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ABSTRACT 
Al 6061 metal matrix composites with SiC are increasingly becoming popular in automotive, aerospace and electronics industries, in 
view of their excellent mechanical properties and wear resistance. Metal matrix composites (MMCs) have emerged as an important 
class of materials, which are increasingly being utilized in recent years. Their wide application as structural materials needs proper 
development of suited joining processes. The present study investigates the effect of joining parameters like tool rotation speed, 
welding speed, axial force and different % wt. of SiCp on the wear rate (W) and wear resistance (R) of 6mm thickness plates welded 
with Friction Stir Welding process. Experiments have been conducted on a FSW machine according to the principles of Response 
surface methodology design of experiments (DOE) method. Central composite design (CCD) was employed in developing an efficient 
mathematical model for surface roughness. Analysis of variance (ANOVA) was used to test the adequacy of the developed 
mathematical model. The contour plots were generated to study the effect of process parameters as well as their interactions. The 
process parameters are optimized using desirability-based approach response surface methodology. 

 
KEYWORDS: metal matrix composites, friction stir welding, welding parameters, microstructure, contour plot and 

optimization.  
 

INTRODUCTION 

 

Advanced materials like aluminum metal matrix composites (MMCs) have attracted considerable attention 

due to their appealing mechanical properties and a clear potential for aerospace applications. They are thus 

viewed as an ideal candidate as a new generation of light weight and high strength materials [1–3]. However, 

the implementation of MMCs is restricted and they are not widely used in the aviation industry, in part because 

of the difficulties that are related to the joining of these metals by conventional welding processes [2,4]. Friction 

stir welding (FSW) [5] is being considered as a prospective joining process to solve this problem. As a solid-

state joining process, FSW can eliminate the welding defects associated with fusion welding processes. Several 

researchers carried out FSW using a single set of parameters while few others attempted to study the influence 

of process parameters on joint properties. Prado et al. [6] examined the effect of rotational speed on tool wear of 

friction stir welded AA6061/20 vol % Al2O3 and observed that the tool wear was non linear. Shindo et al. [7] 

estimated the effect of welding speed on tool wear of friction stir welded A359/20 vol % SiC and noticed 

different degree of weld zone hardening. Vijay and Murugan [8] assessed the effect of different tool pin profiles 
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on micro structural evaluation of friction stir welded AA6061/10 wt % TiB2 and found the square pin profile 

yielding higher tensile strength and finer grains in the weld zone. Nami et al. [9] analyzed the effect of tool 

rotational speed on microstructure and strength of friction stir welded Al/15 wt % Mg2Si and recorded different 

degree of weld zone hardening. Gopalakrishnan and Murugan [10] developed an empirical relationship to 

predict the strength of friction stir welded AA6061/ 3-7 wt % TiC and described the effect of welding speed, 

axial force, tool pin profile and weight percentage of TiC particles. Lee et al. [11] compared the wear rate of 

friction stir welded AZ91/10 vol % SiC with parent composite and observed decrease in wear rate subsequent to 

FSW. However, he did not attempt to correlate the effect of FSW parameters on wear rate. The objective of the 

present paper emphasizes the features of the development of comprehensive mathematical models for 

correlating the interactive and higher-order influences of the various FSW parameters such as the tool rotation 

speed, welding speed; axial force and different % wt. of SiCp on the wear rate and wear resistance of friction 

stir welded Al6061/SiCp butt joints and analyze the effect of process parameters of the welded joints. Al6061 

has been used as matrix. The investigation into the influence of welding parameters has been carried out through 

the development of mathematical models based on response surface methodology (RSM). 

 

Experimental planning: 

In the present experimental study, the material to be joined was Al6061 alloy reinforced with SiCp particles, 

at a composition of 0%wt., 5%wt., 10%wt., 15%wt. and 20%wt. and of 25 mm  particle size. The MMC plates 

are fabricated by stir casting process with size 100mm x 50mm x 6mm and then the edges are prepared by the 

machining process. Microscopic examinations of the specimens were carried out using a scanning electron 

microscope (SEM). The typical microstructures of the Al6061 alloy with different percentage weight of SiC 

composites are shown in Fig. 1.  

 

 
Fig. 1: SEM image of different weight of SiC 

 

The chemical composition of AA6061 rods is presented in Table1.  
 

Table 1: Chemical composition of Al6061 alloy 
Material Mg Si Fe Mn Cu Cr Zn Ni Ti Al 

Al6061 % alloy 

(%wt.) 
0.95 0.54 0.22 0.13 0.17 0.09 0.08 0.02 0.01 Balance 

 

 

These rectangular composite plates were fixed in the backing plates firmly with a specially designed fixture. 

