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ABSTRAK

Ketumpatan rendah aloi berasaskan magnesium adalah merupakan salah satu potensi
sebagai bahan struktur paling ringan untuk aplikasi automotif dan aeroangkasa kerana
mempunyai kekuatan yang tinggi serta ringan. Walau bagaimanapun, kecacatan Mg yang
lemah dan aloinya mengehadkan penggunaan kaedah mekanik haba. Mengawal suhu dan
kadar ubah bentuk tidak mudah untuk dicapai. Antara proses mekanik haba, pemprosesan
pusingan geseran (FSP) menawarkan cara mudah untuk mencapai kestabilan proses dan
peningkatan sifat mekanikal dengan rawatan haba yang mengakibatkan penutupan
keliangan dan memperhalus saiz butiran. Semasa proses ini, haba dihasilkan oleh putaran
daripada alat proses FSP. Beberapa parameter iaitu kelajuan putaran dan perjalanan harus
dikawal untuk menjadikan FSP kekal dalam keadaan pemprosesan yang ditentukan.
Kajian tesis ini bertujuan untuk menyiasat pengukuhan sifat mekanikal pada Mg AZ91
menggunakan FSP. Pengubahsuaian permukaan telah dilakukan ke atas aloi Mg AZ91
dan dinamakan sebagai FSPed Mg AZ91 menggunakan alat keluli H13 dengan pin
bersilinder lurus. Dalam penyelidikan ini, setiap FSP dilakukan pada satu pas
menggunakan kelajuan putaran yang berbeza iaitu 1000, 1100, 1200, 1300 dan 1400
putaran seminit sementara kelajuan perjalanan pula bervariasi pada 25, 35, 45 dan 55
milimeter seminit. Pemerhatian mikrostruktur dilakukan menggunakan mikroskop optik
untuk mendedahkan saiz butiran halus dalam spesimen yang telah diproses. Sifat
mekanikal aloi Mg AZ91 iaitu kekerasan diuji dan dibandingkan. Mikrostruktur selepas
FSP terdiri daripada butiran-butiran yang lebih kecil serta kekerasan yang
dipertingkatkan sebanyak 22 - 65% jika dibandingkan dengan logam asas Mg AZ91.
Apabila kelajuan putaran FSP meningkat, purata nilai kekerasan mikro didapati
meningkat setelah saiz butiran mengecil. Hal ini disebabkan oleh penghalusan butiran
Mg AZ91. Dengan melaksanakan modifikasi bahan dan prosedur langsung FSP, proses
pengukuhan permukaan mekanikal terhadap kekerasan dan struktur butiran dapat
diperkukuhkan. Akhirnya, parameter yang optimum bagi memproses Mg AZ91 adalah
dengan menggunakan kelajuan putaran: 1400 putaran seminit dan kelajuan perjalanan:
45 milimeter seminit kerana ia mempunyai kecacatan minimum pada spesimen yang telah
diproses, terdiri daripada saiz butiran yang terkecil iaitu 59.2 pm dengan kekerasan yang
tertinggi iaitu 84.4 HV.



ABSTRACT

Low density of magnesium-based alloy is one potential as the lightest structural material
for light weight-high strength applications for automotive and aerospace. However, the
poor deformability of Mg and its alloys limits the application of the thermomechanical
approach. Controlling over temperature and deformation rate is hard to achieve. Among
the thermomechanical processes, friction stir processing (FSP) offers an easy way to
achieve process stability and mechanical properties enhancement by heat treatment which
results in the closure of porosity and refined grain size. During this process, heat is
generated by the rotation of the FSP processing tool. Few process parameters as rotational
and traverse speeds should be controlled to make FSP stay within the defined processing
condition. This thesis study aims to investigate the mechanical properties strengthening
on Mg AZ91 using FSP. The surface modification was done on Mg alloy, namely FSPed
Mg AZ91 using H13 tool steel with a straight cylindrical pin tool. In this research, each
FSP were performed at single pass using different rotational speeds which were 1000,
1100, 1200, 1300 and 1400 rpm while traverse speeds were varied at 25, 35, 45 and 55
mm/min. FSP was used as an approach to refine the microstructure and enhance the
mechanical properties of Mg AZ91. Microstructure were observed using optical
microscope to reveal the refined grain size within the FSPed specimens. The mechanical
properties of Mg AZ91 particularly the hardness was tested and compared. The
microstructure after FSP consists of smaller grains as well as the hardness were enhanced
about 22 - 65% when compared to base metal Mg AZ91. When FSP rotational speed
increases, the average microhardness value increases as the grain size reduces. This
significance was due to grain refinement of Mg AZ91. By implementing the material
modifications and direct procedure of FSP, the mechanical surface strengthening
processes on hardness and microstructure can be boosted. As the result, the optimized
parameter to process Mg AZ91 is by using rotational speed: 1400 rpm and traverse speed:
45 mm/min as it has minimum defects observed on the FSPed specimen, consisting the
smallest grain of 59.2 um and fine recrystallized equiaxed grains with highest hardness
of 84.4 HV.



