
In contrast, the square-headed pin profile (Table 12 and Figure 14) demonstrated superior mechanical properties. 
Specimen S2 achieved the highest UTS, an increase of 187.5% over S7, and the POE increased by 104%, while 
hardness improved by 32.98%, confirming the superiority of this profile due to its enhanced stirring action and 
uniform reinforcement dispersion. 
Effect of Tool Pin Profile square headed (SQ) 
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The mechanical properties for the square-headed pin profile demonstrate a significant enhancement. Specimen S2 
exhibits the highest ultimate tensile strength and percentage of elongation, while the hardness reaches 100.536 HV.  
Table 12 Mechanical properties at square headed (SQ) pin profile 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S2 152.367 5.996667 100.5364 
S6 140.722 4.36 94.86364 
S7 53 2.933333 76.40909 

The graphical representation in Figure 14 further corroborates the superior mechanical performance achieved with 
this pin profile, which can be attributed to its improved material mixing and uniform reinforcement dispersion. 

 
Figure 14: Graphical representation of Mechanical properties at square headed (SQ) pin profile 
Effect of Tool Pin Profile cylindrical threaded (TH)  
The mechanical properties for the cylindrical threaded pin profile, as presented in Table 13, demonstrate a 
moderate level of performance. Specimen S3 achieved the highest ultimate tensile strength, while the hardness 
values ranged from 72.045 HV to 80.490 HV.  
Table 13 Mechanical properties at cylindrical threaded (TH) pin profile 

Specimen 
Number UTS POE 

Avg. 
Hardness 

S3 141.3873 3.153333 72.04545 
S4 111.7557 3.16 75.6 
S8 123.347 3.16 80.49091 

The graphical representation in Figure 15 suggests that this profile facilitates a relatively uniform material mixing, 
but does not attain the same degree of mechanical enhancement as the square-headed pin profile. The data for the 
Cylindrical Threaded profile, shown in Table 13 and Figure 15, indicates a moderate performance overall. While 
specimen S3 exhibited the highest UTS, which was a 26.5% increase over S4, the hardness values were relatively 
lower, showing only an 11.72% improvement in S8 compared to S3. 
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Figure 15: Graphical representation of Mechanical properties at cylindrical threaded (TH) pin profile 
The findings indicates that the square-headed pin profile demonstrates the superior mechanical performance, 
yielding the highest ultimate tensile strength, percentage of elongation, and hardness values across the tested 
conditions. This suggests that the square-headed pin profile is the most effective tool design for optimizing the 
mechanical properties of the Mg alloy reinforced with SiC through friction stir processing. 
Optical Microscopy and SEM Analysis of Grain Refinement and Particle Distribution 
The microstructural evaluation of the Mg AZ31B-SiC surface composite was performed using optical microscopy 
and scanning electron microscopy (SEM) to analyze grain refinement and reinforcement particle distribution. The 
results indicate that tool pin profile, rotational speed, traverse speed, and groove width significantly affect 
reinforcement dispersion and grain refinement in the processed zone. 
Optical microscopy to analyze grain refinement and reinforcement particle distribution 

 
(a) S1: 545 RPM, 20 mm/min, 0.26 
mm groove, Tapered Threaded Tool 
(TT) 

 
(b) S2: 545 RPM, 31.5 mm/min, 
0.58 mm groove, Square Tool (SQ) 

 
(c) S3: 545 RPM, 50 mm/min, 
1.032 mm groove, Cylindrical 
Threaded Tool (TH) 

 
(d) S4: 765 RPM, 20 mm/min, 0.58 
mm groove, Cylindrical Threaded 
Tool (TH) 

 
(e) S5: 765 RPM, 31.5 mm/min, 
1.032 mm groove, Tapered 
Threaded Tool (TT) 

 
(f) S6: 765 RPM, 50 mm/min, 0.26 
mm groove, Square Tool (SQ) 
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(g) S7: 1070 RPM, 20 mm/min, 
1.032 mm groove, Square Tool (SQ) 

 
(h) S8: 1070 RPM, 31.5 mm/min, 
0.26 mm groove, Cylindrical 
Threaded Tool (TH) 

 
(i) S9: 1070 RPM, 50 mm/min, 
0.58 mm groove, Tapered 
Threaded Tool (TT) 