A non consumable tool made of High carbon high chromium Steel with square geometry with a 16mm shoulder 

square and 5.8mm pin length. As shown in the fig 2.  

The welding was carried out on a friction stir welding machine. The rotating tool was plunged into the 

abutting edges of the two plates until the shoulder touches the surface of the plates with a sufficient thrust force. 

After a dwell time of 15 seconds the tool head moves with fixed traverse speed. When the joint length ends, the 

tool is retracted automatically, and the same procedure is followed for various joints as per the design matrix. 
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Fig. 2: Friction stir welding tool specification 

 

As the range of individual factor was wide, a central composite rotatable four-factor, five-level factorial 

design matrix was selected. The decided levels of the selected process parameters with their units and notations 

are given in Table 2. 

 
Table 2: Friction stir welding parameters and their levels 

Factor Unit Notation 
Levels 

(-2) (-1) 0 (+1) (+2) 

Rotational speed rpm N 1000 1075 1150 1225 1300 

Welding speed mm/minn S 30 40 50 60 70 

Axial Force KN F 4 5 6 7 8 

Silicon Carbide %wt. P 0 5 10 15 20 

 

The experiments were conducted as per the design matrix given in Table 3. It consists of 31 sets of coded 

conditions and comprising a full replication four-factor factorial design of 16 points, 8 star points, and 7 center 

points, was used. The upper and lower limits of the parameters were coded as +2 and −2, respectively. The 

coded values for intermediate levels can be calculated by  

 

Xi=2[2X−(Xmax+Xmin)]/(Xmax−Xmin)                                       (1) 

 

where Xi is the required coded value of a variable X and X is any value of the variable from Xmin to Xmax. 

Welding has been carried out for a fixed time interval.  

 
Table 3: Design matrix 

Exp.No

. 

 
Coded factors 

 
 

Actual factors 
 

Wear rate (×10-5 

mm3/m) 

Wear resistance 

(m/mm3) 

X1 X2 X3 X4 N S F P 

1 -1 -1 -1 -1  1075 40 5 5  369 271 
2 1 -1 -1 -1  1225 40 5 5  358 279 

3 -1 1 -1 -1  1075 60 5 5  380 263 

4 1 1 -1 -1  1225 60 5 5  366 273 

5 -1 -1 1 -1  1075 40 7 5  374 267 

6 1 -1 1 -1  1225 40 7 5  382 262 

7 -1 1 1 -1  1075 60 7 5  368 272 
8 1 1 1 -1  1225 60 7 5  380 263 

9 -1 -1 -1 1  1075 40 5 15  233 429 

10 1 -1 -1 1  1225 40 5 15  230 435 
11 -1 1 -1 1  1075 60 5 15  234 427 

12 1 1 -1 1  1225 60 5 15  242 413 

13 -1 -1 1 1  1075 40 7 15  221 452 
14 1 -1 1 1  1225 40 7 15  246 407 

15 -1 1 1 1  1075 60 7 15  212 472 

16 1 1 1 1  1225 60 7 15  241 415 
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17 -2 0 0 0  1000 50 6 10  320 313 
18 2 0 0 0  1300 50 6 10  346 289 

19 0 -2 0 0  1150 30 6 10  322 311 

20 0 2 0 0  1150 70 6 10  317 315 
21 0 0 -2 0  1150 50 4 10  319 313 

22 0 0 2 0  1150 50 8 10  324 309 

23 0 0 0 -2  1150 50 6 0  381 262 
24 0 0 0 2  1150 50 6 20  144 694 

25 0 0 0 0  1150 50 6 10  286 350 

26 0 0 0 0  1150 50 6 10  276 362 
27 0 0 0 0  1150 50 6 10  289 346 

28 0 0 0 0  1150 50 6 10  311 322 

29 0 0 0 0  1150 50 6 10  303 330 
30 0 0 0 0  1150 50 6 10  `290 345 

31 0 0 0 0  1150 50 6 10  274 365 

 

Specimens were extracted from each welded plate having dimensions 6 mm x 6 mm x 50 mm. The wear 

rate (W) was measured using DUCOM TR20-LE  pin-on-disc wear apparatus. A computer aided data 

acquisition system was used to monitor the loss of height. The volumetric loss was computed by multiplying the 

cross section of the test pin with its loss of height. The wear rate (W) and wear resistance (R) were calculated as 

follows.  