TABLE OF CONTENT

DECLARATION

TITLE PAGE

ACKNOWLEDGEMENTS i
ABSTRAK ii
ABSTRACT iv
TABLE OF CONTENT \Y
LIST OF TABLES viii
LIST OF FIGURES IX
LIST OF SYMBOLS Xi
LIST OF ABBREVIATIONS Xii
LIST OF APPENDICES xiii
CHAPTER 1 INTRODUCTION 1
1.1  Research Background 1
1.2 Industry Analysis 2
1.3 Problem Statement 7
1.4 Research Objectives 8
1.5  Research Scope 8
1.6 Research Hypothesis 9
1.7  The Significance of Research 9
1.8  Thesis Outline 9
1.9  Summary 10
CHAPTER 2 LITERATURE REVIEW 11
2.1 Introduction 11

2.2 Friction Stir Processing 11



2.3

2.4

2.5

2.6

2.7

Magnesium alloy AZ series

FSP Process Parameter

Effect on HAZ, TMAZ and Stir Zone

Effect of Friction Stir Processing on Mechanical Properties and Hardness

Summary

CHAPTER 3 METHODOLOGY

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Introduction

Design of Experiment

Surface Modification of Mg AZ91 using Friction Stir Processing
3.3.1 Preparation of FSP Tool and Workpiece

Friction Stir Processing Experimental Work

3.4.1 FSP Setup

3.4.2 FSP Parameters

Microstructural Observation

Hardness Test

Selecting the Best Parameter to Friction Stir Process Mg AZ91

CHAPTER 4 RESULTS AND DISCUSSION

4.1

4.2

4.3

4.4

Introduction

Surface Morphology of FSPed Mg AZ91

Microstructural Observations on FSPed Mg AZ91

4.3.1 Grain Size of FSPed Mg AZ91 for Different Rotational Speeds
4.3.2 Grain Size of FSPed Mg AZ91 for Different Traverse Speeds
Hardness of FSPed Mg AZ91

4.4.1 Surface Hardness for Different Rotational Speeds

4.4.2 Surface Hardness for Different Traverse Speeds

Vi

13

14

18

19

24

25

25

25

29

29

31

32

33

34

36

37

38

38

38

43

53

54

55

55

57



4.4.3 Cross-section Hardness

4.5 Summary

CHAPTER 5 CONCLUSION
51 Introduction
5.2 Conclusion

5.3 Recommendations

REFERENCES

APPENDICES

LIST OF PUBLICATIONS

Vil

58

60

61

61

61

63

65

7

84



Table 2.1
Table 2.2
Table 2.3

Table 2.4
Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5

Table 3.6
Table 5.1

LIST OF TABLES

FSW advantages
FSP variables on magnesium alloys

Summary reviews on tool FSP parameters, defects, grain size and
hardness improvement of magnesium alloys.

Continued

Summary on design of experiment

Chemical composition of FSP tool

Chemical composition of Mg AZ91 alloy
Properties of material for FSP tool and workpiece

Summary of FSP parameters, tool dimensions and specifications
involved in this study

Glycol reagent composition and etching process procedure
Summarized FSP parameter values, grain size and hardness readings

viii

12
17

22
23
26
29
31
31

33
35

62



Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 2.1
Figure 2.2
Figure 2.3
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8

LIST OF FIGURES

Global magnesium alloys market segmentation
Magnesium alloys market share by region
Magnesium alloys market size by application
Magnesium alloys market trends by region

The process of friction stir processing
Classification of friction stir process variables

The in-situ particles affecting the evolution of ultrafine structure
The flow of experimental method study

The FSP tool used in the study

Vertical milling machine (MAKINO Model KE 55)
The process of friction stir processing on Mg AZ91

(a) Specimen was cut perpendicular to traversed path, (b) specimen
for test and (c) area where microstructure observations were
conducted

Microstructural observation set up using 3D Measuring Laser
Microscope (Olympus Model: OLS5000)

(a) Specimen was cut perpendicular to traversed path, (b) specimen
for test and (c) area where hardness tests were conducted

Hardness testing set up using Vickers Hardness Tester (Olympus
Wilson Instruments 402 MVD)

Experimental work using 25 mm/min for (a) 2000 rpm (b) 1100 rpm
(c) 1200 rpm (d) 1300 rpm and (e) 1400 rpm.

Experimental work using 35 mm/min for (a) 2000 rpm (b) 1100 rpm
(c) 1200 rpm (d) 1300 rpm and (e) 1400 rpm.

Experimental work using 45 mm/min for (a) 2000 rpm (b) 1100 rpm
(c) 1200 rpm (d) 1300 rpm and (e) 1400 rpm.

Experimental work using 55 mm/min for (a) 1000 rpm (b) 1100 rpm
(c) 1200 rpm (d) 1300 rpm and (e) 1400 rpm.

Microstructural observations of FSPed Mg AZ91 for different
rotational speeds using 25 mm/min.

Microstructural observations of FSPed Mg AZ91 for different
rotational speeds using 35 mm/min.

Microstructural observations of FSPed Mg AZ91 for different
rotational speeds using 45 mm/min.

Microstructural observations of FSPed Mg AZ91 for different
rotational speeds using 55 mm/min.

o A~ WODN

13

15

19

28

30

32

33

34

35

36

37

39

40

41

42

44

47

49

51



Figure 4.9

Figure 4.10
Figure 4.11
Figure 4.12

Figure 4.13

Grain size of FSPed Mg AZ91 for different tool rotational speeds
using varied traverse speeds

Grain size of FSPed Mg AZ91 for different tool traverse speeds
using varied rotational speeds

Average microhardness on surface of FSPed Mg AZ91 for different
tool rotational speeds using varied traverse speeds

Average microhardness on surface of FSPed Mg AZ91 for different
tool traverse speeds using varied rotational speeds

Average microhardness of cross-sectioned FSPed Mg AZ91 for
different tool rotational speeds using varied traverse speeds

53

54

55

57

58



REFERENCES

Abbasi Gharacheh, M., Kokabi, A. H., Daneshi, G. H., Shalchi, B., & Sarrafi, R. (2006). The
influence of the ratio of “rotational speed/traverse speed” (/v) on mechanical properties
of AZ31 friction stir welds. International Journal of Machine Tools and Manufacture,
46(15), 1983-1987. https://doi.org/10.1016/j.ijmachtools.2006.01.007

