Creep and Corrosion Behavior of
SiC Nanoparticles Dispersed Squeeze-cast
Mg-5.0A1-2.0Ca-0.3Mn Alloy

Dissertation submitted in partial fulfilment

of the requirement of the degree of
Doctor of Philosophy

in
Metallurgical Engineering
by

Purnendu Nasker

(Roll Number: 18141005)

Under the supervision of

Dr. Ashok Kumar Mondal

Department of Metallurgical Engineering,
Indian Institute of Technology (BHU) Varanasi,

Varanasi - 221005, India.
February 2025



CERTIFICATE

It is certified that the work contained in the thesis titled “Creep and Corrosion Behavior of
SiC Nanoparticles Dispersed Squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn Alloy” by "Purnendu

Nasker" has been carried out under my supervision and that this work has not been submitted

elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of comprehensive,

candidacy, and SOTA for the award of a Ph.D. degree.

Dr. Ashok Kumar Mondal

(Super\}isor)

Associate Professor,

Department of Metallurgical Engineering,

Indian Institute of Technology (BHU) Varanasi,
Varanasi - 221005, India.

ge-rard
Associate Professor
ST ST T
Department of Metallurgical Engg.
ot e dem (sl Ry Rvafe)
Indian Institute of Technology (Banaras Hindu University)
FRITE-900Y /Varanasi-221005



DECLARATION BY THE CANDIDATE

I, Purnendu Nasker, certify that the work embodied in this Ph.D. thesis is my own bonafide
work carried out under the supervision of Dr. Ashok Kumar Mondal for a period from July
2018 to February 2025, at the Department of Metallurgical Engineering, Indian Institute of
Technology (BHU) Varanasi, India. The matter embodied in this Ph.D. thesis has not been
submitted for the award of any other degree/diploma. I declare that I have faithfully
acknowledged and given credits to the research workers wherever their works have been cited
in my work in this thesis. I further declare that I have not willfully copied any other's work,
paragraphs, text, data, results, etc., ;eportéd in journals, books, magazines, reports,
dissertations, thesis, etc., or available at websites and have not included them in this thesis and

have not cited as my own work.

Date: February 2025 : f ) Ménz
Place: Varanasi : Purnendu Nasker

CERTIFICATE BY THE SUPERVISOR

This is to certify that the above statement made by the candidate is correct to the best of my

M(

Dr. Ashok Kumar Mondal

knowledge.

(Supervisor)

Associate Professor,

Deﬁartment of Metallurgical Engineering,
Indian Institute of Technology (BHU) Varanasi,

we-aErd Varanasi - 221005, India.
Associate F"rofessor

g At R
" Department of Metallurgical Engg.
wrdr e der (wh R RwReea) Forwarded by:

Indian Institute of Tachnology (Banaras Hindu Universi o
m—n‘)oo&/vﬂanasi-ﬁ?% @:@m—}b‘) Q\bn . O@b
Head of the Department,
Department of Metallurgical Engineering,
Indian Institute of Technology (BHU) Varanasi,
Varanasi - 221005, India.
fRrsrmeAs /HEAD
i i R
Department of Metallurgical Engg.
A AR dee (e Ry Rreeafea)

Indian Institute of Technology(Banaras Hindu University)
arord-221005/Varanasi-221 005




COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: "Creep and Corrosion Behavior of SiC Nanoparticles Dispersed
Squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn Alloy"

Name of the Student:

?@MW@ ol

Purnendu Nasker
(Roll No.: 18141005)

COPYRIGHT TRANSFER

The undersigned hereby assigns to the Indian Institute of Technology (BHU), Varanasi, all

rights under copyright that may exist in and for the above thesis submitted for the award of the
Doctor of Philosophy.

Date: February 2025 :
Place: Varanasi ‘ %& //fooéefe ;

Purnendu Nasker

Note: However, the author may reproduce or authorize others to reproduce material
extracted verbatim from the thesis or derivative of the thesis for the author's personal

use, provided that the source and the Institute's copyright notice are indicated.



Acknowledgment

ke to express my heartfelt gratitude to my supervisor, Dr. Ashok Kumar Mondal, for

I would li
e learned the

sharing his knowledge and expertise throughout this study. I am fortunate to hav

fundamentals of Mechanical Metallurgy from him. His profound understanding of the subject

and its practical applications has helped me develop an independent approach to grasping these

concepts. Dr. Mondal's consistent encduragement to work diligently has incredibly benefited

me. I am deeply grateful for his insightful suggestions, delivered in his unique style, which

greatly contributed to improving my thesis. I will always admire his exemplary character and

organized approach to work. It has been a valuable experience to work under his guidance.

I would like to thank the former Heads, Prof. N. K. Mukhopadhyay and Prof. S. Mohan, as

well as the current Head, Prof. N. C. Santhi Srinivas of the Department of Metallurgical

Engineering, IIT (BHU) Varanasi, for their kind supports and extending the departmental
facilities to carry out the present work. I would also like to thank the RPEC members of my
thesis, Prof. Mohd Zaheer Khan Yusufzai and Prof. Kausik Chattopadhyay, for their valuable
suggestions during the thesis work. I would also like to extend my gratitude to Prof. Joysurya
Basu for providing valuable input on the discussion of the TEM results throughout the thesis
work. I am grateful to the other facullty.‘ members of the department for fostering such an

excellent research environment. I extend my appreciation to the non-teaching staff of the

department as well as CIF, IIT (BHU) Varanasi for their assistance in carrying out the

experimental and official works.

I would like to thank the Science and Engineering Research Board (SERB), Department of

Science and Technology (DST), New Delhi, India, and the Council of Scientific and Industrial

Research (CSIR), New Delhi, India, for the financial support to carry out the present work. I

also extend my gratitude to the Department of Metallurgical Engineering, PSG College of

Technology, the Central Institute F acility, IIT Kanpur, Scanning Electron Microscopy Lab, IIT

Kharagpur, Oriental Imaging Microscopy & Texture Lab, IIT Mumbai for extending their

SEM, EBSD, and TEM facilities for microstructural characterization.

r their help and support during the thesis work. I thank

I thank my past and present labmates fo
pta, Aditi, Satyam, Urvashi, Deepak, Sujeet, Gaurav,

Soham, Saptarshi, Saumya, Angkan, Bidi

iv



and Shradhha for their cheerful company. I would also like to thank my seniors, Dr. Jichil
Majhi, Dr. Sourav Ganguly, Dr. Aman Kumar Lal Das, Dr. Avnish Singh, Dr. Roopchand
Tandon, and Dr. Sandeep, for providing valuable inputs on the discussion of the TEM results

and other unconditional support during the thesis work.

1 express my sincere gratitude and indebtedness to my parents for their blessings, care, and
support. 1 would also like to thank my wife and her parents, brother, and sisters for their

constant encouragement and moral support.

ke

Purnendu Nasker




Contents

LISt OF FIUIES ...vveiiiiieceeeeee ettt ettt e e e e rae e e b e e ennns X1
LSt Of TabIES ....eeeitieeiie ettt e Xviii
LSt Of ADDIEVIATIONS....ccuviiiiieiiieiiieeiie et e X1X
List Of SYMDBOIS ..o e XX
ADSITACE ..ottt et et e st e et e et e e at e e ra e e naeenaaeeraeennes XXi
CRAPLET 1 .ttt et s e et e e sbee e 1
1.1 INtrOAUCTION ...ttt ettt e e e snbeeenbeeenseeens 1
1.2 Objective of the present thesis ........cccveieeiiiiciiieecieeeee e 4
1.3 Organization Of the thesSiS........ccccviiiiiiiiiciii e e 5
CRAPLET 2 ..ottt et e e e et e e et e e e b e e e tbaeeesebeeeenaaee e nraeeennaeeas 6
2.1 Designation of magnesium (Mg) alloys......c..cccvveeviiieiiieeiiiieiieeiie e 6
2.2 Role of selected alloying elements in Mg alloys ........ccccoeveeeiiieiiieniieniienieieeee 6
2.3 M@-AL-Ca QlIOYS....cectiieiiieiieeiie ettt et ettt e re e saaeesaaeesnae s 7
. @ (<) o RS PSRUPPUSRR 11
2.4.1 Classification of creep mechaniSms...........cccccvveeeviiieiciie e, 13
2.4.1.1 Diffusion creep (p =210 3, 0 =1) cccrrreiiiieciieeceeeeee e 13
2.4.1.2 Grain boundary sliding (p =210 3,01 =2) eccceeeviierieecieeeieeeieeeeeeeee, 13
2.4.1.3 Dislocation creep (p =0, N1 =310 7) cccvveeerriecrieeiieeieeeieeeieeeee e 15
2.4.2 TMPTESSION CTEEP veevvveeerurreeerurreerrreeessreeesssreeesseeeasseeesssseesssseeessssessssseessnssees 15
2.4.3 Creep behavior of pure Mg- and Mg alloy-based nanocomposites............ 17
2.5 Tensile and cOmMPression ProPEILICS ......ccvveervreerrreerreeerreeerieeerreeseeeesreeesseeenseeennns 18

2.5.1 Tensile and compression behavior of Mg- and Mg alloy-based

NANOCOMPOSIEES ..evvvreerieirrerteesteerteesteessseessseesseessseessseessseesseesseessseesseessseensses 19
2.0 COTTOSION .ot e e e e e e e et ee e e e e e e e e e ea e eeeeaaaaeeeeenaaeeeeenaaaeeeannaaaaaes 22
2.6.1 GAlVANIC COITOSION ...ttt e e e e e e eeaeeeeeeeaeaeeeeeaaeeeeeaaaeas 23

vii



2.6.2 PIttING COTTOSION .....uvviieirieeeiieeeetteeesteeeetteeesveeeeareeesseeeesssaeeesseeessseeesnsses 23

2.6.3 Intergranular COTTOSION.......c.uveeecureeeeireeeireeeeieeeeeteeeetaeeeeereeeeraeeeeareeeensneeas 23
2.6.4 Stress COTroSION CTACKING ......ovuvirieriieieeieeie ettt 23
2.6.5 Corrosion at elevated teMPErature ...........ccceeeveereeereeerieerieerre e esve e 24
2.6.6 Corrosion behavior of Mg- and Mg alloy-based nanocomposites.............. 24
2.7 Motivation for the thesis .........cceeiiiiiiiiiiie e 25
@] 1 ;101752 e TSRS 26
3.1 Fabrication of alloy and nanoCOmMpOSIteS..........ccceureerirreeecireeeniieeeireeeeieee e 26
3.2 Microstructural characterization of alloy and nanocomposites ........................ 27
3.2.1 X-ray Diffraction (XRD) .....ccceeviieiiiiiiiiieieeceee e 27
3.2.2 Optical Microscopy (OM) and Scanning Electron Microscopy (SEM).....27
3.2.3 Fractal analySiS.......c.cceceiiieiiiieeiiie ettt e e e e arae e 27
3.2.4 Transmission Electron Microscopy (TEM) analysis ...........ccccveeeeveeeennnenn. 28
3.3 Mechanical characterization of alloy and nanocomposites.............c.cccevveenneen. 28
3.3.1 Tensile and COMPIESSIVE tESES ....vveeurrerriieriiieiieerieerireesre e saeeereeeaeesenees 28
3.3.2 IMPression CrEEP tESES ...ecuiirruireriieeiieeriieeriteeriteereveesireesereeseaeesaeesseessseesnneas 28
3.3.3 Post-creep microstructural StUdY.........ccceeeieeviieriierieecie e 29
3.4 Corrosion tests of alloy and nanoCOmMpPOSIES........c.eevveervierieerieenieeieeeieeeee 29
3.4.1 Hydrogen evolution and immersion tests ...........ccevveerreenieenieenireenneennnenn 29
3.4.2 Electrochemical COTTOSION TESS ....c.eeeruirereieeriieeiieeiie et e e 31
3.4.3 Measurement of volta potential ..............ccceeviieiiieniiieiieeeeece e, 31
3.4.4 Analysis of cOrrosion Products ...........ccceevveeeiierieerieesie e 31
3.5 Heat treatment of alloy and nanocomposites ............cceeeueeveeeieeerieeieenieeneeeeenne 32
3.6 Designations of aged alloy and nanoCOmMpoSItes .........cccverveerieerieenreenieennnen. 32
3.7 Hardness MeasUrCMENL . ........cccuueeruieeriieeiieereeeenireeseeeenereesseeessneessseessneensseessseennnes 32
(O] 1F: 101 155 USSR 33
4.1 X-ray diffraction analysiS........ccceeeveeruieeriieeiiieeiieerieeeeeiee e eiee e eeaeeseae e 33
4.2 Optical and SEM micCrographis ........ccccuveeeiiieiriieeeiiie et evee e 35

viii



4.3 Fractal analysis of SEM micrographs ..........cccccvvereeiiieeiiieeeiiee e 39

4.4 TEM @NaLYSIS...c.uuiiieiiiiiiciiieeitieeeiieeerree et eeseteeeeaaeeessvaeeeaaaeessaeeesssseeessseeesnnens 42
4.5 Summary of Chapter 4 ..........ooviieiiiecieeceeeeeeee e 47
(O] 1F:1 01155 i USROS 48
5.1 Evaluation of mechanical properties.........ccceevurevieenieenieenieerieeeie e 48
5.1.1 Tensile Yield Strength, Ultimate Tensile Strength, and % Elongation ...... 48
5.1.2 Compressive Yield Strength and Ultimate Compressive Strength............. 49
5.1.3 Strain-hardening reSPONSES .......veeevvieeriuieeeiieeeeireeerree e e e e esreeeerereeeeeaeeenes 49