 

W (mm3/m) = Volumetric loss / Sliding distance                        (2) 

R (m/mm3) = 1 / Wear rate                          (3) 

 

Mathematical modeling:  

The mathematical relationship, obtained for analyzing the influences of the various dominant process 

parameters like tool rotation speed (N), welding speed (S), axial force (F) and different % wt. of SiCp (P) on the 

wear rate (W) and wear resistance (R) criteria is given by: 

Wear rate (W) = 3568.07 – (4.52X1) – (5.63X2) – (145.62X3) – (14.43X4) + (0.06X2
2) + (6.79X3

2) –    (0.32X4
2) 

+ (0.08X1 × X3) + (0.01X1 × X4) – (0.36X2 × X3) – (0.02X2 × X4) – (0.59X3 × X4)           (4) 

Wear resistance (R) =  -3713.12 + (5.57X1) + (10.08X2) + (180.30X3) + (4.95X4) - (0.08X2
2) - (8.90X3

2) + 

(1.31X4
2) - (0.09X1 × X3) - (0.02X1 × X4) + (0.49X2 × X3) + (0.02X2 × X4) + (0.71X3 × X4)       (5) 

 Where W is wear rate and X1, X2, X3, and X4 represent the decoded values of tool rotation speed (N), 

welding speed (S), axial force (F) and different % wt. of SiCp (P) respectively. Similarly R is wear resistance 

and X1, X2, X3, and X4 represent the decoded values of tool rotation speed (N), welding speed (S), axial force 

(F) and different % wt. of SiCp (P) respectively The developed mathematical model can be used to analyze the 

effects of process parameters on the wear rate (W) and wear resistance (R). 

 

2.1 Analysis of the developed mathematical model: 

An analysis of variance (ANOVA) was performed for wear rate (W) and wear resistance (R) are presented 

in Table 4. The standard percentage point of F distribution for 95% confidence limit is 4.06. As shown in Table 

4 , the F value is 0.53 and1.73 for lack-of-fit is smaller than the standard value of 95% confidence limit. Thus, 

both the models are adequate in 95% confidence limit. It is also The associated p-value for the model is lower 

than 0.05 (i.e. level of significance α=0.05, or 95 % confidence), which indicates that the model can be 

considered statistically significant.  

 

Table 4: Analysis of variance for wear rate and wear resistance 

Source of 
variation 

Degree of 

freedom 

Sum of squares Mean sum of squares F- value P- value 

W R W R W R W R W R 

Regression 14 14 114439 242104 8174.23 17293.2 64.36 49.16 0 0 
Linear 4 4 106123 196439 879.49 1318.7 6.92 3.75 0.002 0.025 

Square 4 4 7217 43605 1789.77 10921.4 14.09 31.04 0 0 

Interaction 6 6 1099 2061 183.16 343.5 1.44 0.98 0.26 0.472 

Residual Error   16 16 2032 5629 127.01 351.8     

Lack of fit 10 10 953 4164 95.33 416.4 0.53 1.7     

Pure Error 6 6 1079 1465 179.81 244.2         
Total 30 30 116471 247733             

 

The plot of normal probability of the residual for wear rate (W) and wear resistance (R) are shown in Fig. 3 

and 4. From the normal probability plots of residuals (i.e error = predicted value from model – actual value) in 

Fig. 3 and 4, it is evident that the residuals lie reasonably close to a straight line implying that errors are 

distributed normally. 
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Fig. 3: Normal probability plot of residuals for    Wear rate (w) 

 

 
Fig. 4: Normal probability plot of residuals for Wear resistance (R) 

 

RESULT AND DISCUSSION 

 

Based on the mathematical models given by Eq. 4 and 5 developed through experimental observations and 

response surface methodology, studies have been made to analyze the effect of the various process parameters 

on the wear rate and wear resistance. The contour plots were drawn for various combinations. The number 

represent in the plot were wear rate and wear resistance.  

 

3.1 Effect of tool rotational speed and welding speed on wear rate and wear resistance: 

 

 
 

Fig. 4: Contour Plot of Wear rate Vs Rotational speed, N in RPM, Welding speed, S in mm/min  

 



186     D. Ommurugadhasan et al., 2017/Advances in Natural and Applied Sciences. 11(4) April 2017, Pages: 181-189 

 

 
Fig. 5: Contour Plot of Wear resistance Vs Rotational speed, N in RPM, Welding speed, S in mm/min 

 

Fig.4  and 5 shows the effect of tool rotational speed on wear rate and wear resistance of friction stir welded 

Al6061/SiC composites. The wear rate decreases as tool rotational speed increases. Further increase in tool 

rotational speed leads to increased wear rate. In the same way, the wear rate decreases as welding speed 

increases. Further increase in welding speed, the wear rate increases. 