Abdi Behnagh, R., Besharati Givi, M. K., & Akbari, M. (2012). Mechanical properties,
corrosion resistance, and microstructural changes during friction stir processing of 5083
aluminum rolled plates. Materials and Manufacturing Processes, 27(6), 636—640.
https://doi.org/10.1080/10426914.2011.593243

Ahmad, B., Galloway, A., & Toumpis, A. (2018). Advanced numerical modelling of friction
stir welded low alloy steel. Journal of Manufacturing Processes, 34, 625-636.
https://doi.org/10.1016/j.jmapro.2018.07.003

Ammouri, A. H., Kridli, G., Ayoub, G., & Hamade, R. F. (2015). Relating grain size to the
Zener-Hollomon parameter for twin-roll-cast AZ31B alloy refined by friction stir
processing. Journal of Materials Processing Technology, 222, 301-306.
https://doi.org/10.1016/j.jmatprotec.2015.02.037

Arora, H. S., Singh, H., & Dhindaw, B. K. (2012). Some observations on microstructural
changes in a Mg-based AE42 alloy subjected to friction stir processing. Metallurgical and
Materials Transactions B: Process Metallurgy and Materials Processing Science, 43B(1),
92-108. https://doi.org/10.1007/s11663-011-9573-7

Arun Kumar, R., Aakash Kumar, R. G., Anees Ahamed, K., Denise Alstyn, B., & Vignesh, V.
(2019). Review of friction stir processing of aluminium alloys. Materials Today:
Proceedings, 16, 1048-1054. https://doi.org/10.1016/j.matpr.2019.05.194

Arun Kumar, R., Ramesh, S., Kedarvignesh, E. S., Aravind Arulchelvam, M. S., & Anjunath, S.
(2019). Review of friction stir processing of magnesium alloys. Materials Today:
Proceedings, 16, 1320-1324. https://doi.org/10.1016/j.matpr.2019.05.230

Asadi, P., Givi, M. K. B., & Akbari, M. (2015). Microstructural simulation of friction stir
welding using a cellular automaton method : a microstructure prediction of AZ91
magnesium alloy. International Journal of Mechanical and Materials Engineering, 10(1),
20. https://doi.org/10.1186/s40712-015-0048-5

Asadi, P., Givi, M. K. B., Rastgoo, A., Akbari, M., Zakeri, V., & Rasouli, S. (2012). Predicting
the grain size and hardness of AZ91/SiC nanocomposite by artificial neural networks.
International Journal of Advanced Manufacturing Technology, 63, 1095-1107.
https://doi.org/10.1007/s00170-012-3972-z

65



Azizieh, M., Kokabi, A. H., & Abachi, P. (2011). Effect of rotational speed and probe profile on
microstructure and hardness of AZ31/Al203 nanocomposites fabricated by friction stir
processing. Materials and Design, 32, 2034-2041.
https://doi.org/10.1016/j.matdes.2010.11.055

Babu, J., Anjaiah, M., & Mathew, A. (2018). Experimental studies on friction stir processing of
AZ31 magnesium alloy. Materials Today: Proceedings, 5, 4515-4522.
https://doi.org/10.1016/j.matpr.2017.12.021

Bahrami, M., Dehghani, K., Kazem, M., & Givi, B. (2014). A novel approach to develop
aluminum matrix nano-composite employing friction stir welding technique. Materials
and Design, 53, 217-225. https://doi.org/10.1016/j.matdes.2013.07.006

Balaji, V., Bupesh Raja, V. K., Palanikumar, K., Ponshanmugakumar, Aditya, N., & Rohit, V.
(2021). Effect of heat treatment on magnesium alloys used in automotive industry: A
review. Materials Today: Proceedings, 46, 3769-3771.
https://doi.org/10.1016/j.matpr.2021.02.017

Barenji, R. V. (2015). Influence of heat input conditions on microstructure evolution and
mechanical properties of friction stir welded pure copper joints. Transactions of the Indian
Institute of Metals, 69(5), 1077-1085. https://doi.org/10.1007/s12666-015-0624-7

Cao, X., & Jahazi, M. (2011). Effect of tool rotational speed and probe length on lap joint
quality of a friction stir welded magnesium alloy. Materials and Design, 32, 1-11.
https://doi.org/10.1016/j.matdes.2010.06.048

Chai, F., Zhang, D., & Li, Y. (2015). Microstructures and tensile properties of submerged
friction stir processed AZ91 magnesium alloy. Journal of Magnesium and Alloys, 3, 203—
209. https://doi.org/10.1016/j.jma.2015.08.001

Chintalu, R. S., Padmanaban, R., & Vignesh, R. V. (2021). Finite element modelling of thermal
history during friction stir processing of AA5052. Materials Today: Proceedings, Xxxx, 1—
7. https://doi.org/10.1016/j.matpr.2021.01.105

Chowdhury, S. M., Chen, D. L., Bhole, S. D., & Cao, X. (2010). Tensile properties of a friction
stir welded magnesium alloy: Effect of pin tool thread orientation and weld pitch.
Materials Science and Engineering A, 527, 6064-6075.
https://doi.org/10.1016/j.msea.2010.06.012

Desai, A. M., Khatri, B. C., Patel, V., & Rana, H. (2021). Friction stir welding of AZ31
magnesium alloy: A review. Materials Today: Proceedings, 1-9.
https://doi.org/10.1016/j.matpr.2021.03.082

66



Dialami, N., Cervera, M., & Chiumenti, M. (2020). Defect formation and material flow in
Friction Stir Welding. European Journal of Mechanics, A/Solids, 80, 1-22.
https://doi.org/10.1016/j.euromechsol.2019.103912