5.2 Theoretical prediction of strength and analyses of strengthening mechanisms...

................................................................................................................................ .53
5.3 Observation of dislocations in post-tensile samples .........ccceeeveercirerveenieennen. 57
5.4 Analyses of fracture SUIfaces .........ccceeviieriieiiieiieecieee e 60
5.5 Summary of Chapter 5 ....ccvviiiiieiiecieceeeee e 62
CRAPLET 6 ...t e et e e e et e e et e e e eataeeeaaeeeeneseeeansseeennnes 63
0.1 CreeP DENAVIOT ...ccuvviiiciiiicceeeeee et e e e e aaee s 63

6.1.1 Nature of creep curves and comparison of creep responses....................... 63

6.1.2 Assessment of creep mechaniSm .............ccccveeeviiieeiieeeciieecee e 65
6.2 Post-creep microstructural analysiS..........cccveeveeerieerieerieenie e 68

6.2.1 Observation of SUb-SUIfaCes.........ccceevuiririiniiiiiicceeeeee 68

6.2.2 Observation of diSlIOCAtIONS........c.eceeuiririiniiriereeiceteeeeeeee e 73
6.3 SUMMATrY Of ChAPLET 6 ...eovvieiiieiiecieeee et 76
(O] 1F: 70 1< PSSR 77
7.1 Hydrogen evolution and immersion teStS.........c.cevueereeereeenieerieenieenreesveenees 77
7.2 Open circuit potential (OCP)........coocviiiiiiiiiiiiieee e 79
T3 EIS STUAIES ..ottt 81
7.4 Potentiodynamic polarization teSt..........ccceeevveeeriiieeeiiieeeeieeeriee e e 84

1X



7.5 Volta potential measuremMent...........cceeevvireeiiieeniiieeeiiee e e eereeeesvee e e 86

7.6 Characterization of corrosion film ..........ccccovviiiiiiiniiiniiineeeeen 88
7.6.1 SEM micrographs of corroded film .........cc.coooeiviiiniiiiiie 88
7.6.2 XRD and FTIR analysis of the corroded products ...........ccccocuvevviennrannnnn. 88
7.6.3 XPS QNALYSIS ..c..veiciiiieiiieciiecieeeieeeee ettt nnee s 93

7.7 Characterization of corroded SUTfaces..........ceocvvevieenieiniieeniierieeieeeee e 95

7.8 Summary Of Chapter 7 ......ccooviiiiiieeee e e 100

(@] 1 ;1) 7<) o R URURUPSRRPRR 101

8.1 Hardness response of aged AXMS520 alloy and NCs........cccccvvveeciveeecreeeennnenn. 101

8.2 Microstructural characterization of aged AXMS520 and NCs.........cccoeevuveeneee. 102

8.3 CreeP DENAVIOT ....ccuviieiiiiciieciee et 105
8.3.1 Creep response and creep mechanisSm ...........ccceeeevveeciieeciieecieesciieeieeenens 105
8.3.2 Construction of creep mechaniSm mMap..........cccveeerveeeerveeeniieeeereeeeeeeeeens 110

8.4 Microstructural analyses of creep-tested specimens..........cccccveeeevveeecreeeennen.. 111
8.4.1 Observation of deformed region ............ceeeevieeiieeciieeiieeieceeeee e 111
8.4.2 Characterization of twinning and dislocations............c.cccceeveveenieenreennen. 115

8.5 Summary of Chapter 8 ........ccoiieiiiiiiiiee e 121

(@] 110173 L SR URURPPSRRPRR 122

Conclusions and Scope for Future Research............cccoooviiiiiiiiccicce, 122

0.1 CONCIUSIONS ...veeniieiieeiie ettt ettt e e e eaeensaeessaeesaeeneeennns 122

9.2 Scope for future reSearch............cceeeeiiiiiiiiece e 125

RETETEICES ....eieiiiiiiecieeeee ettt et e e be e e sbeeesbeeensaeenseeenseeens 126

DISSEIMINATION ....ceutieiiiieiiieriiee ettt ettt et e st e sabeeeabeesabeesabeesnbeesnbeesnreeens 139



List of Figures

Figure 2.1 Illustration of coordination polyhedras centered by atoms at non-equivalent
occupation sites in crystalline phases, including (a) C15-Al>Ca, (b) C14-Mg>Ca, and (c) C36-
(Mg,Al);Ca. The number and type of constituent atoms in each coordination polyhedras are
also shown. Wyckoff positions are shown with polyhedra. The light green, cyan, and blue
spheres stand for Mg, Al, and Ca atoms, respectively [55] .....coovvvviiniiiiieniieiiecieeeeeeee 9

Figure 2.2 SEM micrographs of the as-cast Mg-Al-Ca-Mn alloys: (a, d) AXMS530; (b, e)
AXMO30; (€, £) AXMT30 [S5]. coueeiieieeienieee ettt ettt et te et eraesseenseesaesseensennnens 10

Figure 2.3 Precipitation of Al,Ca phase in the die-cast AXJ530 alloy aged at 573 K. TEM
bright-field images of the specimens aged for (a)10 s, (b) 30 s, (c) 100 s, (d) 600 s, (e) 3.6 ks
and (f) 36 ks. These images were taken with B = 1120 o, and g= 00020.. Precipitates are marked
with arrows in (b) and () [O0]. .evveeiieriieiieie ettt e et e es 10

Figure 2.4 (a) Energy states of a dislocation motion while encountering an energy barrier,
which interrupts its motion [63]; (b) a typical tensile creep curve showing different stages of

creep; and (c) strain rate in creep test as a function of total strain [64].........c.ccceevveevcreeeeneens 12

Figure 2.5 Vacancy and atom diffusion direction during (a) Nabarro-Herring, (b) Coble creep;
and (c) Grain boundary sliding to accommodate the applied strain at high temperature. [63]
................................................................................................................................................. 14

Figure 2.6 (a) A schematic exhibiting dislocation climb assisted by vacancy diffusion, and (b)

a typical IMPIESSION CIEEP CUTVE. ...vveeruirreirieeriireerireeeiereeessteeassreeasseeesseeessseeessseesssseesssseesssseesnns 16

Figure 2.7 A typical engineering stress-strain curve exhibiting 0.2% yield strength, ultimate

tensile strength, and fracture strength [64]. .....c.oooiiiiiiiiiii e 20

Figure 3.1 Schematic portraying the region of post-creep microstructural analysis below

INAENtAtioN AftET CTEEP TESL. ....iiiuiiiiieiiieiie ettt ettt ettt e e st e enbeessaeeaneas 30

Figure 4.1 (a) XRD patterns obtained from the as-cast AXMS520 alloy and all the
nanocomposites; (b) magnified view of the XRD patterns obtained from the AXMS520 alloy

xi



and NC3.0SiC in the 26 range from 30 to 50 °; and (c) magnified view of the 20 range from
36.0 to 37.5 ° confirming the shift of the high-intensity peak of the a-Mg phase................... 34

Figure 4.2 Optical micrographs with the corresponding grain size distribution of the (a)
AXMS520 alloy, (b) NCO0.5SiC, (c) NCI1.0SiC, (d) NC2.0SiC, and (e) NC3.0SiC

NANOCOMIPOSIEES. 1.eeevreeeirreeeiteeesteeestteeestreesssseeesseesseeesseeeassseessseeasssesassseesssssesssssesssseesssseessseennns 37

Figure 4.3 (a) SEM micrograph of as-cast AXMS520 alloy; (b) a magnified view of ‘a’; (¢) X-
ray elemental mapping of Mg, Al, Ca and Mn corresponding to ‘b’; (d) another magnified view
of ‘a’ indicating the regions of EDS analysis; EDS spectra taken from (e) spot 1 confirming a-

Mg phase, (f) spot 2 confirming C36 phase, and (g) spot 3 confirming AlsMns phase. ......... 38

Figure 4.4 SEM micrographs of the as-cast (a) NCO0.5SiC, (b) NC1.0SiC, (c¢) NC2.0SiC, and
(d) NC3.0SiC NANOCOMPOSIEES. ...ceuvrererierierireerieeereesteeeteestteareesseesseessaeesseesseessseesssessseesssesssees 40

Figure 4.5 Fractal analyses of the (a) AXM520, (b) NCO0.5SiC, and (¢) NC3.0SiC exhibiting
the maximum connected C36 phase extracted from the respective binary SEM images; and (d)
to (f) exhibit the fractal dimension (Ds) plots obtained from the respective images fractal

dimension (Ds) plots obtained from the respective images from ‘a’ to ‘c’......cccceeevvevveererennnnn. 41

Figure 4.6 (a) TEM BF image taken from the C36 phase of AXMS520 alloy, and (b) SAED
pattern corresponding to ‘a’ with beam direction B = [0001]; (c) TEM BF image taken from
the C36 phase of NC3.0SiC, and (d) SAED pattern corresponding to ‘c’ with beam direction B
=[2423]; (e) TEM BF image taken from the matrix of NC2.0SiC exhibiting the distribution of
SiC nanoparticles, and (f) SAED pattern corresponding to ‘e’; (g) TEM BF image taken from
the matrix of NC3.0SiC exhibiting the agglomeration of SiC nanoparticles, and (h) SAED

pattern correSPONAING £0 ‘. ..couviruiiriiiieiierieee ettt sttt et ettt st 45

Figure 4.7 (a) HR-TEM image of the SiCy, present in a-Mg of NC3.0SiC; (b) FFT
corresponding to ‘a’; (c) distribution of SiCyy close to the C36 phase at the intergranular region

of the NC3.0SiC; and (d) SAED pattern corresponding to ‘C’ .......ccceeeeeviieniveriieenieenieenieenen. 46

Figure 5.1 (a) Typical engineering stress-strain curves obtained from tensile tests of the
AXMS520 alloy and NCs, and (b) tensile properties calculated from ‘a’; (¢) typical engineering
stress-strain curves obtained from compression tests of the AXMS520 alloy and NCs, and (d)

compressive properties calculated from €. ......oocieiiiiiiiiiiii e, 50

xii



Figure 5.2 Log-log plots of true stress-strain curves for the alloy and NCs displaying the strain
hardening exponent (n) calculated from the tensile tests (a) and compression tests (b); variation
of strain-hardening rate (do/de) vs. true plastic strain (€) for the alloy and NCs corresponding

to the tensile tests (c), and compression tests (d).......eevverveerierieeiienieeiiere e 52

Figure 5.3 (a) Contribution of different strengthening mechanisms to the tensile yield strength
(TYS) of the NCs;(b) magnified view of ‘a’ depicting the load-bearing effect; (c) comparison
of the calculated and experimentally determined values of TYS of the NCs; (d) variation of
agglomeration factor (), inter-particle distance (A) and ‘gL’ with volume fraction (V,) of the
nanoparticles; (e) agglomeration factor (¢) vs. V; of the nanoparticles with curve fitting; (f)

comparison of the experimental and predicted values of TYS. ..o, 55

Figure 5.4 (a) TEM bright-field image exhibiting dense dislocation forest inside a-Mg grain
in the AXM520 alloy; (b) weak beam diffraction pattern acquired from the region shown in
‘a’; (c and d) TEM dark-field images exhibiting dense dislocation tangles [corresponding to

spot g1o11 and — gqg7qindicated in ‘b’, respectively. ] . ccceerieiiieniieiieieceee e 58

Figure 5.5 (a) TEM BF image exhibiting the dislocation pile-ups at the interface of a-Mg and
C36 phases in the AXM520 alloy, and (b) SAED pattern corresponding to ‘a’ exhibiting two
beam condition; (¢) interaction of dislocations with the SiC nanoparticles in the NC2.0SiC, and

(d) SAED cotreSpONdINg 10 “C’. ..eevieiuiieiieeiieeiie ettt ettt e ettt seeesteesaeeenbeeseeeenneas 59

Figure 5.6 Fracture surfaces of the tensile tested (a) AXM520 alloy, and (b) NC2.0SiC;
fracture surfaces of the compression tested (c) AXM520 alloy, and (d) NC2.0SiC (‘SD’ shear

ITECTION). c.ieeiiieeeiee et ettt e ettt e et e e et eeesbee e taeeenssaeansseeessaeeassaeeanseeennseeensseesnnseennns 61

Figure 6.1 (a) Impression depth vs. time plots for the AXM520 alloy and nanocomposites
nanocomposite creep tested at 498 K and 435 MPa; (b) impression velocity vs. time plots based
on ‘a’; and (c) steady-state impression velocities estimated from ‘a’; and (d) steady-state
impression velocities estimated from ‘a’, as well as previously reported nanocomposites, and

AILOY [30,34]. -t 64

Figure 6.2 Stress dependence of the steady-state impression velocities at different temperatures
for the (a) AXM520 alloy and (b) NC2.0SiC; temperature dependence of the steady-state
impression velocities at different stresses for the (¢) AXMS520 alloy and (d) NC2.0SiC. ...... 66

xiii



Figure 6.3 EBSD map of the creep tested samples showing grain orientation map under the
punch for (a) AXM520 alloy, and (b) NC2.0SiC creep tested at 498 K and 435 MPa;
corresponding grain boundary maps (¢ and d) and KAM maps (e and f) for the AXM520 alloy
(from a) and NC2.0S1C (from D).....eeeuvieiiieiiieiieeieeiee ettt s e e e e eanees 71

Figure 6.4 SEM micrographs displaying flow configuration underneath the indentations for

the (a) AXM520 alloy, and (b) NC2.0SiC nanocomposite creep tested at 498 K and 435 MPa.