Figure 16 (a-I) Optimal Microstructure and Particle Distribution for Specimen S1 to S9 
The SEM analysis Figure 17(a–i) provides insights into SiC particle distribution within the Mg matrix, which directly 
influences mechanical performance. The optical microscopy (OM) analysis of the Mg AZ31B-SiC surface composite 
(Figure 16) reveals significant variations in grain refinement and reinforcement particle distribution based on the 
process parameters. The results indicate that specimen S2 (545 RPM, 31.5 mm/min, 0.58 mm groove width, Square 
Tool – SQ) exhibits the most uniform grain refinement and even distribution of SiC particles. The fine equiaxed 
grains observed in S2 are attributed to optimal dynamic recrystallization and controlled heat generation during 
friction stir processing (FSP). In contrast, specimens with excessive groove width (S3, S6, S7) show larger grain 
structures with irregular grain boundaries, which is caused by inadequate heat input and insufficient particle 
dispersion. 
In lower feed rate specimens (S1, S4, S7), grain refinement is moderate, but grain size remains relatively large, 
indicating partial recrystallization due to prolonged heat exposure. However, at higher traverse speeds (S6, S9), finer 
grain structures were observed, but with uneven grain boundaries, suggesting that the reduced heat input. 
Additionally, higher rotational speeds (S7, S8, S9) resulted in excessive grain growth due to increased heat input, 
leading to coarsening rather than refinement. The most balanced grain refinement and particle dispersion are 
observed in S2, where moderate rotational and traverse speeds ensure optimal plastic deformation and uniform 
particle reinforcement. 
Scanning electron microscopy (SEM) to analyze grain refinement and reinforcement particle distribution 
The SEM images (Figure 17) provide a detailed analysis of the SiC particle distribution and interfacial bonding 
across the processed zone. Specimen S2 demonstrates the most homogeneous particle distribution, with minimal 
clustering and voids, ensuring effective load transfer and improved mechanical properties. The uniform dispersion 
of SiC particles in S2 suggests that the moderate groove width (0.58 mm) allowed for even particle incorporation 
without excessive agglomeration or segregation. 
Conversely, specimens with larger groove widths (S3, S6, S7) show severe particle clustering and localized 
agglomeration, leading to weak zones and reduced strength. This clustering is evident in S3, where SiC particles are 
concentrated in isolated pockets rather than being uniformly distributed, contributing to lower mechanical 
properties. In S7 and S8 (high rotational speed specimens), excessive heat generation causes particle coarsening and 
partial dissolution, affecting the reinforcement’s effectiveness. 
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(a) S1: 545 RPM, 20 mm/min, 0.26 
mm groove width, Tapered 
Threaded Tool (TT) 

 
(b) S2: 545 RPM, 31.5 mm/min, 
0.58 mm groove width, Square Tool 
(SQ) 
 

(c) S3: 545 RPM, 50 mm/min, 
1.032 mm groove width, 
Cylindrical Threaded Tool (Cy TH) 

 
(d) S4: 765 RPM, 20 mm/min, 0.58 
mm groove width, Cylindrical 
Threaded Tool (Cy TH) 

(e) S5: 765 RPM, 31.5 mm/min, 
1.032 mm groove width, Tapered 
Threaded Tool (TT) 

 
(f) S6: 765 RPM, 50 mm/min, 0.26 
mm groove width, Square Tool 
(SQ) 
 

 
(g) S7: 1070 RPM, 20 mm/min, 
1.032 mm groove width, Square 
Tool (SQ) 

(h) S8: 1070 RPM, 31.5 mm/min, 
0.26 mm groove width, Cylindrical 
Threaded Tool (TH) 

(i) S9: 1070 RPM, 50 mm/min, 
0.58 mm groove width, Tapered 
Threaded Tool (TT) 

Figure 17 (a-i) SEM for Specimen S1 to S9 
Additionally, S1, S4, and S9 show regions of poor bonding and void formation, which can be attributed to 
insufficient material flow and ineffective stirring action. These defects reduce the interfacial strength between the 
matrix and reinforcement, leading to decreased mechanical performance. The optimal combination of uniform 
particle dispersion, strong interfacial bonding, and minimal defects is observed in S2, confirming that moderate 
process parameters (545 RPM, 31.5 mm/min, 0.58 mm groove width) provide the best reinforcement distribution 
and bonding characteristics. 
 
CONCLUSION 
The study found that groove width and pin profile significantly impacted the mechanical properties of Mg alloy 
reinforced with SiC. A groove width of 0.58 mm provided the optimal combination of ultimate tensile strength, 
percentage of elongation, and hardness. The square-headed pin profile yielded the highest mechanical properties, 
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making it the most effective tool design for reinforcement distribution. These findings offer insights for optimizing 
friction stir processing parameters to achieve superior material properties. The 0.58 mm groove width and the 
square-headed pin profile were the optimal process parameters for enhanced strength, and ductility in friction stir 
processing of Mg Alloy reinforced with SiC. The analysis indicates that a rotational speed of 545 RPM generates 
the highest ultimate tensile strength and hardness values. Additionally, a feed rate of 31.5 mm/min provides a 
23.3% improvement in ultimate tensile strength. Furthermore, a groove width of 0.58 mm results in an 8.2% 
increase in ultimate tensile strength. Lastly, the findings demonstrate that the Square Headed tool pin profile 
exhibits the highest ultimate tensile strength and hardness measurements. 
This study successfully fabricated and characterized AZ31B-SiC surface composites using Friction Stir Processing 
with the groove method. The key conclusions drawn from the research are: 
Optimal Process Parameters: The combination of a square tool geometry, 545 rpm rotational speed, 31.5 mm/min 
traverse speed, and 0.58 mm groove width resulted in the best mechanical performance, demonstrating superior 
tensile strength, hardness, and uniform reinforcement dispersion. 
Effect of Tool Geometry: The square tool profile exhibited the most effective material mixing, leading to minimal 
porosity and improved grain refinement, while the tapered threaded tool showed the highest reinforcement 
clustering. 
Impact of Traverse Speed and Groove Width: Lower traverse speeds facilitated better reinforcement dispersion, 
whereas excessive speeds caused material softening and microstructural defects. Similarly, moderate groove widths 
(0.58 mm) ensured optimal mechanical properties, whereas wider grooves led to reinforcement clustering. 
Microstructural Improvement: SEM and Optical Microscopy confirmed enhanced grain refinement and uniform 
SiC dispersion under optimized conditions, validating the effectiveness of the groove method in FSP. 
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