Dixit, S., Kashyap, S., V. Kailas, S., & Chattopadhyay, K. (2018). Manufacturing of high
strength aluminium composites reinforced with nano tungsten particles for electrical
application and investigation on in-situ reaction during processing. Journal of Alloys and
Compounds, 767, 1072-1082. https://doi.org/10.1016/j.jallcom.2018.07.110

Dolatkhah, A., Golbabaei, P., Besharati Givi, M. K., & Molaiekiya, F. (2012). Investigating
effects of process parameters on microstructural and mechanical properties of Al5052/SiC
metal matrix composite fabricated via friction stir processing. Materials and Design, 37,
458-464. https://doi.org/10.1016/j.matdes.2011.09.035

Du, X., & Wu, B. (2009). Using two-pass friction stir processing to produce nanocrystalline
microstructure in AZ61 magnesium alloy. Science in China, Series E: Technological
Sciences, 52(6), 1751-1755. https://doi.org/10.1007/s11431-008-0210-x

Eivani, A. R., Mehdizade, M., Chabok, S., & Zhou, J. (2021). Applying multi-pass friction stir
processing to refine the microstructure and enhance the strength, ductility and corrosion
resistance of WE43 magnesium alloy. Journal of Materials Research and Technology, 12,
1946-1957. https://doi.org/10.1016/j.jmrt.2021.03.021

El-Sayed, M. M., Shash, A. Y., Abd-Rabou, M., & EISherbiny, M. G. (2021). Welding and
processing of metallic materials by using friction stir technique: A review. Journal of
Advanced Joining Processes, 3(100059). https://doi.org/10.1016/j.jajp.2021.100059

Elangovan, K., & Balasubramanian, V. (2008). Influences of tool pin profile and welding speed
on the formation of friction stir processing zone in AA2219 aluminium alloy. Journal of
Materials Processing Technology, 200, 163-175.
https://doi.org/10.1016/j.jmatprotec.2007.09.019

Fatchurrohman, N., Farhana, N., & Marini, C. D. (2018). Investigation on the effect of friction
stir processing parameters on micro-structure and micro-hardness of rice husk ash
reinforced Al6061 metal matrix composites. IOP Conference Series: Materials Science
and Engineering, 319(1), 012032. https://doi.org/10.1088/1757-899X/319/1/012032

Fukumoto, S., Yamamoto, D., Tomita, T., Okita, K., Tsubakino, H., & Yamamoto, A. (2007).
Effect of post weld heat treatment on microstructures and mechanical properties of
AZ31B friction welded joint. Materials Transactions, 48(1), 44-52.
https://doi.org/10.2320/matertrans.48.44

Garcia-Bernal, M. A., Mishra, R. S., Verma, R., & Hernandez-Silva, D. (2016). Influence of
friction stir processing tool design on microstructure and superplastic behavior of Al-Mg

67



alloys. Materials Science and Engineering A, 670, 9-16.
https://doi.org/10.1016/j.msea.2016.05.115

Gibson, B. T., Lammlein, D. H., Prater, T. J., Longhurst, W. R., Cox, C. D., Ballun, M. C.,
Dharmaraj, K. J., Cook, G. E., & Strauss, A. M. (2014). Friction stir welding: Process,
automation, and control. Journal of Manufacturing Processes, 16(1), 56-73.
https://doi.org/10.1016/j.jmapro.2013.04.002

Gupta, A., Singh, P., Gulati, P., & Shukla, D. K. (2015). Effect of tool rotation speed and feed
rate on the formation of tunnel defect in Friction Stir Processing of AZ31 Magnesium
alloy. Materials Today: Proceedings, 2(4-5), 3463-3470.
https://doi.org/10.1016/j.matpr.2015.07.322

Hamedon, Z., Abe, Y., Mori, K. I., & Nakagawa, N. (2018). Thickened holes edge including
compressed rollover for improving tensile fatigue strength of thick sheet. Procedia
Manufacturing, 15, 612-618. https://doi.org/10.1016/j.promfg.2018.07.285

Hasani, B. M., Hedaiatmofidi, H., & Zarebidaki, A. (2021). Effect of friction stir process on the
microstructure and corrosion behavior of AZ91 Mg alloy. Materials Chemistry and
Physics, 267, 124672. https://doi.org/10.1016/j.matchemphys.2021.124672

Huang, L., Wang, K., Wang, W., Yuan, J., Qiao, K., Yang, T., Peng, P., & Li, T. (2018). Effects
of grain size and texture on stress corrosion cracking of friction stir processed AZ80
magnesium alloy. Engineering Failure Analysis, 92, 392-404.
https://doi.org/10.1016/j.engfailanal.2018.06.012

Huang, Y., Wang, Y., Meng, X., Wan, L., Cao, J., Zhou, L., & Feng, J. (2017). Dynamic
recrystallization and mechanical properties of friction stir processed Mg-Zn-Y-Zr alloys.
Journal of Materials Processing Technology, 249, 331-338.
https://doi.org/10.1016/j.jmatprotec.2017.06.021

Igbal, M. P., Tripathi, A., Jain, R., Mahto, R. P., Pal, S. K., & Mandal, P. (2020). Numerical
modelling of microstructure in friction stir welding of aluminium alloys. International
Journal of Mechanical Sciences, 185, 105882.
https://doi.org/10.1016/j.ijmecsci.2020.105882

Iwaszko, J., & Kudta, K. (2021). Microstructure, hardness, and wear resistance of AZ91
magnesium alloy produced by friction stir processing with air-cooling. International
Journal of Advanced Manufacturing Technology, 116, 1309-1323.
https://doi.org/10.1007/s00170-021-07474-9