Figure 6.5 Bright Field (BF) TEM micrographs of the AXM520 alloy creep tested at 498 K
and 435 MPa showing the (a) dislocation forest, (b) planner defect, (c) dislocation cell in the
a-Mg matrix, and (d) dislocation pile-ups around the C36 phase; (¢) BF TEM micrograph
micrographs of the NC2.0SiC nanocomposite creep tested at 498 K and 435 MPa showing the
dislocation pile-ups near the nanoparticles, and (f) SAED pattern taken from ‘e’................. 74

Figure 6.6 BF (a) and DF (b) TEM micrographs taken with B = [1211] from the grain interior
(i.e., a-Mg phase) of the AXMS520 alloy creep tested at 498 K and 435 MPa depicting the
dislocations; BF (c) and DF (d) TEM micrographs taken with g[0002] reveal the presence of
<c> type dislocation in ‘a’; BF (e) and DF (f) TEM micrographs taken with g[1010] reveal the

presence of <a> type dislocation N ‘@ . .......ccceeiiieiiiiiierie et 75

Figure 7.1 (a) Hydrogen evolution as a function of time, (b) corrosion rate calculated from 'a’
for AXM520 and NCs, (c) weight loss of the alloy and NCs as a function of time, and (d)

corrosion rates calculated from “C7. .....coooiiiiiiiiiiii e 78
Figure 7.2 Variation of OCP recorded as a function of time for all the materials tested........ 80

Figure 7.3 Presentation of (a) Nyquist plots, (b) impedance vs. frequency, and (c) phase angle
vs. frequency Bode plots for AXM520 alloy and NCs; and (d) equivalent circuit for the
ODSEIVEA EIS TESPOMNSE. ..ueiiiiiiiiieiieie ettt ettt et ettt et sbeesebeesseeenbeesnneenseas 83

Figure 7.4 (a) Potentiodynamic polarization curves; (b) the variation of calculated Icorr, Ecor,

and corrosion rates with SiCpp concentration for the AXMS520 alloy and NCs. ........ccccceeneee. 85

Figure 7.5 Volta potential maps for (a) AXMS520 and (c) NC3.0SiC; the variation of volta
potential (b and d) across the lines marked in ‘a’ and ‘c’ exhibiting the potential difference

between a-Mg and (Mg,Al)2Ca (C36) Phases. .......ccecveeiieiiiieniieieeie e 87

Xiv



Figure 7.6 SEM images of the corrosion films formed on the surfaces of AXM520 (a) and NCs
[T I TR TSRO 89

Figure 7.7 EDS results obtained from the corroded films of the AXMS520 alloy (a and b) and
NC3.0SiC (c and d) confirming the higher Al content on the corrosion film of the NC3.0SiC.

Figure 7.8 (a) XRD and (b) FTIR profiles recorded from the corroded films of all the materials
BESERA. .ttt bbbt b e st e e h e e bt et eh e e bt ent e e bt e bt entesaeen 92

Figure 7.9 XPS spectra acquired from the corroded films of AXMS520 (a, c, ) and NC3.0SiC

Figure 7.10 3D presentation of corrosion products free surface morphologies of AXM520 (a)

and NCs (b to e); summary of surface roughness values (f).........ccccceevveevieniiiiiieniienieeieee, 96

Figure 7.11 SEM micrographs of corrosion products free surfaces of AXM520 with elemental
mapping (a and b), and NCS (C 10 ).eeueeriiiiiiiiieie e 97

Figure 7.12 Cross-sectional micrographs of the corroded surfaces of the (a) AXM520 alloy
and (b) NC3.0SiC depicting the extent Of COITOSION........cceeecvierieiiiierieeieeie e 98

Figure 7.13 Schematic representation showing the different stages of corrosion mechanism

took place in (a) AXMS520, and (b) NC3.0SIC. ....eoiiiiiiiiiieiieeeeee et 99

Figure 8.1 (a) Variation of hardness values with aging time for AXM520HT and NCs; (b)
XRD pattern acquired from the peak-aged AXM520HT and NCs; (c) magnified view of the 20
range from 30 to 50 ° for the XRD patterns shown in ‘b> for AXM520HT and NC2.0SiCHT.

Figure 8.2 (a) SEM micrograph of the aged AXM520HT; enlarged view of ‘a’ showing the (b)
morphologies of C36 and AlsMns phases, and (c) regions of elemental mapping and EDS
analyses; (d) elemental maps corresponding to ‘c’; EDS results from (e) spectrum 1
corresponding to a-Mg, (f) spectrum 2 corresponding to C36, and (g) spectrum 3 corresponding
to AlsMns; (h) SEM micrograph of the aged NC2.0SiCHT; (i) enlarged view of ‘h’ showing
the MOrphology 0f C36 PRASE. ....ccvviiiiiieeieeee e s 104

XV



Figure 8.3 (a) TEM image (BF) revealing the precipitates formed in the a-Mg grain interior of
AXMS520HT; (b) enlarged view of ‘a’ showing two precipitates with rod and planner-like
morphologies, (¢) SAED pattern captured from ‘a’; (d) TEM image (BF) exhibiting the
presence of precipitates and SiCyp in the 0-Mg grain interior of NC2.0SiCHT; (e) enlarged view
of ‘d’ showing the morphologies of precipitates and dispersed SiCyp phase, (f) SAED pattern

CAPTUTEA TTOIMN €7 neriiiiie ettt e et e et e e et e e e taeeetaeeessaeesssaeesssaeessseeessseeessseeennseens 106

Figure 8.4 (a) Impression depth vs. time plots obtained at 435 MPa and 498 K for the aged
AXMS520HT and NCs; (b) steady-state impression velocity vs. time plot for AXMS520HT and
NCs corresponding to ‘a’; representative plots showing (¢ and d) stress and (e and f)

temperature dependence of steady-state impression velocities for AXMS520HT and

NC2.0SICHT ..ottt ettt st sttt a e aenae 108

Figure 8.5 Diffusion coefficient normalized steady-state strain rate vs. shear modulus
normalized applied stress plot exhibiting various deformation mechanisms in Mg-Al-Ca (AX)
alloys (a) DL- and D, -controlled dislocation creep; (b) Dgb- and D, -controlled grain boundary
sliding creep; (c) grain size vs. shear-modulus normalized applied stress plot exhibiting
dislocation mechanism map of Mg-Al-Ca (AX) alloys and their nanocomposites at 473 K, and
(d) shear modulus normalized applied stress vs. homologous temperature plot for NC2.0SiCHT

With grain S1Z€ 0F 33 LML c..eeiiiiiiieee ettt et 113

Figure 8.6 SEM micrographs exhibiting the deformation flow pattern in different regions under
impressions on the creep-tested (T = 498 K, o = 435 MPa) specimens of (a) AXMS520HT, as
Well @S (D) NC2.0SICHT . ...ttt ettt sttt e e e beesaneens 116

Figure 8.7 EBSD GB maps captured from the highly deformed corner regions of (a)
AXMS520HT and (b) NC2.0SiCHT; (c) and (d) misorientation map corresponding to ‘a’ and
‘b’, respectively; (e) IPF maps for the twins observed in AXMS520HT and NC2.0SiCHT; and
(f) comparison of twin fractions in creep-tested (T = 498 K, o = 435 MPa) AXM520HT and
INCZL0STICHT ...ttt ettt b et st sae et e s e nae e 117

Figure 8.8 (a) BF image exhibiting an extension twin of type {1012}<1011> taken from creep-
tested NC2.0SiCHT; (b) SAED pattern corresponds to ‘a’; (¢c) BF image exhibiting a double
twin of type {1011}-{1012} taken from creep-tested AXMS520HT; (d) SAED pattern

(o70) L] 010816 N 1 T ¢SSP 119

XVi



Figure 8.9 (a) and (c) BF and DF images of the <ct+a> and <a> type dislocations while g=
1010; (b) and (d) BF and DF images of the <c+a> and <a> type dislocations while g= 0002 in
the same location taken from creep-tested NC2.0SiCHT; (e) schematic exhibiting <c+a>
dislocation’s dissociation into <a> and <c> type dislocations;(f) and (g) BF and DF image of

the dislocation interaction with SiCyp in NC2.0SiCHT creep teste at 435 MPa and 473 K. ..

XVii



List of Tables

Table 2.1 Abbreviations used for the alloying elements added to Mg [50]. ......cccvvvvvennvrannennee. 7
Table 3.1 The sample designations and compositions of the alloy and nanocomposites. ...... 26

Table 4.1 Summary of the phases formed in the Mg-Al-Ca-Mn alloys reported in the literature.

Table 4.2 The calculated grain size, volume fraction, and fractal dimension of the C36 phase
in the alloy and NaNOCOMPOSILES. .....cccuviieriieeiiieeiieeeiieeerteeereeeeieeeereeesreeeeaeeesbeeessseeesaseeenes 36

Table 5.1 A summary of the parameters used to calculate the strength of the nanocomposites.

Table 6.1 Definitions of the parameters used in the equations. ..........cccceevvereienieeneenneennen. 67

Table 6.2 Summary of the n values obtained from the creep tests at different temperature levels.

Table 7.1 A comparison of corrosion rates evaluated from H»> evaluation tests in the present
study with that obtained on various Mg-Al-based alloys and their composites. ..................... 79
Table 7.2 Summary of the elements obtained from the equivalent circuit fitted with the
experimental EIS data. ........coooiiiiiiiiiii et e 84
Table 7.3 Summary of the area percentage data evaluated from the XPS peaks of AXM520
and NC3.0SiC after deCONVOIULING. .....c..cociiriiriiiiiiiiiecereeee ettt 93

Table 8.1 Summary of the n values obtained from the creep tests at different temperature levels.

Table 8.3 List of equations with constant values employed to construct the creep deformation

mechanism maps of the Mg-Al-Ca-based alloys and their nanocomposites. ............c........... 112

XViil



List of Abbreviations

BF . Bright Field

CYS . Compressive Yield Strength
DF : Dark Fild

FWHM :  Full Width Half Maxima

GB :  Grain Boundary

GBMS :  Grain Boundary Misorientation Strain
GNP :  Graphene Nano Particles
HAGB : High Angle Grain Boundary
KAM :  Kernel Average Misorientation
LAGB : Low Angle Grain Boundary
NCs :  Nanocomposites

ocCp : Open Circuit Potential

SHE :  Strain Hardening Exponent
SHR :  Strain Hardening Rate

TB :  Twin Boundary

TYS :  Tensile Yield Strength

UTS :  Ultimate Tensile Strength

UCS :  Ultimate Compressive Strength
XRD :  X-ray Diffraction

Xix



List of Symbols

T

Vimp

Gimp

Absolute temperature
Applied stress

Boltzmann's constant
Burgers vector

Creep activation energy
Diameter of the indenter
Coefficient of self-diffusion
%Elongation

Grain size

Inverse grain size exponent
Mean pressure

Steady-state creep rate
Shear modulus

Stress exponent

Universal gas constant
Impression velocity

Stress in impression creep

XX



Abstract

The influences of the SiC nanoparticles (SiCyp) dispersion on the microstructural modification,
tensile, compression, creep, and corrosion behavior of the squeeze-cast Mg-5.0Al1-2.0Ca-
0.3Mn (AXM520) (wt.%) alloy have been investigated. The concentrations of the SiCy, are
varied from 0.5 to 3.0 (wt.%), and the squeeze-cast nanocomposites (NCs) are abbreviated as
NCO0.5SiC, NC1.0SiC, NC2.0SiC and NC3.0SiC. A detailed microstructural characterization
of the AXM520 alloy and NCs has been carried out. The as-cast microstructures of the
AXMS520 alloy and NCs consist of a primary solid solution (a-Mg), a eutectic of a-Mg and
(Mg,Al)>Ca (C36) phases, and an AlsMns phase. Additionally, the SiC phase is also present in
the NCs. The continuous network of the C36 phase is fragmented and becomes discontinuous

as the content of the SiCyy increases in the NCs.

The ambient temperature tensile and compressive properties of the AXMS520 alloy and NCs
have been evaluated. All the NCs exhibit superior tensile and compressive properties to the
AXMS520 alloy. The NC2.0SiC exhibits the best tensile properties among the NCs employed.
The YS of the NCs improves with the increase in the SiCy, content up to 3.0 (wt.%). The UTS
and %E]l of the NCs increase up to 2.0SiCpp (Wt.%), and beyond that, the same declines owing
to the agglomeration of the nanoparticles. The discontinuous network of the C36 phase in the
NCs inhibits crack propagation, leading to their improved %El. All the NCs exhibit a higher
strain-hardening exponent (n) and strain-hardening rate (SHR) compared to the AXMS520 alloy.
The superior ‘n’ and SHR exhibited by the NCs are attributed to the grain refinement and
dislocations generation. The strengthening from CTE mismatch contributes the most to the
overall strengthening of the NCs. The ‘Zhang and Chen’ model is modified by introducing an
agglomeration factor, and the predicted YS of the NCs matches pretty well with the

experimentally obtained values.