Similarly, when the tool rotational speed increases the wear resistance increases.  Further increase in tool 

rotational speed leads to decreased wear resistance. Also, when the welding speed increases the wear resistance 

increases.  Further increase in welding speed leads to decreased wear resistance. 

Optimum stirring and sufficient heat generation is required to produce sound joints with fine recrystallized 

grains. When this condition is achieved during welding the joints produced will exhibit highest wear resistance.  

At lower tool rotational speeds the heat generation is low and also lack of stirring which leads to poor wear 

resistance. [12]. At higher tool rotational speeds the heat generation is more but release excessive stirred 

materials. Excessive stirring causes irregular flow of plasticized material. Micro level voids appear at higher tool 

rotational speeds. The frictional heat generated during welding affects the grain size [13]. Coarsening of grains 

takes place at higher tool rotational speeds which leads to poor wear resistance. [12] 

The welding speed determines the exposure time of this frictional heat per unit length of weld and 

subsequently affects the grain growth. Optimum exposure time and translation of stirred material will lead to 

good consolidation of material with fine grains. Joints experience such condition during welding will exhibit 

higher wear resistance. [13]. 

 

3.2 Effect of axial force and content of SiC on wear rate and wear resistance: 

 

 
 

Fig. 6: Contour Plot of Wear rate Vs Axial force, F in KN, Content of SIC, P in % wt. 
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Fig. 7: Contour Plot of Wear resistance Vs Axial force, F in KN, Content of SIC, P in % wt. 

 

Fig.6 and 7 shows the effect of axial force on wear rate and wear resistance of friction stir welded 

Al6061/SiC composites. The wear rate decreases as axial force increases. Further increase in axial force, the 

wear rate increases.  Whereas, the wear rate decreases as content of SiC increases. Further increase in content of 

SiC, the wear rate further decreases. 

Similarly, when the axial force increases the wear resistance increases.  Further increase in axial force leads 

to decreased wear resistance. Whereas, when the content of SiC increases, the wear resistance increases.  

Further increase in content of SiC, the wear resistance also increases. 

Adequate axial force exceeding the flow stress of material is required to make defect free joints. Axial force 

propels the plasticized material in the weld zone to complete the extrusion process. Axial force is also 

responsible for the plunge depth of the pin [14]. 

When axial force increases frictional heat generation also increases. Lower heat is generated at lower axial 

forces which causes improper consolidation of material. Micro voids appear at lower axial forces which leads to 

poor wear resistance. Higher heat is generated at higher axial forces which penetrate the depth of the tool into 

the welded plate which leads to higher wear resistance. The increase in wear resistance of welded joints with 

increased SiC is due to increased presence of SiC particles in the weld zone. 

 

Optimizing end milling process parameters: 

The objective of using response surface methodology (RSM) is not only to investigate the response over the 

entire factor space, but also to locate the region of interest where the response reaches its optimum or near 

optimal value. Based on the developed second order response surface equations for correlating the various FSW 

process parameters effects with the wear rate and wear resistance values, optimality search can be obtained. An 

analysis for the optimization of the process parameters has been carried out using RSM optimization technique. 

Desirability for the whole process optimization has been calculated to show the feasibility of optimization, i.e. to 

explore whether all the parameters are within their working range or not. The goal was to minimize the wear 

rate and maximize the wear resistance. As the composite desirability is close to 1, it can be concluded that the 

parameters are within their working range. Optimization plot for the response is shown in Fig. 5. 

 

 
Fig. 5: Optimization Plot  

 

Figure 4 exhibits a parametric combination, i.e., tool rotation speed (N) 1115.5647, welding speed 

(S)46.2657, axial force (F)6.0796 and different % wt. of SiCp (P)20%. The desirability of optimization has been 
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calculated as 1.0000, i.e., all parameters are within their working range. Welding with optimum parametric 

combination, wear rate and wear FSW process parameters are presented in Table 5. 

 
Table 5: Optimum values of process parameters considering tool flank wear 

Parameter Optimum values Wear rate ‘mm3/m Wear Resistance ‘m/mm3’ 

N in ‘RPM’ 1115.5647 

122.7888 662.7756 
S in ‘mm per min’ 46.2657 

F in ‘KN’ 6.0796 

P in % 20% 

 

Table 6: Validation test result     

N in RPM 
S in 

mm/min 
F in KN P %Wt 

Wear rate 'mm3/m' Wear Resistance 'm/mm3' % error 

Predicted 
Actual 

Predicted 
Actual W R 

1115.56 46.2657 6.0796 20 122.789 126.354 662.7756 675.5004 3 2 

 

In the present study, after determining the optimum conditions and predicting the response under these 

conditions, a new experiment was designed and conducted with the optimum values of the FSW parameters. 