Iwaszko, J., Kudla, K., Fila, K., & Strzelecka, M. (2016). The effect of friction stir processing
(FSP) on the microstructure and properties of AM60 magnesium alloy. Archives of
Metallurgy and Materials, 61(3), 1555-1560. https://doi.org/10.1515/amm-2016-0254

68



Jain, R., Pal, S. K., & Singh, S. B. (2016). A study on the variation of forces and temperature in
a friction stir welding process: A finite element approach. Journal of Manufacturing
Processes, 23, 278-286. https://doi.org/10.1016/j.jmapro.2016.04.008

Janeczek, A., Tomkow, J., & Fydrych, D. (2021). The influence of tool shape and process
parameters on the mechanical properties of AW-3004 aluminium alloy friction stir welded
joints. Materials, 14(3244), 1-15. https://doi.org/10.3390/mal4123244

Kahl, S. (2010). The influence of small voids on the fatigue strength of friction stir welds in the
aluminium alloy AA6061-T6. Heron, 55(3-4), 223-234.

Kalidass, S., Gnanasekaran, S., Akilesh, A. R., Gokul Kumar, N. T., Aswin, M., Rajendran, C.,
& Sonar, T. (2021). Investigation of Shoulder diameter to Sheet Thickness (D/T) Ratio on
Tensile Properties Friction Stir Welded AA2014-T6 Aluminum Alloy Joints. Advances in
Materials and Processing Technologies, 00(00), 1-14.
https://doi.org/10.1080/2374068X.2021.1970988

Khan, N. Z., Khan, Z. A., Siddiguee, A. N., Al-Ahmari, A. M., & Abidi, M. H. (2017). Analysis
of defects in clean fabrication process of friction stir welding. Transactions of Nonferrous
Metals Society of China (English Edition), 27(7), 1507-1516.
https://doi.org/10.1016/S1003-6326(17)60171-7

Li, J., Zhang, D., & Chai, F. (2014). Influence of processing speed on microstructures and
mechanical properties of friction stir processed Mg-Y-Nd-Zr casting alloy. Materials
Research Innovations, 18, S4142-S4147.
https://doi.org/10.1179/14328917147.000000000658

Li, K., Liu, X., & Zhao, Y. (2019). Research status and prospect of friction stir processing
technology. Coatings, 9, 129. https://doi.org/10.3390/COATINGS9020129

Liu, F., Ji, Y., Sun, Z., Liu, J., Bai, Y., & Shen, Z. (2020). Enhancing corrosion resistance and
mechanical properties of AZ31 magnesium alloy by friction stir processing with the same
speed ratio. Journal of Alloys and Compounds, 829, 154452.
https://doi.org/10.1016/j.jallcom.2020.154452

Liu, Q., Ma, Q. xian, Chen, G. giang, Cao, X., Zhang, S., Pan, J. luan, Zhang, G., & Shi, Q. yu.
(2018). Enhanced corrosion resistance of AZ91 magnesium alloy through refinement and
homogenization of surface microstructure by friction stir processing. Corrosion Science,
138, 284-296. https://doi.org/10.1016/j.corsci.2018.04.028

Liu, S., Paidar, M., Mehrez, S., Ojo, O. O., Mahariq, I., & Elbadawy, 1. (2022). Development of
AA6061/316 stainless steel surface composites via friction stir processing: Effect of tool
rotational speed. Materials Characterization, 192(August), 112215.
https://doi.org/10.1016/j.matchar.2022.112215

69



Luo, X. C., Kang, L. M., Liu, H. L., Li, Z. J., Liu, Y. F., Zhang, D. T., & Chen, D. L. (2020).
Enhancing mechanical properties of AZ61 magnesium alloy via friction stir processing:
Effect of processing parameters. Materials Science and Engineering A, 797(139945), 1-8.
https://doi.org/10.1016/j.msea.2020.139945

Luo, X. C., Zhang, D. T., Cao, G. H., Qiu, C., & Chen, D. L. (2019). High-temperature tensile
behavior of AZ61 magnesium plate prepared by multi-pass friction stir processing.
Materials Science and Engineering A, 759, 234-240.
https://doi.org/10.1016/j.msea.2019.05.050

Magnesium Alloys Market Size, Share & Trends Analysis Report By Application (Automotive
& Transportation, Aerospace & Defense, Electronics), By Region (MEA, North America,
APAC), And Segment Forecasts, 2020 - 2027. (2020). In Grand View Research.
https://www.grandviewresearch.com/industry-analysis/magnesium-alloys-market

Mabhto, R. P., Anishetty, S., Sarkar, A., Mypati, O., Pal, S. K., & Majumdar, J. D. (2018).
Interfacial microstructural and corrosion characterizations of friction stir welded AA6061-
T6 and AlIS1304 materials. Metals and Materials International, 25(3), 752-767.
https://doi.org/10.1007/s12540-018-00222-x

Mehrian, S. S. M., Rahsepar, M., Khodabakhshi, F., & Gerlich, A. P. (2021). Effects of friction
stir processing on the microstructure, mechanical and corrosion behaviors of an
aluminum-magnesium alloy. Surface and Coatings Technology, 405, 126647.
https://doi.org/10.1016/j.surfcoat.2020.126647

Meyghani, B., Awang, M. B., Emamian, S. S., B. Mohd Nor, M. K., & Pedapati, S. R. (2017).
A comparison of different finite element methods in the thermal analysis of friction stir
welding (FSW). Metals, 7(450), 1-23. https://doi.org/10.3390/met7100450

Mishra, R. S., & Jain, S. (2017). Friction stir processing of magnesium alloys used in
automobile and aerospace applications. International Journal of Research in Engineering
and Innovation, 1(4), 54-62.