The creep behavior of the AXMS520 alloy and NCs has been examined using impression creep
tests in the temperature range from 448 K to 523 K and stress range from 390 to 490 MPa. All
the NCs reveal improved creep performance compared to the AXMS520 alloy. The creep rate
of the NCs decreases with the increase in the SiC,p content. The NC2.0SiC exhibits an
improvement in creep resistance by 73.2% compared to the alloy. However, the creep

resistance deteriorates since the amount of the nanoparticles is further increased in the
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NC3.0SiC, leading to agglomeration. The stress exponents vary from 5.0 to 6.7, and activation
energies vary from 89.8 to 101.8 kJ/mol, implying that the creep in the materials is controlled
by the climb of dislocation assisted by the pipe diffusion. The pile-ups of dislocations take
place around the C36 phase and near the SiCpnp. The additional strengthening owing to the
presence of the SiCyp, in the NCs is responsible for their improved creep performance compared

to the AXMS520 alloy.

The corrosion behavior of the AXM520 alloy and NCs has been investigated in a 3.5 (wt.%)
NaCl solution at a pH of 7.0. The corrosion resistance of the NCs measured in the hydrogen
evolution test is superior to the AXMS520 alloy, and the improvement is 91.1% in the
NC3.0SiC. The polarization resistance determined from the EIS increases with the increase in
the SiCpp content in the NCs. The potentiodynamic polarization scans further confirm the
superior corrosion resistance of the NCs to the AXMS520 alloy. Among the fabricated NCs,
NC3.0SiC exhibits the highest corrosion resistance, and it is 91.3% lower in comparison to the
AXMS520 alloy. The corrosion products predominantly consist of Mg(OH),. The addition of
SiCyp reduces the formation of Mg(OH)> and increases the content of the Al(OH)3 in the NCs,
leading to the higher stability of the corroded film formed on them. The a-Mg phase is severely
damaged owing to the galvanic corrosion between the a-Mg and C36 phases. However, the
same 1s reduced due to a decrease in the volta potential between a-Mg and C36 phases in the

NCs, resulting in their superior corrosion resistance.

The squeeze-cast AXMS520 alloy and NCs are further subjected to age-hardening. The alloy
and NCs are homogenized at 773 K and artificially aged at 523 K. The aged alloy is designated
as AXMS520HT, and the nanocomposites containing 1.0 and 2.0 (wt.%) of SiCp are designated
as NC1.0SiCHT and NC2.0SiCHT, respectively. The microstructural evolution and creep
characteristics of the squeeze-cast age-hardened alloy and NCs have been investigated. The
age-hardened alloy and NCs contain primary a-Mg grains, (Mg, Al),Ca (C36), Al,Ca (C15),
and AlgMns phases. The SiC phase is additionally identified in the NCs. The NCs reveal
superior creep resistance compared to AXMS520HT, and it is the best in the NC2.0SiCHT. The
creep resistance of the NC2.0SiCHT surpasses AXM520HT by 76%. Dislocation climb,
facilitated by pipe diffusion, emerges as the mechanism governing creep deformation in the
alloy and NCs. The creep deformation mechanism maps for the Mg-Al-Ca-based alloys and
NCs are successfully constructed. The microstructural observation of the creep-tested

specimens under the indenter concludes that the C36 phase is utterly broken in the

xxii



AXMS520HT, whereas the same remains intact in the NC2.0SiCHT. The percentage of twins
in the creep-tested specimen of NC2.0SiCHT is lower than in the AXMS520HT alloy. Two
different types of twins, i.e., extension twin {1012}<1011>, and double twin {1011}-{1012}
are observed in the NCs. The density of the <c> type dislocations is much higher than that of
the <a> type dislocations in the NCs. The presence of SiC nanoparticles impedes the dislocation
motion. The significant improvement in creep resistance of all the NCs over the AXM520HT
alloy is attributed to the age-hardening as well as dispersion strengthening from the presence

of the SiC nanoparticles.

To conclude, the tensile, compression, creep, and corrosion behavior of the squeeze-cast
NC0.5SiC, NC1.0SiC, NC2.0SiC, and NC3.0SiC are superior to that of the AXM520 alloy.
Thus, the use of NCs is beneficial over the AXMS520 alloy. Among the as-cast NCs, NC2.0SiC
is the best, considering the mechanical properties and corrosion behavior. In addition, the creep
behavior of the age-hardened NC1.0SiCHT and NC2.0SiCHT is superior to that of the
AXMS520HT alloy. Among the aged alloy and NCs, the NC2.0SiCHT is the best considering

the creep behavior.

Keywords: Magnesium alloy; Nanocomposite; Squeeze-cast; Microstructure; Creep; Corrosion
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Chapter 1
Introduction

1.1 Introduction

The high specific strength and dimensional stability of magnesium (Mg) alloys make them an
excellent choice for developing lightweight products for the automotive. It is foreseen that the
potential growth of Mg alloys’ application is driven by their use in automotive powertrain parts
that experience temperatures of 423 to 573 K [1]. The Mg alloys suitable for such an application
should exhibit good creep resistance. The magnesium-aluminium alloys are suitable for
applications in the interior parts of automobiles that do not involve elevated temperatures.
Unfortunately, these alloys did not find applications in the powertrain components since their
creep performance above 403 K is not satisfactory [1,2]. The intermetallic phase, namely -
Mgi7Al2 (M. P. 700 K), in Mg-Al alloys readily softens at above 403 K [1,2]. Hence, the
enhancement of the creep performance of the Mg-Al alloy is possible by adding secondary
elements which do not constitute the B-Mgi7Ali2 phase. Several studies have been conducted
to manufacture Mg-Al alloys having superior creep resistance with the addition of Ca, Sr, and
RE [3,4]. Yang et al. [5] concluded that the addition of Al above 1.0 (wt.%) in the Mg-2.85Nd-
0.92Gd-0.41Zr-0.29Zn alloy deteriorated its creep property owing to the segregation of the
ALLRE phase. Bai et al. [6] developed a new RE-based alloy, Mg-6.35Y-3.00Zn-0.73Al, that
exhibited superior creep properties to the AE44 alloy. Yang et al. [7] reported that the Mg-
8.0A1-1.0Nd-1.0Gd alloy in heat-treated conditions exhibited superior creep resistance
compared to the as-cast alloy owing to the discontinuous precipitate of the f-Mgi7Ali2 phase.
Zhang et al. [8] showed that the addition of 1.0 (wt.%) RE in the Mg-9.0A1-0.3Ca-0.2Mn alloy
significantly improved its creep resistance by suppressing the formation of the B-Mgi7Al2
phase and promoting the formation of thermally stable intermetallic Mgi-RE and ALRE phases.
Thus, the RE-containing Mg alloys are promising for elevated temperature application;
unfortunately, these alloys are not economical. On the contrary, Ca is comparatively more
economical and less dense (i.e., 1.54 g/cm®) than the other elements. It also increases the
oxidation resistance and improves the creep property of the Mg-Al alloys [9,10]. Chen et al.
[11] investigated the creep behavior of the Mg-Al alloys with the addition of Zn, Sn, and Ca.
They concluded that among the elements, Ca was more effective in improving its creep
resistance. Li et al. [12] observed grain refinement in the Mg-Al alloy with the incorporation

of Ca. The incorporation of Ca to Mg-Al encouraged the constitution of Mg»>Ca (C14), Alb.Ca
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(C15), and (Mg,Al)>Ca (C36) intermetallic phases that are thermally stable [13,14]. The work
by Ninomiya et al. mentioned that only the Al,Ca phase exists when the Ca/Al is less than 0.8,
while for ratios greater than 0.8, both the Al,Ca and Mg>Ca phase exist simultaneously [15].
Suzuki et al. [16] reported that with the decrease in Ca/Al ratio, the dendritic eutectic structure
in Mg-Al-Ca (AX) alloy contains more B-Mgi7Ali> phase. Zhang et al. [17] observed the
presence of phase changes in the sequence of Mg>Ca, (Mg,Al),Ca, and Al,Ca when the Ca to
Al ratio reduced to 0.4 from 1.0. However, along with microstructure, the creep property of the
AX alloys was highly influenced by the Ca/Al ratio. Nakaura et al. [18] observed that the
minimum creep rate of the AX alloys decreased as the Ca/Al ratio increased to 0.3. The AXJ
alloys with (Ca+Sr)/Al ratios of 0.40 and 0.33 were better for creep over the alloy containing
(Ca+Sr)/Al ratio of 0.4 [19]. The enhanced creep resistance of the AJC511 (0.40) and AJC611
(0.33) alloys was accredited to the higher thermal stability of the Al>Ca phase (M. P. 1352 K)
present in these alloys than the Mg>Ca (M. P. 988 K) phase present in the AJC411 (0.5) alloy.
Itoh et al. examined the influence of Ca in Mg-Al-Mn (AM) alloy, and they observed the
positive dependency of creep rate on Ca content [20]. Terada et al. [21] showed that the AX
alloy with 1.72 (wt.%) Ca (Ca/Al=0.34) was better for creep resistance than the alloys
containing lower wt.% of Ca. Thus, a summary of the literature review on the creep behavior
concludes that Mg-Al-Ca alloys containing Ca/Al of 0.4 exhibited the best creep resistance.
Accordingly, the Mg-5.0A1-2.0Ca alloy satisfying Ca/Al = 0.4 was considered for the present

investigation.

In addition, the incorporation of Mn significantly improved the creep performance of Mg alloys
[22-25]. Homma et al. [22] concluded that the minimum creep rate of AX22 alloy is decreased
by one-tenth due to the addition of 0.3 (wt.%) Mn. Samimi et al. [23] assessed creep resistance
of 0.3, 0.5, and 0.8 (wt.%) Mn added Mg-5.0Al-1.5Ca alloy. They identified that the creep
property of the alloy increased up to 0.5 (wt.%) Mn, while further Mn incorporation
deteriorated the creep property. Zhu et al. [24] confirmed that the creep performance of Mg-
AI-RE alloy does not change significantly beyond 0.3 (wt.%) Mn. Lamm et al. [25] observed
that 0.3 (wt.%) Mn addition stabilized the Ca clusters in Mg-Al-Ca-Mn (AXM) alloys,
enhancing their creep resistance. Celikin et al. [26] reported improved creep performance of
Mg-1.5 (wt.%) Mn alloy compared to pure Mg, resulting from the dynamic precipitation of a-
Mn during creep. Thus, Mg-5.0A1-2.0Ca alloy with 0.3Mn addition (wt.%), i.e., Mg-5.0Al-
2.0Ca-0.3Mn (AXM520) alloy, is expected to exhibit good creep resistance.
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However, the application of AXM520 alloy might be restricted to 473 K. Ferkel and Mordike
[27] reported that the dispersion of 3.0 vol.% SiC nanoparticles improved the creep response
of pure Mg. The improved creep property of AS41 with 2.0 and 5.0 (wt.%) Al>O3 nanoparticles
was reported by Kumar and Chaudhuri [28]. Katsarou et al. too reported a positive effect of 1.0
(wt.%) AIN addition on the creep response of Electron21 alloy [29]. Ganguly and Mondal [30]
reported the dual advantage of alloying and SiC nanoparticles dispersion on the creep behavior
of AZ91 alloy. Yang et al. [31,32] showed that better dispersion and increased amount of AIN
and/or Al nanoparticles additions provided better creep response in Electron21 alloy. In a
similar work, Zhou et al. [33] showed that the addition of 1.0 (wt.%) SiC nanoparticles addition
decreased the creep rate of AS91 alloy by one order. Ganguly et al. [34] showed that the
impression creep response of AZ91+0.6Sb was improved after the addition of 2.0SiC (wt.%).
Thus, the dispersion of ceramic nanoparticles will bring plausible alteration in the
microstructure and improve the creep resistance of the AXM520 alloy further, which might
make it suitable for application beyond 473 K. Accordingly, the microstructural modification
and creep behavior of Mg-5.0A1-2.0Ca-0.3Mn (AXM520) alloy with SiC nanoparticles (SiCup)

dispersion have been investigated.

The Mg-Al-Ca-Mn (AXM) alloy exhibits unsatisfactory ambient temperature strength,
restricting its widespread application. Further, the tensile properties of the as-cast AXM-based
alloys deteriorated, and the nature of failure became more brittle as the value of Ca/Al in the
alloy increased [35]. The Ca-rich secondary phase acted as a crack initiation point leading to
fracture. However, adding nanoparticles to pure Mg and Mg-based alloys significantly
improved their tensile and compressive properties [36], which is beneficial. Therefore, an
attempt has been made to improve the ambient temperature strength along with the ductility of
the squeeze-cast AXM520 alloy with the addition of SiCpp. Thus, the ambient temperature
tensile and compressive properties of the squeeze-cast AXMS520 alloy and its nanocomposites

are also investigated.

The high corrosion rates of Mg alloys limit their potential for widespread applications. The
presence of the secondary phase -Mgi7Ali2 influenced the galvanic corrosion of the Mg-Al-
based alloys and deteriorated their corrosion resistance [37,38]. The Mg alloys reinforced with
microparticles exhibited more detrimental corrosion properties than the parent unreinforced
alloy [39-41]. On the contrary, recent studies suggested that adding nanoparticles might
significantly protect the Mg-based alloys from corrosion [42-45]. The presence of Ca and Mn
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is expected to improve the corrosion behavior of the Mg-Al-based alloys [46,47]. However,
the influence of the SiC,p addition on the corrosion response of the AXMS520 alloy is unclear.
Thus, the ambient temperature corrosion behavior of the newly developed squeeze-cast

AXMS520 alloy and its nanocomposites is also investigated.