The results were shown in Table 6. The predicted performance was compared with the actual performance and a 

good agreement was obtained between these performances. From the analysis of Table 6, it can be observed that 

the error is small. The error between experimental and predicted values for tool wear is 5%. Obviously, this 

confirms excellent reproducibility of the experimental conclusions. 

 

Conclusions: 

1. An empirical relationship was developed to predict the wear rate (W) and wear resistance (R) of 

Al6061/SiCp MMC on FSW, incorporating process parameters. The developed relationship can be effectively 

used to predict the wear rate (W) and wear resistance (R) on butt welded joints at a confidence level of 95%.  

2. From the developed model, the optimal process parameter combination, i.e. rotation speed 1115.5647, 

welding speed 46.2657, axial force 6.0796 and 20% wt. of SiCp was found out to achieve the minimum wear 

rate (W) and maximum wear resistance (R)as 122.7888 and 662.7756. 

3. Welding Speed and content of silicon carbide were found to have greater influence on wear rate (W) and 

wear resistance (R) in FSW ofAl6061/SiCp MMC, followed by Rotational Speed and pressure applied has less 

influence on wear rate (W) and wear resistance (R). 

 

REFERENCES 

 

1. Çam, G., M. Koçak, 1998. Progress in joining of advanced materials, Int. Mater. Rev., 43(1): 1-44.  

2. Hassan, A.M., M. Almomani, T. Qasim, A. Ghaithan, 2012. Effect of processing parameters on friction stir 

welded aluminum matrix composites wear behavior, Mater. Manuf. Process., 27(12): 1419-1423.  

3. Suryanarayanan, K., R. Praveen, S. Raghuraman, 2013. Silicon carbide reinforced alumini- um metal 

matrix composites for aerospace applications: a literature review, Int. J. Innov. Res. Sci. Eng. Technol., 

2(11).  

4. M.B.D. Ellis, 1996. Joining of aluminium based metal matrix composites, Int. Mater. Rev., 41(2): 41-58. 

5. Thomas, W.M., E.D. Nicholas, J.C. Needham, M.G. Murch, P. Temple-Smith, C.J. Dawes, 1991. 

International patent application PCT/GB92/02203 and GB patent application 9125978.8, UK Patent Office, 

London. 

6. Prado, R.A., L.E. Murr, D.J. Shindo, K.F. Soto, 2001. “Tool wear in the friction-stir welding of aluminum 

alloy 6061+20% Al2O3: a preliminary study”, Scripta materialia, 45: 75-80. 

7. Shindo, D.J., A.R. Rivera, L.E. Murr, 2002. “Shape optimization for tool wear in the friction-stir welding of 

cast AI359-20% SiC MMC”, Journal of Materials Science, 37: 4999-5005. 

8. Vijay, S.J., N. Murugan, 2010. “Influence of tool pin profile on the metallurgical and mechanical properties 

of friction stir welded Al–10 wt.% TiB2 metal matrix composite”, Materials and Design, 31: 3585-3589. 

9. Nami, H., H. Adgi, M. Sharifitabar, H. Shamabadi, 2010 “Microstructure and mechanical properties of 

friction stir welded Al/Mg2Si metal matrix cast composite”,Materials and Design, 32: 976-983. 

10. Gopalakrishnan, S., N. Murugan, 2011. “Prediction of tensile strength of friction stir welded aluminum 

matrix TiCp particulate reinforced composite”, Materials and Design, 32: 462-467. 

11. Lee, W.B., C.Y. Lee, M.K. Kim, J. Yoon, Y.J. Kim, Y.M. Yoen, S.B. Jung, 2006. “Microstructures and 

wear property of friction stir welded AZ91 Mg/SiC particle reinforced composite”, Composites Science and 

Technology, 66: 1513-1520. 



189     D. Ommurugadhasan et al., 2017/Advances in Natural and Applied Sciences. 11(4) April 2017, Pages: 181-189 

 

12. Dinaharan, I., N. Murugan, 2011. “Influence of friction stir welding parameters on sliding wear behavior of 

AA6061/0-10% ZrB2 in-situ composite butt joints”, Materials & Materials characterization & 

Engineering, 10: 1359-1377. 

13. Karthikeyan, L., V.S. Senthilkumar, K.A. Padmanabhan, 2010. “On the role of process variables in the 

friction stir processing of cast aluminum A319 alloy”, Materials and Design, 31: 761-771. 

14. Kumar, K., S.V. Kailas, 2008. “On the role of axial load and the effect of interface position on the tensile 

strength of a friction stir welded aluminum alloy”, Materials and Design, 29: 791-797. 

 