Mishra, R. S., & Ma, Z. Y. (2005). Friction stir welding and processing. Materials Science and
Engineering R: Reports, 50, 1-78. https://doi.org/10.1016/j.mser.2005.07.001

Moustafa, E., Mohammed, S., Abdel-Wanis, S., Mahmoud, T., & El-Kady, E.-S. (2016).
Review Multi Pass Friction Stir Processing. American Scientific Research Journal for
Engineering, Technology and Sciences, 98-108. http://asrjetsjournal.org/

Mukherjee, S. (2010). An experimental and numerical study of friction stir processing using
novel tool designs and its application to damage repair. UMI Dissertation Publishing.
http://dx.doi.org/10.1016/j.jaci.2012.05.050

70



Nami, H., Adgi, H., Sharifitabar, M., & Shamabadi, H. (2011). Microstructure and mechanical
properties of friction stir welded Al / Mg2Si metal matrix cast composite. Materials and
Design, 32, 976-983. https://doi.org/10.1016/j.matdes.2010.07.008

Narimani, M., Lotfi, B., & Sadeghian, Z. (2016). Evaluation of the microstructure and wear
behaviour of AA6063-B4C/TiB2 mono and hybrid composite layers produced by friction
stir processing. Surface and Coatings Technology, 285, 1-10.
https://doi.org/10.1016/j.surfcoat.2015.11.015

Ning, J., Xu, B., Sun, M., Zhao, C., Feng, Y., & Tong, W. (2018). Strain hardening and tensile
behaviors of gradient structure Mg alloys with different orientation relationships.
Materials Science and Engineering A, 735, 275-287.
https://doi.org/10.1016/j.msea.2018.08.053

Nisar, L., Thoker, A. N., Sanjum, A., Parray, M. R., Khan, N. Z., & Manroo, S. A. (2022).
Materials Today : Proceedings Defects analysis in friction stir processing of magnesium
based surface composites. Materials Today: Proceedings, 62, 158-162.
https://doi.org/10.1016/j.matpr.2022.02.611

Orozco-Caballero, A., Alvarez-Leal, M., Ruano, O. A., & Carrefio, F. (2022). Improving the
mechanical properties of a WE54 magnesium alloy through severe friction stir processing
and rapid cooling. Materials Science and Engineering A, 856(143963), 1-11.
https://doi.org/10.1016/j.msea.2022.143963

Padhy, G. K., Wu, C. S., & Gao, S. (2018). Friction stir based welding and processing
technologies - processes, parameters, microstructures and applications: A review. Journal
of Materials Science and Technology, 34(1), 1-38.
https://doi.org/10.1016/j.jmst.2017.11.029

Peng, J., Zhang, Z., Huang, J., Guo, P., Li, Y., Zhou, W., & Wu, Y. (2019). The effect of the
inhomogeneous microstructure and texture on the mechanical properties of AZ31 Mg
alloys processed by friction stir processing. Journal of Alloys and Compounds, 792, 16—
24. https://doi.org/10.1016/j.jallcom.2019.04.014

Powell, B. R., Krajewski, P. E., & Luo, A. A. (2021). Magnesium alloys for lightweight
powertrains and automotive structures. In Materials, Design and Manufacturing for
Lightweight Vehicles. LTD. https://doi.org/10.1016/0978-0-12-818712-8.00004-5

Pradeep Kumar, P., Raj Bharat, A., Sesha Sai, B., Phani Sarath, R. J., Akhil, P., Pradeep Kumar
Reddy, G., Kondaiah, V. V., & Ratna Sunil, B. (2019). Role of microstructure and
secondary phase on corrosion behavior of heat treated AZ series magnesium alloys.
Materials Today: Proceedings, 18, 175-181. https://doi.org/10.1016/j.matpr.2019.06.291

Rai, R., De, A., Bhadeshia, H. K. D. H., & DebRoy, T. (2011). Review: Friction stir welding

71



tools. Science and Technology of Welding and Joining, 16(4), 325-342.
https://doi.org/10.1179/1362171811Y.0000000023

Rajakumar, S., Muralidharan, C., & Balasubramanian, V. (2010). Optimization of the friction-
stir-welding process and tool parameters to attain a maximum tensile strength of AA7075-
T6 aluminium alloy. Proceedings of the Institution of Mechanical Engineers, Part B:
Journal of Engineering Manufacture, 224(8), 1175-1191.
https://doi.org/10.1243/09544054JEM 1802

Rajendran, C., Srinivasan, K., Balasubramanian, V., Balaji, H., & Selvaraj, P. (2019).
Evaluation of load-carrying capabilities of friction stir welded, TIG welded and riveted
joints of AA2014-T6 aluminium alloy. Aircraft Engineering and Aerospace Technology,
91(9), 1238-1244. https://doi.org/10.1108/AEAT-11-2017-0233

Rajendran, C., Srinivasan, K., Balasubramanian, V., Balaji, H., & Selvaraj, P. (2021).
Feasibility study of FSW, LBW and TIG joining process to fabricate light combat aircraft
structure. International Journal of Lightweight Materials and Manufacture, 4, 480-490.
https://doi.org/10.1016/j.ijlmm.2021.07.001

Rajmohan, T., Prasad, K. G., Jeyavignesh, S., Kamesh, K., Karthick, S., & Duraimurugan, S.
(2018). Studies on friction stir processing parameters on microstructure and micro
hardness of Silicon carbide (SiC) particulate reinforced Magnesium(Mg) surface
composites. IOP Conference Series: Materials Science and Engineering, 390(1), 012013.
https://doi.org/10.1088/1757-899X/390/1/012013