Several studies were conducted on the creep characteristics of dispersion-strengthened pure
Mg and Mg alloys [48]. The summary of the literature review concludes that the dispersion of
nanoparticles in Mg alloys imparts significant enhancement in creep properties. Further, age-
hardening improves the strength of Mg alloys [49]. Unfortunately, to the best of the authors’
knowledge, the creep behavior of age-hardened and dispersion-strengthened Mg alloys has not
been explored yet. Therefore, the microstructural alteration and creep characteristics of the
squeeze-cast age-hardened AXMS520 alloy with SiC nanoparticles additions are also
investigated. A correlation of the creep responses of age-hardened AXM520 alloy and its
nanocomposites with their initial and creep-deformed microstructures has also been
established. For the first time, deformation mechanism maps for Mg-Al-Ca alloys and their

nanocomposites are constructed.

Thus, the present thesis aims to explore the microstructural alteration, creep characteristics,
and corrosion behavior of the squeeze-cast AXMS520 alloy with SiC nanoparticles additions.
The microstructural alteration and creep characteristics of the squeeze-cast age-hardened
AXMS520 alloy with SiC nanoparticles additions are also explored. A correlation of the creep
responses of age-hardened AXMS520 alloy and its nanocomposites with their initial and creep-

deformed microstructures has also been established.

1.2 Objective of the present thesis

The objectives of the present thesis are to investigate the microstructure, creep characteristics,
and corrosion behavior of the squeeze-cast AXMS520 alloy with SiC nanoparticles additions.
Further, the microstructural alteration and creep characteristics of the squeeze-cast age-
hardened AXM520 alloy with SiC nanoparticles additions are also explored. The salient
objectives of the present thesis are as follows.

1. The fabrication of the AXM520 alloy and its nanocomposites (NCs) with SiC nanoparticles

additions by squeeze-casting.
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2. A detailed microstructural characterization of the fabricated AXM520 alloy and its

nanocomposites.

3. The evaluation of the ambient temperature tensile and compressive properties of the

AXMS520 alloy and its nanocomposites.

4. The evaluation of the creep behavior of the squeeze-cast AXMS520 alloy and its

nanocomposites.

5. The evaluation of the corrosion behavior of the AXM520 and its nanocomposites.

6. To explore the microstructural alteration and creep characteristics of the squeeze-cast age-

hardened AXMS520 alloy and its nanocomposites.

1.3 Organization of the thesis

The present thesis consists of nine chapters, and the content of each chapter is as follows.

Chapter 1 consists of a brief introduction to the present investigation, discusses the
objective of the present thesis, and provides the organization of the thesis.

Chapter 2 discusses the detailed literature review relevant to the present work and
summarises the motivation for the current research.

Chapter 3 describes the details of the materials and experimental procedure followed.
Chapter 4 provides the detailed microstructural characterization of the squeeze-cast
AXMS520 alloy and its nanocomposites.

Chapter 5 investigated the tensile and compressive behavior of the AXMS520 alloy and
its nanocomposites. Additionally, the strengthening mechanisms involved in the
nanocomposites are addressed.

Chapter 6 evaluates the creep response of the squeeze-cast AXM520 alloy and its
nanocomposites.

Chapter 7 explored the corrosion response of the squeeze-cast AXM520 alloy and its
nanocomposites.

Chapter 8 discusses the microstructure and creep response of the squeeze-cast aged-
hardened AXMS520 alloy and its nanocomposites.

Chapter 9 summarizes the major conclusions drawn from the present investigation and

discusses the scope for future work.

The references cited in the entire thesis are enlisted in the reference section.
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Chapter 2
Literature Review

This chapter provides a brief overview of the literature related to the present investigation. A
brief introduction to Mg and its alloys is provided at the beginning of this chapter. Then, the
theories of creep, tensile, compression, and corrosion were presented. A detailed review of the
current research on the creep, tensile, compression, and corrosion behavior of Mg and Mg
alloy-based nanocomposites has been introduced next to the respective theory. Finally, the
motivation behind the present work, as concluded from the literature review, is provided at the

end of this chapter.

2.1 Designation of magnesium (Mg) alloys

The nomenclature of magnesium (Mg) alloys adheres to a standardized alpha-numeric system,
wherein each alloy designation consists of alphabetical prefixes denoting major alloying
constituents, followed by numerical suffixes indicating their respective weight percentages.
The Al and Zn alloyed Mg alloys are designated as the AZ series. Depending on the contents
of Al and Zn (wt.%), the AZ alloys are expressed as AZ91, AZ61, and AZ31, where the Al
content is 9.0, 6.0, and 3.0 (wt.%), respectively, and the Zn content is 1.0 (wt.%) for each alloy.
The Al and Mn alloyed Mg alloys are known as the AM series. In this series, the popular alloys
are AMS50 and AM60, where the Al content is 5.0 and 6.0 (wt.%), respectively, and the Mn
content is less than 0.5 (wt.%) in both alloys. Thus, a zero is used for the element if its content
is <0.5 (wt.%) in the alloy. The Mg-Al-Ca-based alloys are designated as AX series. In the
present thesis, a Mg alloy consisting of 5.0Al, 2.0Ca, and 0.3Mn (wt.%) is fabricated.
Therefore, according to the standard notation, the alloy is designated as AXM520. The standard

alphabetic symbols used for the various alloying elements in Mg are shown in Table 2.1 [50].

2.2 Role of selected alloying elements in Mg alloys

Aluminium (Al): Al is one of the common alloying elements added to pure Mg. Al addition
enhances the room temperature strength of pure Mg by solid solution strengthening. The
hardness of pure Mg also increases owing to the addition of Al. The alloying of Al also

improves the castability of pure Mg [50].
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Table 2.1 Abbreviations used for the alloying elements added to Mg [50].

Element Symbol Element Symbol Element Symbol
Aluminium A Lithium L Tin T
Bismuth B Manganese M Yttrium \W%
Copper C Nickel N Calcium X
Cadmium D Lead P Antimony Y
Rare Earths E Silver Q Zinc Z
Iron F Chromium R

Strontium J Silicon S

Calcium (Ca): The addition of Ca significantly improves the creep and corrosion resistance of

pure Mg. Adding Ca also enhances the oxidation resistance of Mg melt during casting [51,52].

Manganese (Mn): Mn improves the corrosion resistance of Mg alloys by eliminating Fe
impurities present in the Mg alloys. However, the limited solid solubility of Mn in Mg limits

its concentration in Mg [50].

2.3 Mg-Al-Ca alloys

The Mg-Al-Ca (AX) alloys are known for their superior creep and corrosion resistance among
the Mg-Al-based alloys. The Ca/Al ratio plays a crucial role in the microstructural, mechanical,
and corrosion behavior of the AX alloys. Linag et al. [53] mentioned that the formation of the
B-Mgi7Al> phase was suppressed when Ca content was above 1.0 (wt.%) in the AMS50 alloy.
The Ca/Al ratio strongly governs the formation of the Ca-rich intermetallic phases in the AX
alloys. The presence of the B-Mgi7Ali2 phase was reported when the Ca content was lower than
0.8 (wt.%) in the AMS50 alloy. In addition to the B-Mgi7Al12 phase, the Al.Ca phase was
detected in several AX-based alloys. Suzuki et al. [54] studied the solidification pathways of
the AX alloys and mentioned that the formation of the Al,Ca phase took place by a solid-state
diffusion of the (Mg,Al)>Ca phase. The Ca addition influences the formation of three Ca-rich

intermetallics having AB: stoichiometry which is known as the Laves phase. These
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intermetallics are Mg>Ca (HCP, Pearson symbol hP12, space group P63/mmc (194) and
Strukturbericht notation MgZn, (C14)), (Mg,Al);Ca (Double hexagonal crystal structure,
Pearson symbol hP24, space group P63/mmc (194) and Strukturbericht notation MgNi» (C36)),
and AlCa (Cubic crystal structure, Pearson symbol cF24, space group Fd3m (227), and
Strukturbericht notation MgCu, (C15)). The schematics of the various laves phases form in the

Mg-Al-Ca alloys is shown in Figure 2.1 [55].

The C14 phase is more brittle than the C36 and C15 phases. The AX alloys undergo failure in
a more brittle manner as the concentration of C14 phase increased in it [56]. The Mg-based
micropillar studies of the laves phases showed that the co-deformation of the C36 phase with
the a-Mg phase was noticeable rather than the C15 phase [57]. However, both these phases
exhibited remarkable strengthening effects on the a-Mg phase and improved the strength of the
alloy. The formation sequence of the laves phases strongly depends on the Ca content and
Ca/Al ratio in the AX alloys. Zubair et al. [58] concluded that the C36 phase in the AX alloy
remains stable up to 773 K. Among the laves phases form in the AX alloys, the C15 phase has
the highest thermal stability owing to its higher melting point (1352 K). Therefore, the presence
of the C36 and CI15 phases in the AX alloys strongly influences their high-temperature
properties. As the concentration of Ca decreases in AX alloys, the phases appear in the
sequence of Mg>Ca, (Mg,Al),Ca, Al>Ca, and B-Mgi7Al». The increased concentration of Ca
greatly improves the morphology of the precipitate phase, as shown in Figure 2.2 [59]. The
magnified micrographs exhibit that the interlamellar spacing between the secondary phase
decreases as the Al/Ca ratio increases in the AXM alloy. This also improved the strength of the
alloy. However, the increased (wt.%) of Ca deteriorates the ductility of the AX alloys, which
is attributed to the mechanical property mismatch between the a-Mg and laves phases [35].
The laves phases are thermally stable, resulting in superior creep resistance of the AXM alloys.
In heat-treated AX alloys, the C36 phase transforms into the C15 phase by a solid-state
diffusion process, which helps to improve the creep resistance of the AX alloys [54,60]. The
C15 phase exhibits needle-like morphology following heat-treatment of AX-based alloys, as
shown in Figure 2.3 [60]. Later studies identified them as semi-coherent precipitates of the C15
phase or G.P zones [61]. The alloying of Mn to AX alloys forms the AlsMns phase. Mn
segregates around the C15 G.P. zones and stabilizes them at high temperature. Thus, adding
Mn improves the creep resistance of Mg-Al alloys [22]. However, Mn content should not

exceed 0.5 (wt.%), which deteriorates the creep property of the alloy owing to increased
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Figure 2.1 Illustration of coordination polyhedras centered by atoms at non-equivalent
occupation sites in crystalline phases, including (a) C15-Al,Ca, (b) C14-Mg>Ca, and (c) C36-
(Mg,Al)>Ca. The number and type of constituent atoms in each coordination polyhedras are
also shown. Wyckoff positions are shown with polyhedra. The light green, cyan, and blue
spheres stand for Mg, Al, and Ca atoms, respectively [55]
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Figure 2.2 SEM micrographs of the as-cast Mg-Al-Ca-Mn alloys: (a, d) AXMS530; (b, e)
AXM630; (c, ) AXM730 [59].

Figure 2.3 Precipitation of Al,Ca phase in the die-cast AXJ530 alloy aged at 573 K. TEM
bright-field images of the specimens aged for (a)10 s, (b) 30 s, (¢) 100 s, (d) 600 s, (e) 3.6 ks

and (f) 36 ks. These images were taken with B = 1120 a, and g= 0002a. Precipitates are marked
with arrows in (b) and (¢) [60].
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stacking fault energy. Zuo et al. [62] observed the Al,Ca phase with AlgMns precipitates
following solutionizing and artificial aging of AXM alloy at 773 and 473 K, respectively.

2.4 Creep

Creep is a time-dependent plastic deformation of a material that is subjected to constant stress
and temperature. The flow stress of a material is a function of stress and temperature. Therefore,
if the test or application temperature is above absolute zero, a material undergoes deformation
by the influence of both stress and temperature. However, when the test temperature is close to
absolute zero, for a given stress, the deformation rate will be significantly lower because of the
lower contribution from the thermal component. Thermal energy alone cannot move long
segments of dislocation owing to its random nature, which can only vibrate local atoms. Thus,
a small dislocation segment undergoes a climb operation using thermal energy to overcome the
barrier experienced during dislocation motion. Figure 2.4(a) exhibits a schematic of the energy
states of such a dislocation segment, which needs an activation energy of q to overcome the

energy state 'B' while moving from 'A' to 'C' or vice-versa [63].

In order to understand the creep behavior of the material in a conventional creep test, the
material is loaded uniaxially at constant stress and temperature. The strain plot of the test
material as a function of time is then recorded, as shown in Figure 2.4(b). The strain rate (creep
rate) plot as a function of total strain corresponding to Figure 2.4(b) is shown in Figure 2.4(c)
[64]. Figure 2.4(b and c) exhibits three distinct regions of creep curve. The primary stage, or
strain hardening stage, is where the strain hardening rate dominates the recovery stage,
resulting in a fall in strain rate with time. In the secondary stage, the recovery rate balances the
strain hardening rate, and a steady-state strain rate is attained. The steady-state creep rate has
significant importance in engineering applications. The designed component should elapse the

entire service period in the secondary region, allowing smooth functioning of the component.
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Figure 2.4 (a) Energy states of a dislocation motion while encountering an energy barrier,

which interrupts its motion [63]; (b) a typical tensile creep curve showing different stages of

creep; and (c) strain rate in creep test as a function of total strain [64].
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2.4.1 Classification of creep mechanisms
The creep mechanism involved during the steady-state deformation of a material is predicted
from the exponents of the Mukherjee-Bird-Dorn equation associated with the steady-state creep

rate. The steady-state creep rate equation is expressed as follows [65]:

& = Aigb (g)p (g)n Equation 2.1

In Eq. 2.1 & is the steady-state creep rate (s '), A is the material constant, b is the Burgers
vector (A), d is the grain size (um), p is the inverse grain size exponent, n is the stress exponent,
G is the shear modulus (MPa), k is the Boltzmann constant (= 1.38 x 103 m? kgs? K™), T is
the absolute temperature (K), D is the diffusivity of the material, o is the applied stress (MPa),
and R is the universal gas constant (= 8.314 J/mol ' K™).

2.4.1.1 Diffusion creep (p =2to 3, n=1)

Diffusion-based creep plays a significant role when the test temperature is high, and the applied
stress is significantly low (< % = 10_4). The mechanism is governed by the diffusional flow

of the vacancies and interstitials under the influence of applied stress. Depending on the
vacancy flow path, the diffusion creep is further categorized as Nabarro-Herring creep (p = 2)
and Coble creep (p = 3). In Nabarro-Herring creep, the diffusion flow of vacancies takes place
from grain boundaries (GB) experiencing tensile stress to the GBs experiencing compressive
stress (atoms flow in opposite directions) through the grain interior. Thus, the elongation of the
grain took place, as shown in Figure 2.5(a). In the case of Coble creep, the vacancy diffusion

occurs along the GBs, as displayed in Figure 2.5(b) [64].

2.4.1.2 Grain boundary sliding (p =2 to 3, n =2)

Grain boundary sliding has a limited contribution to steady-state creep deformation. However,
this mechanism becomes dominant when the diffusional flow rate of the vacancies is high. To
accommodate grain contiguity, GB sliding occurs during the creep deformation. In this process,
GB slides relative to each other along the direction of GB, as shown in Figure 2.5(c). However,

the process is not continuous and inhomogeneous, which leads to wavy GB [63].
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Figure 2.5 Vacancy and atom diffusion direction during (a) Nabarro-Herring, (b) Coble creep;

and (c) Grain boundary sliding to accommodate the applied strain at high temperature. [63]
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2.4.1.3 Dislocation creep (p =0, n =3 to 7)

Dislocation creep occurs by the movement of a dislocation aided by the vacancy diffusion
process. The dislocation movement is achieved by glide and climb of the dislocation segment.
If obstacles interrupt the dislocation glide, dislocation climbs take place to overcome the
obstacle's strain field, as shown in Figure 2.6(a). Therefore, in dislocation creep, the steady-
state creep rate is determined by the rate of dislocation climb. The rate of dislocation climb
strongly depends on the test temperature that controls the diffusion rate of vacancies. The
nature of the vacancy diffusion process can be further divided into two categories, i.e., pipe
diffusion and lattice diffusion. The vacancy diffusion took place along the core of the
dislocation in pipe diffusion, whereas the vacancy diffusion occurs in the entire lattice for the

lattice diffusion process [64].

2.4.2 Impression creep

Impression creep is a variation of indentation creep where the indenter is a flat-bottom
cylindrical punch instead of a conical-shaped indenter [66]. Thus, for an applied load, the stress
is constant during the entire duration of the experiment. In this case, a flat-headed cylindrical
punch is pressed against the sample surface at a constant stress and temperature. Thereafter,
the penetration depth is recorded as a function of time by employing an LVDT assembly, as
shown in Figure 2.6(b). The depth vs. time plot in impression creep exhibits only two stages of
the creep curve, i.e., the primary and secondary stages. Unlike conventional creep, the tertiary
stage is not observed in the impression creep owing to the compressive nature of the applied
load. The absence of a tertiary creep stage indicates more stable deformation, making the test
ideal for characterizing the creep behavior of materials. This method effectively evaluates the
steady-state creep rate and creep mechanism from a small quantity test sample, making it a

valuable technique for the creep behavior of materials.
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Figure 2.6 (a) A schematic exhibiting dislocation climb assisted by vacancy diffusion, and (b)

a typical impression creep curve.
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2.4.3 Creep behavior of pure Mg- and Mg alloy-based nanocomposites

Ferkel and Mordike [27] fabricated the Mg-SiC nanocomposite by powder metallurgy
technique. They mixed 3.0 (wt.%) of 30 nm SiC powder with 40 um Mg powder in a ball mill
and then performed the hot extrusion to obtain the final nanocomposite. They reported
improved creep resistance of the nanocomposite by two order compared to pure Mg. They
concluded that the presence of SiC nanoparticles at the grain boundaries strongly opposed the
dislocation motion and improved the creep resistance of the nanocomposites. Kastouru et al.
[29] investigated the time-dependent plastic deformation of Electron21 alloy and 1.0 (wt.%)
AIN reinforced Electron21. The composite was produced by stir casting. The compression
creep tests of the composite were performed at 240 °C and at the stress levels of 80, 140, and
200 MPa. The AIN-reinforced Electron21 NC in their study exhibited superior creep resistance
under the tested stress and temperature ranges. The calculated stress exponent (n) value of the
nanocomposite was 3.3, which indicates the creep deformation mechanism was dislocation
climb and glide. Kumar and Chaudhari [28] explored the creep response of the AlO3-
reinforced AS41 nanocomposites. The nanocomposites were made by stir casting and
ultrasonic processing of the mixture of AS41 melt and 50 nm Al>,Os3 nanoparticles. The creep
tests were conducted in the temperature range of 175 to 200 °C and stress range of 109.2 to
140.4 MPa. They found that the additions of 2.0 and 5.0 (wt.%) Al2O3 nanoparticles to AS41
improved its creep resistance. The n value was in the range of 3.0 to 6.5, indicating the
governing creep mechanism was dislocation creep. The calculated activation energies for the
alloy and NCs were 66.17 and 83.77 kJ/mol, indicating that the dislocation creep aided by pipe
diffusion was the creep mechanism. Yang et al. [31] examined the creep response of the
Electron21 alloy after reinforcing it with 0.5 and 1.0 (wt.%) AIN/AIl nanoparticles. The
nanoparticles were dispersed in the Electron21 melt using a high-shearing dispersion
technique. The alloy and NCs were compression creep tested under the stresses of 70 and 140
MPa at 240 °C. They observed that the NCs with 0.5 (wt.%) reinforcement exhibited the lowest
steady-state creep rate among the materials tested. Ganguly et al. [34] performed a creep study
on the 0.6 (wt.%) Sb alloyed AZ91 alloy and its nanocomposite with 2.0 (wt.%) of 50 nm SiC
nanoparticles (SiCyp) fabricated by the squeeze-casting process. They observed that the
addition of Sb and SiC nanoparticles decreased the f-Mgi7Ali2 phase formation in the AZ91
alloy. They concluded that the nanocomposite's superior creep performance over the
monolithic alloy was from the Orowan strengthening provided by the SiC nanoparticles. In

another work, Ganguly and Mondal [30] investigated the influence of 50 nm SiC particles
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additions on the creep performance of 2.0 (wt.%) Ca and 0.3 (wt.%) Sb alloyed AZ91 alloy.
Microstructural and phase analysis of the alloy and NCs exhibited that the addition of SiCyp
decreased the formation of the B-Mgi7Ali2 phase and increased the volume fraction of the
AlCa phase. The presence of the thermally stable AlbCa phase and SiC,, significantly
enhanced the creep responses of the NCs. They showed that the 2.0 (wt.%) SiC nanoparticles
reinforcement significantly decreased the minimum creep rate of the AZ91-2.0Ca-0.3Sb alloy
under all the tested conditions. Further, they concluded that the governing creep mechanism
was dislocation climb assisted by pipe diffusion. Zhou et al. [33] studied the creep behavior of
Mg-9.0A1-1.0Si alloy and its nanocomposite reinforced with 60 nm SiC nanoparticles, while
the test temperature and stress were varied from 448 to 498 K and 70 to 90 MPa, respectively.
They observed that the addition of nanoparticles improved the creep resistance of the alloy by
one order, and the creep life of the NC increased by 34.9%. They concluded that the alloy and
nanocomposite deformed under the influence of dislocation creep governed by pipe diffusion.
They also concluded that the nanoparticles provided additional strengthening to the alloy,
which improved the creep resistance of the NCs. Ganguly et al. [67] reported the effect of 2.0
(wt.%) graphene nanoparticles (GNP) additions on the creep performance of the Mg-9.0Al-
1.0Zn alloy. The alloy and GNP-reinforced composites were made using a squeeze casting
setup. They observed that the addition of GNP reduced the B-Mgi7Al> phase formation,
contributing to the nanocomposites' superior creep resistance. Thus, the summary of the
literature review concludes that the dispersion of nanoparticles in Mg alloys significantly

improved creep resistance.

2.5 Tensile and compression properties

Uniaxial tensile and compression tests are the basic tests used to measure the mechanical
behavior of newly developed alloys and composites. A typical engineering stress-strain curve
of a material is shown in Figure 2.7 [64]. The stress-strain plot consists of two distinct regions,
i.e., elastic and plastic regions. The linear part of the curve represents the elastic region where
Hooke's law is valid. The point beyond which the stress-strain curve no longer follows Hooke's
law is known as the elastic limit of the material. The stress corresponding to the 0.2% offset
strain is known as the yield strength (YS). The maximum stress value in the engineering stress-
strain curve is known as the ultimate tensile strength (UTS) or ultimate compressive strength
(UCS), depending on the loading mode. In a tensile test at UTS, the necking or localized

deformation of the material starts due to an increase in stress, followed by a decrease in the
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instantaneous cross-sectional area that dominates over the load-carrying capacity of the
material due to strain hardening. The micro-voids and pores combine to form cracks and cause
the necking of a material, leading to its failure. However, in the compression test, the micro-
voids and pores close up. During compressive loading, the part of the grain rotates in the
preferred direction to accommodate the given strain, which is known as deformation bands.
These deformation bands further extend across the multiple grains and form shear bands that

contribute to the failure of the material in compression [64].

2.5.1 Tensile and compression behavior of Mg- and Mg alloy-based

nanocomposites

The effects of additions of different types of nanoparticles, i.e., Al203, ZnO, TiC, SiC, and so
on, in monolithic Mg as well as Mg alloys were investigated by several researchers. Ferkel and
Mordike observed that the addition of 3.0 (wt.%) SiCyp, improved the YS and UTS of pure Mg
[27]. However, the segregation of the nanoparticles at the grain boundaries resulted in the poor
ductility of the Mg-SiCy, composites in their study. Hassan and Gupta [68] fabricated the Mg-
Al>O3 nanocomposite (50 nm) using the disintegrated melt deposition technique. They
observed an improved tensile strength with ductility of the Mg-Al,O3; nanocomposite produced
by powder metallurgy. The Young’s modulus, YS, UTS, and % El of the NCs improved by
23.1, 80.4, 42.2, and 89.2%, respectively. They concluded that the activation of non-basal slip
systems in the presence of NPs improved the ductility of the NCs. They further mentioned that
the grain refinement owing to the heterogeneous nucleation in the presence of NPs was
beneficial. The addition of NPs changed the fracture mode of pure Mg from brittle fracture to
a mixed mode of fracture. Hassan and Gupta, in another study, reported improved hardness,
0.2% YS, UTS, and ductility of pure Mg by incorporating 1.1 (vol.%) of AlO3, Y203, and ZrO>
nanoparticles [69]. They also observed that among the added NPs, the Al,O3; was effective in
improving the tensile strength of pure Mg. The YS and UTS were improved by 46.9 and 29.5%,
respectively. They concluded that the better interfacial bonding between the Al,O; and Mg
matrix was the reason for the enhanced tensile strength of the Mg-Al,O3; NCs. Interestingly,
they found that the addition of ZrO, NPs was more effective in improving the elongation of the
Mg matrix. They also investigated the effect of different sizes of Al>O; particles on the
mechanical properties of pure Mg [70]. The composites were manufactured by adding 50 nm,
0.3 um, and 1pm Al,Oj3 particles in Mg melt. They observed that the addition of 50 nm particles
to pure Mg improved its elongation by 89.0%. They concluded that adding nano Al>O3 particles
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improved the ductility of pure Mg, owing to better grain refinement and distribution of the
reinforcement phase. Goh et al. [71] fabricated the NCs by dispersing 0.5, 1.0, and 2.0 (vol.%)
Y203 nanoparticles in pure Mg. They reported that the addition of the 2.0 (vol.%) Y203
improved the YS and UTS of pure Mg by 28.5 and 18.2%, respectively, whereas the elongation
was reduced by only 1.0%. The improved strength of the NCs was attributed to the grain
refinement of the NCs owing to heterogeneous nucleation during solidification. They further
mentioned that the lower activity of the non-basal slip system was responsible for the low
ductility of the NCs. Nguyen and Gupta [72] fabricated the AZ31B-Al.O3 NCs by mixing 0.66,
1.11, and 1.50 (vol.%) of 50 nm-Al,O3 with the AZ31B alloy. They observed the enhancement
of the CYS by 32.0% and UCS by 10.0% of the AZ31B alloy due to the addition of 1.5 (vol.%)
Al>Os3 nanoparticles. Hui et al. [73] stated that the incorporation of 0.5 (wt.%) SiCyp in the
AZ91 alloy improved the YS, UTS, and %El by 19.0, 24.0, and 83.0%, respectively. The
enhancement of the mechanical property was attributed to the grain refinement of the NCs.
Paramsothy et al. [74] showed that the dispersion of Al>O; nanoparticles in the AZ alloy
enhanced ambient temperature tensile properties as well as compressive properties of the alloy.
The fractographic analysis of the alloy and NCs reveals that both materials experienced mixed
fracture modes. However, the dimple-like feature was more prominent in the factograph of
NCs, contributing to the enhanced ductility of the NCs compared to the alloys.
Sankaranarayanan et al. [75] fabricated two separate composites of Mg-Ti and Mg-Cu by
mixing 5.6 and 3.0 (wt.%) of 140 um Ti and 50 nm Cu particles. They concluded that the
addition of nanosized particles was more effective than micron-sized particles in enhancing the
mechanical behavior of pure Mg. The formation of Mg-Cu intermetallic and the distribution of
Cu particles along the grain boundaries of pure Mg were responsible for the improved
mechanical properties of the NCs. In a different work, Sankaranarayanan et al. reported that
the incorporation of 0.16, 0.48, and 0.8 (vol.%) of 90 nm ZnO particles also improved the
ambient temperature tensile and compressive properties of pure Mg [76]. The additions of ZnO
increased the dislocation activity at the prismatic plane, which helped to improve the
mechanical properties of the alloy. Furthermore, they mentioned that the dislocations were
successfully pinned by the ZnO nanoparticles, which enhanced the strength of the composites.
Khosroshahi et al. [77] investigated the effect of TiO», SiC, and Al,O3 nanoparticles on the
mechanical properties of AZ80 Mg alloy. Among the NCs, the SiC-reinforced AZ80 composite
exhibited superior YS and ductility, owing to a better distribution of SiC nanoparticles.
Meenashisundaram et al. too observed the enhancement of ambient temperature tensile and