Ramaiyan, S., Santhanam, S. K. V., & Muthuguru, P. (2018). Effect of scroll pin profile and
tool rotational speed on mechanical properties of submerged friction stir processed AZ31B
magnesium alloy. Materials Research, 21(3). https://doi.org/10.1590/1980-5373-MR-
2017-0769

Rao, H. M., Jordon, J. B., Barkey, M. E., Guo, Y. B., Su, X., & Badarinarayan, H. (2013).
Influence of structural integrity on fatigue behavior of friction stir spot welded AZ31 Mg
alloy. In Materials Science and Engineering A (Vol. 564, pp. 369-380).
https://doi.org/10.1016/j.msea.2012.11.076

Ritti, L., & Bhat, T. (2021). Design and numerical analysis of tool for FSP simulation of
magnesium alloys. Materials Today: Proceedings, 46, 2489-2497.
https://doi.org/10.1016/j.matpr.2021.01.414

Sandeepa Sarma, K. L. N., Srikanth, A., & Venkateshwarlu, B. (2020). Methodological
approach for best tool geometry determination in friction stir welding process. Materials
Today: Proceedings, xxxx. https://doi.org/10.1016/j.matpr.2020.10.250

Sevvel, P., & Jaiganesh, V. (2014a). An detailed examination on the future prospects of friction

72



stir welding — a green technology. Proceedings of Second International Conference on
Advances in Industrial Engineering Applications (ICAIEA 2014), 275-280.

Sevvel, P., & Jaiganesh, V. (2014b). Characterization of mechanical properties and
microstructural analysis of friction stir welded AZ31B Mg alloy thorough optimized
process parameters. Procedia Engineering, 97, 741-751.
https://doi.org/10.1016/j.proeng.2014.12.304

Sevvel, P., & Jaiganesh, V. (2017a). Influence of the arrangement of materials and
microstructural analysis during FSW of AZ80A & AZ91C Mg alloys. Archives of
Metallurgy and Materials, 62(3), 1795-1801. https://doi.org/10.1515/amm-2017-0272

Sevvel, P., & Jaiganesh, V. (2017b). Investigation on evolution of microstructures and
characterization during FSW of AZ80A Mg alloy. Archives of Metallurgy and Materials,
62(3), 1779-1785. https://doi.org/10.1515/amm-2017-0270

Shang, Q., Ni, D. R., Xue, P., Xiao, B. L., Wang, K. S., & Ma, Z. Y. (2019). An approach to
enhancement of Mg alloy joint performance by additional pass of friction stir processing.
Journal of Materials Processing Technology, 264, 336—-345.
https://doi.org/10.1016/j.jmatprotec.2018.09.021

Sharma, A., Maheshwari, S., & Khanna, P. (2021). Surface Composite Fabrication by Friction
Stir Processing: A Review. E3S Web of Conferences, 309(01150).
https://doi.org/10.1051/e3sconf/202130901150

Sharma, H. K., Bhatt, K., Shah, K., & Joshi, U. (2016). Experimental analysis of friction stir
welding of dissimilar alloys AA6061 and Mg AZ31 using circular butt joint geometry.
Procedia Technology, 23, 566-572. https://doi.org/10.1016/j.protcy.2016.03.064

Sharma, V., Prakash, U., & Kumar, B. V. M. (2015). Surface composites by friction stir
processing: A review. Journal of Materials Processing Technology, 224, 117-134.
https://doi.org/10.1016/j.jmatprotec.2015.04.019

Sidhu, H. S., Singh, B., & Kumar, P. (2021). To study the corrosion behavior of friction stir
processed magnesium alloy AZ91. Materials Today: Proceedings, 44, 4633-4639.
https://doi.org/10.1016/j.matpr.2020.10.920

Simar, A., & Avettand-Fénoél, M.-N. (2016). State of the art about dissimilar metal friction stir
welding. Science and Technology of Welding and Joining, 1718, 0-15.
https://doi.org/10.1080/17432936.2016.1251712

Singarapu, U., Adepu, K., & Arumalle, S. R. (2015). Influence of tool material and rotational
speed on mechanical properties of friction stir welded AZ31B magnesium alloy. Journal

73



of Magnesium and Alloys, 3, 335-344. https://doi.org/10.1016/j.jma.2015.10.001

Singh, K., Singh, G., & Singh, H. (2018). Investigation of microstructure and mechanical
properties of friction stir welded AZ61 magnesium alloy joint. Journal of Magnesium and
Alloys, 6(3), 292—-298. https://doi.org/10.1016/j.jma.2018.05.004

Singh, N., Singh, J., Singh, B., & Singh, N. (2018). Wear behavior of BAC reinforced AZ91
matrix composite fabricated by FSP. Materials Today: Proceedings, 5, 19976-19984.
https://doi.org/10.1016/j.matpr.2018.06.364

Singh, R. K. R., Sharma, C., Dwivedi, D. K., Mehta, N. K., & Kumar, P. (2011). The
microstructure and mechanical properties of friction stir welded Al-Zn—Mg alloy in as
welded and heat treated conditions.pdf. Materials and Design, 32, 682—687.
https://doi.org/10.1016/j.matdes.2010.08.001

Srinivasan, P. B., Arora, K. S., Dietzel, W., Pandey, S., & Schaper, M. K. (2010).
Characterisation of microstructure, mechanical properties and corrosion behaviour of an
AA2219 friction stir weldment. Journal of Alloys and Compounds, 492(1-2), 631-637.
https://doi.org/10.1016/j.jallcom.2009.11.198

Surekha, K., Murty, B. S., & Rao, K. P. (2008). Microstructural characterization and corrosion
behavior of multipass friction stir processed AA2219 aluminium alloy. Surface and
Coatings Technology, 202, 4057-4068. https://doi.org/10.1016/j.surfcoat.2008.02.001

Ugender, S. (2018). Influence of tool pin profile and rotational speed on the formation of
friction stir welding zone in AZ31 magnesium alloy. Journal of Magnesium and Alloys, 6,
205-213. https://doi.org/10.1016/j.jma.2018.05.001

Ugender, S., Kumar, A., & Reddy, A. S. (2014). Microstructure and Mechanical Properties of
AZ31B Magnesium Alloy by Friction Stir Welding. Procedia Materials Science, 6, 1600—
1609. https://doi.org/10.1016/j.mspro.2014.07.143

Vander Voort, G. F. (2015). Metallography of magnesium and its alloys. Metallurgia lItaliana,
4(2), 37-41.