compressive properties of monolithic Mg after adding 2.0 (wt.%) TiO2 nanoparticles [78]. The
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nanocomposite containing 2.5 (wt.%) of nanoparticles exhibited enhanced YS and UTS by 37.0
and 9.0%, respectively, in their study. Katsarou et al. [29] reported the enhancement of ambient
temperature CYS of the AIN-dispersed Elktron21 nanocomposite. Chen et al. [79] studied the
dynamic compressive loading response of the Mg-4.0Zn-3.0Gd-1.0Ca alloy containing 2.0
(wt.%) ZnO nanoparticles. They concluded that the nanoparticles hindered the growth of twins
at grain boundaries, resulting in enhanced YS of the nanocomposites. Parande et al. [80] too
observed the enhanced ambient temperature tensile properties of pure Mg by the dispersion of
nano-NiTi (Nitinol). Furthermore, Ganguly et al. [81] also reported the enhancement of
ductility and tensile properties of the AZ91-Ca-Sb alloy by adding 0.5, 1.0, and 2.0 (wt.%)
SiCpp. Chen et al. [82] investigated the effect of different sizes of SiC on the mechanical
properties of Mg-2.0Zn-0.1Y alloy. They reported that the nanosized SiC particles greatly
enhanced the strength and ductility of the alloy.

2.6 Corrosion

Corrosion is a reaction that occurs with a material and its surrounding environment, resulting
in the deterioration of the material [83]. All environments are mildly or aggressively corrosive
to all kinds of metals. In real life, all the mediums, for example, water, air, moisture, gas, steam,
alkaline, acidic etc., tend to corrode the material. The corrosive nature of the inorganic
materials is higher compared to the organic materials. Apart from this, catastrophic
environments involving high temperature and pressure also significantly influence the
material's corrosion behavior [83]. Therefore, in the course of selecting the structural material,
it is essential to consider the corrosion behavior of the material in the targeted environment.
Depending on the nature of the corrosive medium, corrosion can be classified as (a) wet

corrosion and (b) dry corrosion.

The corrosion that takes place in the presence of a liquid environment is known as wet
corrosion. The structural materials that undergo marine transport services are often exposed to
Cl-rich water, which leads to severe corrosion of those components under wet conditions. Dry
corrosion occurs in the absence of a liquid medium. In these cases, gases act as a corrosive
medium. In various high-temperature reactors, the flue gases can impart dry corrosion on the

structural material.
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Magnesium (Mg) is known to have poor corrosion resistance among structural materials. Mg
corrosion becomes significant when it contains specific elemental impurities like iron, nickel,
cobalt, and copper. They act as cathodes and lead to the degradation of Mg. Mg becomes
vulnerable to corrosion when exposed to species like C1™. The electromotive force series shows
that the -2.37 V is the standard electrode potential of Mg in interaction with a solution
containing Mg?*. The value is the lowest among the metals used for the structural components,
leading to its significant corrosion of the Mg. Therefore, Mg and Mg-based alloys are affected

by several corrosion mechanisms, which are discussed in the following section [84].

2.6.1 Galvanic corrosion

Galvanic corrosion is usually identified by the severely corroded localized regions that are
close to the cathode. The cathode can be a separate metal in close contact with Mg or a
secondary phase in the Mg-based alloys [84]. In the internal case, the secondary intermetallic
phase, like B-Mgi7Al12, severely damages the a-Mg phase, causing it to defoliate from the alloy.
The rate of galvanic corrosion is affected by several key factors, namely potential difference,

separation distance, and contact area between cathode and anode.

2.6.2 Pitting corrosion

Pitting corrosion results from the extremely localized corrosion attack, leading to pit formation
on the metals. The diameter and depth of the pits may vary significantly, indicating
inhomogeneity of the reaction process. The pit formation might lead to catastrophic failure of
the component in service. The pitting corrosion's undetectability makes it a more dangerous
form of corrosion for structural materials. Further, the lab experiments are unable to detect this

kind of corrosion [83].

2.6.3 Intergranular corrosion

Intergranular corrosion takes place along the grain boundaries of an alloy. However, the
intergranular corrosion of Mg-based alloy is not significant owing to the comparably more
cathodic intermetallic phase formation than the a-Mg phase. Therefore, the corrosion in Mg
alloys is unable to penetrate inside the crystal through the grain boundaries [83].

2.6.4 Stress corrosion cracking

The combined effect of tensile stress and corrosion leads to the accelerated growth of the crack

tip, which leads to premature failure of the component under the same stress imparted. This
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type of fracture can be transgranular and intergranular in nature. According to various studies,
stress corrosion cracks lead to intergranular fractures of Mg-Al-based alloys due to the
interconnected secondary phase network. The formation of MgH> also leads to the hydrogen

embrittlement of these alloys [64,83].

2.6.5 Corrosion at elevated temperature

The oxidation rate of the Mg alloy changes proportionally with the increase in temperature.
The formation of the MgO layer on the surface of the Mg alloy took place. The unstable layer
of MgO deteriorates quickly, compromising the alloy's integrity. It is observed that the high-
temperature oxidation rate of Mg increases as the concentration of Al, Zn alloying increases in
Mg. However, several studies indicate that adding Ce, Ca, and La improves the oxidation

behavior of Mg alloy more than pure Mg [83].

2.6.6 Corrosion behavior of Mg- and Mg alloy-based nanocomposites

Mg alloys reinforced with microparticles exhibited more detrimental corrosion properties than
the parent alloy. Tiwari et al. [85] showed that adding 25 um SiC particles in pure Mg
significantly reduced the corrosion resistance of the micro-particle reinforced composites. The
addition of micro-SiC in Mg introduced additional defects in the corrosion film owing to
matrix-SiC discontinuity, which resulted in the poor corrosion resistance of the composites.
Turan et al. [39] reported that adding carbonaceous particles deteriorated the corrosion
properties of the AZ91 alloy. The strong galvanic corrosion between carbonaceous particles
and a-Mg was responsible for the poor corrosion resistance of the composites. Zhang et al. [40]
too published a similar report of micro-SiC addition in the AZ91 alloy, while corrosion was
tested in a 3.5 (wt.%) of NaCl solution. They mentioned that the refinement and preferential
recrystallization of the f-Mgi7Al12 phase around the micro-SiC particles resulted in higher
galvanic corrosion of the AZ91-SiC composites. Mondal et al. [41] compared the corrosion
resistance of the AE42 alloy and its hybrid composites and reported an adverse effect of the
reinforcement phases on its corrosion response. They, too, mentioned that the irregular
corrosion film formation on the surface of the composites was inefficient in providing adequate
corrosion protection. However, recent studies suggested that adding nanoparticles might
significantly protect the Mg-based alloys from corrosion [42,43]. Ganguly et al. [44] studied
the impact of SiCyp addition on the corrosion behavior of AZ91-2.0Ca-0.3Sb alloy and reported

a decreased corrosion rate of the nanocomposites compared to the squeeze-cast alloy. They
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observed that the decreased volta potential between a-Mg and B-Mgi7Ali2 phases was
responsible for the improved corrosion resistance of the NCs. However, the factors responsible
for the decrease in the volta potential were not explained. Esmaeilzadeh et al. [45] explored the
corrosion performance of micro and nano-sized ZnO-reinforced WE43 alloy. The improved
corrosion resistance of WE43-based nanocomposites was attributed to the grain refinement and
redistribution of secondary phases achieved from the ZnO nanoparticles addition. The above
review concludes that the microparticles reinforcement deteriorated the corrosion resistance of
the Mg alloys, whereas, the nanoparticle dispersion improved the corrosion resistance of the
Mg alloys. However, the mechanism of improvement in corrosion resistance following the
nanoparticle additions in the Mg alloys, as well as the effects of volume fractions of

nanoparticles on corrosion behavior, is not yet fully understood.

2.7 Motivation for the thesis

The Mg-Al-based alloys are known for their high specific strength. However, their application
is restricted to ambient temperature owing to their poor high-temperature properties and
corrosion behavior. The RE, Sr, and Ca alloyed Mg-Al-based alloys can be used up to 473 K.
Ca is a cheaper and easily available alternative to RE elements among the mentioned elements.
The newly developed Mg-Al-Ca-Mn alloy has the potential to serve at 473 K. However,
automotive powertrain components demand applications beyond 473 K. The dispersion of
nanoparticles in pure Mg and Mg alloys imparts significant enhancement in creep properties.
Considering this, the SiCyp-dispersed Mg-5.0A1-2.0Ca-0.3Mn (wt.%) (AXMS520) alloy and
nanocomposites (NCs) are developed in the present thesis. The effects of SiCyp-dispersion on
the microstructure, tensile, compression, creep, and corrosion behavior of these NCs are
studied. Further, age-hardening improves the strength of Mg alloys. Unfortunately, to the best
of the authors’ knowledge, the creep behavior of age-hardened and dispersion-strengthened
Mg alloys has not been explored yet. Therefore, the microstructural alteration and creep
charectaristics of the squeeze-cast age-hardened AXM520 alloy with SiC nanoparticles

additions are also investigated.
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The details of the fabrication process of the Mg-5.0A1-2.0Ca-0.3Mn (wt.%) (AXM520) alloy
and nanocomposites are discussed in this chapter. In addition, the details of the experimental
setups and relevant equations used to produce the experimental data and their methods of

analysis are discussed.

3.1 Fabrication of alloy and nanocomposites

The AXMS520 (Mg-5.0A1-2.0Ca-0.3Mn (wt.%)) alloy was manufactured from pure Mg
(~99.9%) as well as Mg-30.0Ca (wt.%) and Al-10.0Mn (wt.%) master alloys (Oswal Minerals
Limited, India). The AXM520 alloy-based nanocomposites (NCs) were produced by adding
0.5, 1.0, 2.0, and 3.0 (wt.%) SiCyp (average diameter 60 nm, Ultra Nanotech, India). The
targeted and achieved compositions of the AXMS520 alloy and NCs with their designations are

summarised in Table 3.1.

Table 3.1 The sample designations and compositions of the alloy and nanocomposites.

Measured composition (wt.%) Nanoparticles
Sample
designation content
Al Ca Mn Fe Ni Cu Mg (wt.%)
AXMS520 495 2.01 028 0.004 0.001 0.002 Balance 0
NCO0.5SiC 5.01 199 0.27 0.006 0.001 0.001 Balance 0.5% SiC
NCI1.0SiC 497 2.02 030 0.003 0.001 0.001 Balance 1.0% SiC
NC2.0SiC 5.03 1.97 0.28 0.005 0.002 0.003 Balance 2.0% SiC
NC3.0SiC 5.02 2.01 0.29 0.006 0.001 0.002 Balance 3.0% SiC

The alloy and NCs were prepared utilizing a squeeze-cast setup with a bottom pouring facility
(Swamequip, India). In the beginning, the furnace of the casting setup was allowed to attain a
temperature of 1023 K by resistance heating. After attaining the temperature, the Mg ingots
were placed inside the graphite crucible located inside the furnace. Once the Mg ingots were

melted, the calculated amounts of the preheated (473 K) Mg-Ca, Al-Mn master alloys, and
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SiCyp were added to the Mg-melt. A mixture of the Ar and SFs gases in the ratio 99.5:0.5
(vol.%) was passed to the melt to prevent oxidation. The melt was stirred at 300 rpm for 5 min
once the melt temperature reached 1023 K. The stirring process ensured the mixing of the
added alloying elements and SiCnp with molten Mg. The liquid mixture was then allowed to
settle at 1023 K for 1 min. The melt from the crucible was passed into a mild steel mould heated
to 523 K. A vertically installed hydraulic ram squeezed the melt into the mould at 200 MPa.
The melt solidified in about 60 s under 200 MPa. The final shape of the cast ingot was
cylindrical, with a radius of 25 mm and 200 mm long. The compositions of all the materials

were determined by an ICP-MS (Agilent Technologies, 7900).