Vedabouriswaran, G., & Aravindan, S. (2018). Development and characterization studies on
magnesium alloy (RZ 5) surface metal matrix composites through friction stir processing.
Journal of Magnesium and Alloys, 6(2), 145-163.
https://doi.org/10.1016/j.jma.2018.03.001

Venkataiah, M., Anup Kumar, T., Venkata Rao, K., Anand Kumar, S., Siva, I., & Ratna Sunil,
B. (2019). Effect of Grain Refinement on Corrosion Rate , Mechanical and Machining
Behavior of Friction Stir Processed ZE41 Mg Alloy. Transactions of the Indian Institute

74



of Metals, 72, 123-132. https://doi.org/10.1007/s12666-018-1467-9

Vignesh, R. V., & Padmanaban, R. (2018). Modelling of peak temperature during friction stir
processing of magnesium alloy AZ91. IOP Conference Series: Materials Science and
Engineering, 310(1). https://doi.org/10.1088/1757-899X/310/1/012019

Wang, W., Han, P., Peng, P., Zhang, T., Liu, Q., Yuan, S.-N., Huang, L.-Y., Yu, H. L., Qiao,
K., & Wang, K.-S. (2020). Friction stir processing of magnesium alloys: A review. Acta
Metallurgica Sinica (English Letters), 33(1), 43-57. https://doi.org/10.1007/s40195-019-
00971-7

Wang, Y., Huang, Y., Meng, X., Wan, L., & Feng, J. (2017). Microstructural evolution and
mechanical properties of Mg-Zn-Y-Zr alloy during friction stir processing. Journal of
Alloys and Compounds, 696, 875-883. https://doi.org/10.1016/j.jallcom.2016.12.068

Weglowski, M. S. (2018). Friction stir processing — State of the art. Archives of Civil and
Mechanical Engineering, 18(1), 114-129. https://doi.org/10.1016/j.acme.2017.06.002

Xiao, B. L., Yang, Q., Yang, J., Wang, W. G., Xie, G. M., & Ma, Z. Y. (2011). Enhanced
mechanical properties of Mg-Gd-Y-Zr casting via friction stir processing. Journal of
Alloys and Compounds, 509(6), 2879-2884. https://doi.org/10.1016/j.jallcom.2010.11.147

Yadav, D., & Bauri, R. (2012). Effect of friction stir processing on microstructure and
mechanical properties of aluminium. Materials Science and Engineering A, 539, 85-92.
https://doi.org/10.1016/j.msea.2012.01.055

Yan, F., Zhang, Y., Shen, J., Fu, X. Bin, & Mi, S. (2021). A new calculation method of
viscoplastic heat production generated by plastic flow of friction stir welding process.
Materials Chemistry and Physics, 270(124795), 1-8.
https://doi.org/10.1016/j.matchemphys.2021.124795

Yousefpour, F., Jamaati, R., & Aval, H. J. (2021). Effect of traverse and rotational speeds on
microstructure, texture, and mechanical properties of friction stir processed AZ91 alloy.
Materials Characterization, 178, 111235. https://doi.org/10.1016/j.matchar.2021.111235

Yuan, W., Mishra, R. S., Carlson, B., Verma, R., & Mishra, R. K. (2012). Material flow and
microstructural evolution during friction stir spot welding of AZ31 magnesium alloy.
Materials Science and Engineering A, 543, 200-209.
https://doi.org/10.1016/j.msea.2012.02.075

Yunus, M. L, Singh, K., Arora, G., & Singari, R. M. (2018). Comparative Study on the Effect
of Nitriding and Microwave Coating on Microstructure, Hardness and Wear of AISI H13
Tool Steel. International Journal of Current Engineering and Technology, 8(4), 1033-

75



1040. https://doi.org/10.14741/ijcet/v.8.4.21

Zhang, H. J., Liu, H. J., & Yu, L. (2011). Microstructure and mechanical properties as a
function of rotation speed in underwater friction stir welded aluminum alloy joints.
Materials and Design, 32(8-9), 4402—4407. https://doi.org/10.1016/j.matdes.2011.03.073

Zhang, H., Liu, Y., Fan, J., Roven, H. J., Cheng, W., Xu, B., & Dong, H. (2014). Microstructure
evolution and mechanical properties of twinned AZ31 alloy plates at lower elevated
temperature. Journal of Alloys and Compounds, 615, 687-692.
https://doi.org/10.1016/j.jallcom.2014.07.045

Zhen, Y., Shen, J., Hu, S., Yin, C., Yin, F., & Bu, X. (2022). Effect of rotation rate on
microstructure and mechanical properties of CMT cladding layer of AZ91 magnesium
alloy fabricated by friction stir processing. Journal of Manufacturing Processes, 79, 553—
561. https://doi.org/10.1016/j.jmapro.2022.05.017

Zykova, A. P., Tarasov, Sergei Yu Chumaevskiy, A. V, & Kolubaev, E. A. (2020). A review of
friction stir processing of structural metallic materials : process, properties, and methods.
Metals, 10(772).

76