3.2 Microstructural characterization of alloy and nanocomposites

3.2.1 X-ray Diffraction (XRD)

The phases present in the samples were investigated using XRD (PANalytical) employing
CuK,, radiation (scan speed: 2 °/min). The X-ray diffraction data was then recorded in the 20

range of 20 to 90 °.

3.2.2 Optical Microscopy (OM) and Scanning Electron Microscopy (SEM)

The microstructures of the as-cast alloy and NCs were studied using Optical Microscopy (OM)
(LEICA DM2500M) and Field Emission Scanning Electron Microscopy (Carl Zeiss, Supra 40)
furnished with an Energy-Dispersive X-ray Spectroscopy (EDS)(Oxford Instruments). The
alloy and NCs were subjected to standard metallographic techniques. The samples were ground
using 400, 800, 1000, 2000, and 2500 grit emery papers, followed by polishing with 1.5 and
0.5 pm diamond paste. The specimens were etched using a solution of 5 g picric acid, 100 ml
ethanol, 20 ml H>O, and 10 ml acetic acid. The Image-J software was employed on the SEM

micrographs to estimate the fraction of the phases present.

3.2.3 Fractal analysis

The connectivity of the phase was assessed with the help of fractal analysis using SEM images.
The SEM micrographs were converted into binary images, and then they were examined by an
‘Image analysis algorithm’. The algorithm identified the largest connected mass (Dmax) present
in the image. Thereafter, the algorithm reconstructed the largest connected mass separately.

The reconstructed image was then used to calculate the fractal dimension (Dy) using the pixel
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counting method [35]. The total number of boxes required to cover the Dmax was expressed as
a function of edge length x (N(x)) as per Eq. 3.1.
N(x) = x7Pr Equation 3.1

3.2.4 Transmission Electron Microscopy (TEM) analysis
The Transmission Electron Microscopy (TEM) (FEI, Tecnai G2 20 TWIN) analysis was
performed by taking a 3 mm disc from the as-cast ingot. Initially, the foils were mechanically

thinned to 1 mm and then ion-milled (Gatan, Duo Mill 600) to make them electron-transparent.

3.3 Mechanical characterization of alloy and nanocomposites

3.3.1 Tensile and compressive tests
The tension and compression tests were conducted on the AXMS520 alloy and NCs at ambient
temperature under uniaxial loading. The specimens for both tests were prepared according to
the ASTM-E8 and ASTM-E9 standards, respectively. The cast ingot was cut into small pieces
and machined to the standard dimensions. A 50 kN Universal Testing Machine (UTM) (BISS,
Electra 50) was employed to perform the tensile and compression tests. All the tests were
541

performed using a constant strain rate, i.e., 8.334x107 s™". Three tests were performed at each

parameter to evaluate the tensile and compressive properties.

3.3.2 Impression creep tests

The impression creep tests were carried out with a lever-based impression creep tester
(SPRANK/3123/03/21, SPRANKTRONICS, India). The lever has an arm ratio of 1:10. One
end of the lever was attached to a specimen holder, and the other end of the lever was connected
to a loading cage. The indenter with the specimen holder was placed inside an electric
resistance furnace. After that, the furnace was heated to a targeted temperature, and the entire
arrangement inside the furnace was held at the temperature for 1 h to ensure thermal
equilibrium. Then, the indentation process was started. A flat-end cylindrical tungsten carbide
indenter of 1.0 mm diameter was employed for indentation. The specimens of 10x10x10 mm?
were used in the creep tests. The surfaces of the samples were cleaned using 1000 and 2000-
grade emery papers before conducting the creep tests. The indentation depth was acquired
using a sensor as a function of time. The selected ranges of temperature and stress for the

impression creep tests were 390 to 490 MPa and 448 to 523 K, respectively.

Page | 28



Chapter 3 Experimental Procedure

3.3.3 Post-creep microstructural study

The microstructural changes and materials flow below the indentation of crept samples of the
AXMS520 alloy, and NCs were further examined. The indentations were bisected to obtain the
flow patterns, as shown in Figure 3.1, and observed under SEM after standard polishing. The
samples for Electron Backscatter Diffraction (EBSD) observation were electropolished
(Lectropol-5, Struers) using a solution of 30% nitric acid and 70% methanol for 15 s with a
voltage of 12 V. The EBSD data were acquired using an FE-SEM with a scanning step size of
1.5 pm.

3.4 Corrosion tests of alloy and nanocomposites

3.4.1 Hydrogen evolution and immersion tests

For hydrogen evolution tests, the samples of the AXM520 alloy and NCs were polished with
400, 800, 1000, 1500, and 2000 grades of emery papers, followed by cloth polishing using 1.0
and 0.5 pum diamond pastes. The samples were then exposed to a 3.5 (wt.%) aqueous NaCl
solution at a pH of 7.0. An area of 15x15 mm? of the respective specimen was exposed to the
solution for 60 h at 25 + 2 °C. The evolved hydrogen was collected using the water
displacement technique in a measuring cylinder. Three samples of each variant were tested
under identical conditions to check the reproducibility of the tests. The corrosion rates (mm/yr)
of the alloy and NCs were calculated from the hydrogen evolution rate (AVy) (ml/cm?) for the

exposed duration (t) (h) using the density (p) (1.74 g/cm?) as per the following equation [44].

) 94.608 XAV, )
Corrosion rate (mm/yr) = TtH Equation 3.2

The values of weight loss of the AXMS520 alloy and NCs specimens (area 15x15 mm?) were
also recorded after immersion in NaCl solution for 60 h. The corrosion rates of the alloy and

NCs were calculated using the following equation:

. 87600XAw .
Corrosion rate (mm/yr) = ———— Equation 3.3
p XAX t

where A (cm?) is the exposed area of the specimen, and Aw is the weight loss (in g) measured

after the removal of the corrosion products.
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Figure 3.1 Schematic portraying the region of microstructural analysis below indentation after

creep test.
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3.4.2 Electrochemical corrosion tests

The electrochemical corrosion tests of the alloy and NCs were performed by employing an
electrochemical workstation (Corrtest, CS350). The tests were done using a conventional three-
electrode system. The alloy and NCs were used as a working electrode. A platinum net and
Ag/AgCl with 3 mol KCI solution were used as a counter electrode and reference electrode,
respectively. The entire enclosure was then filled with 3.5 (wt.%) aqueous NaCl solution, and
a 10 cm? sample area was exposed to the solution. After that, the alloy and NCs' open circuit
potential (OCP) was measured for 3600 s to ensure the stable Eocp before conducting other
electrochemical corrosion tests. Then, the electrochemical impedance spectroscopy (EIS) was
performed, followed by a potentiodynamic polarization test. The EIS of each sample was
measured from 100 kHz to 0.01 Hz, with + 10 mV with respect to OCP. The potentiodynamic
polarization test was conducted at OCP - 300 to OCP + 400 mV and the potential was varied
at 0.01 mV/s.

3.4.3 Measurement of volta potential

The volta potential difference between the primary a-Mg and secondary (Mg,Al),Ca (C36)
phases of AXM520 and NC3.0SiC was measured using a Scanning Kelvin Probe Force
Microscopy (SKPFM) (NT-MDT Service and Logistics Ltd., NTEGRA Prima). Before the
experiment, the samples were polished, as mentioned earlier, and then cleaned using ethanol.
The measurement was performed in a controlled atmosphere of 25 + 2 °C. A Pt-coated Si tip
with 20 + 10 nm was employed to map the surface profile and potential difference. The surface
profile was measured using the tapping mode, while the potential signal was measured by

raising the cantilever at a height of 50 nm.

3.4.4 Analysis of corrosion products

The morphology of the corroded film deposited on the alloy and NCs was captured by an SEM
(Carl Zeiss Microscopy Ltd., EVO-Scanning Electron Microscopy MA15/18) with an EDS
facility (Oxford Instruments Nanoanalysis, 5SIN1000 - EDS System). The corroded film's XRD
diffraction pattern was recorded using Cu-K, radiation (PANalytical) with a scanning speed of
5 °/min. Further, the corroded film's Fourier Transform Infrared Spectroscopy (FTIR) (Thermo
Electron Scientific Instruments LLC, Nicolet iS5) was recorded in attenuated total reflectance
mode. The FTIR spectra were recorded in the range of 550 to 4000 cm™' The corrosion

product's X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific, K-Alpha) was
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also performed using an Al-K, X-ray source. The 3D profilometry and SEM observation of the
corroded surfaces were performed after removing the corrosion products using a 100 ml

aqueous solution of 20 and 10 g of CrO3 and AgNOs, respectively.

3.5 Heat treatment of alloy and nanocomposites

The samples of 10x10x10 mm? were cut from the cast ingot. The specified samples were then
homogenized in a tube furnace at a temperature of 773 K for 8 hr in Ar atmosphere and,
subsequently, water quenched. The homogenized samples were artificially aged in a muffle

furnace at a temperature of 523 K.

3.6 Designations of aged alloy and nanocomposites

The alloy is designated as AXMS520HT, and the nanocomposites containing 1.0 and 2.0 (wt.%)
of SiCyp are designated as NC1.0SiCHT and NC2.0SiCHT, respectively.

3.7 Hardness measurement

The aged samples were then taken out from the muffle furnace at a regular intervals of 30 min
to measure their hardness using a Vickers hardness tester (Vertex Engineers & Associates, HV-

50A). The applied load and dual time were 1 kgf and 10 sec, respectively.
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This chapter illustrates the detailed microstructural characterization of the Mg-5.0A1-2.0Ca-
0.3Mn (wt.%) (AXM520) alloy and nanocomposites. The microstructural characterization was
carried out using X-ray Diffraction (XRD), Optical Microscopy (OM), Scanning Electron
Microscopy (SEM), and Transmission Electron Microscopy (TEM). The XRD detected the
various phases present in the microstructure of the alloy and nanocomposites. The
representative micrographs for all the alloys were taken using OM and SEM. The composition
of the phases was analyzed by the Energy-Dispersive X-ray Spectroscopy (EDS) attached to

the SEM and TEM. The major outcomes of the present chapter are summarised at the end.

4.1 X-ray diffraction analysis

The ambient temperature solid solubilities of Ca and Mn in Mg are negligible. Therefore, the
formation of Ca- and Mn-rich intermetallic phases in the AXM520 alloy is expected. Figure
4.1(a to c) presents the X-ray diffraction patterns obtained from the alloy and nanocomposites
(NCs). Analysis of the XRD patterns confirmed the existence of the Mg solid solution (i.e., a-
Mg) and (Mg,Al),Ca (C36) (M. P. 988 K) phases in the alloy and NCs. The magnified view of
the XRD patterns of the AXM520 alloy and NC3.0SiC (representative picture of the NCs) in
the 20 range from 30 to 50 are presented in Figure 4.1(b). The XRD peaks obtained from the
C36 phase are shown. Thus, the intensity of the XRD pattern for the C36 phase is reasonably
prominent, and it is as per the pattern reported by Zubair et al. [58] for the same phase. The
AlsMns phase was also observed in the AXM520 alloy and NC3.0SiC. As expected, the
presence of the SiC phase was confirmed in the XRD pattern of the NC3.0SiC. The B-Mgi7Al2
(A12) (M. P. 733 K) phase was suppressed in the alloy and NCs employed in the current
investigation, and the suppression was attributed to the chosen Ca/Al ratio of 0.40. Similar
results were also observed by other researchers [13,14]. Ninomiya et al. [15] concluded that
the occurrence of the Al,Ca (C15) phase (M. P. 1352 K) suppressed  phase in the Mg-Al-Ca
alloy containing a ratio of Ca to Al of 0.11. They also observed that further incorporation of
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Figure 4.1 (a) XRD patterns obtained from the as-cast AXM520 alloy and all the
nanocomposites; (b) magnified view of the XRD patterns obtained from the AXMS520 alloy
and NC3.0SiC in the 26 range from 30 to 50 °; and (c) magnified view of the 20 range from
36.0 to 37.5 ° confirming the shift of the high-intensity peak of the a-Mg phase.
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Ca (Ca/Al > 0.83) in the Mg-Al-based alloys encouraged the formation of the Mg>Ca (C14)
(M. P. 988 K) phase along with the Al,Ca (C15) phase. Table 4.1 summarises the phases
previously reported [56,59,86-89] in the Mg-Al-Ca-Mn alloys with a Ca/Al fraction close to
that of the present investigation, i.e., Ca/Al = 0.40. The presence of the (Mg,Al)>Ca (C36)
phase is evident in all the alloys. The presence of the AlsMns phase in the Mg-Al-Ca-Mn alloys
was reported by other researchers as well [59,88]. No peaks corresponding to alumosilicate and
Mg>Si were detected in the XRD patterns, confirming the absence of reaction products. The
enlarged view of the (1011) peaks corresponds to the a-Mg phase present in the alloy, and NCs
are shown in Figure 4.1(c). It is evident that the high-intensity peak of the a-Mg phase shifted
towards the right of the XRD patterns as the concentration of the SiCpp, increased in the
AXMS520 alloy. The presence of SiCpp hinders solid rejection during solidification of the NCs
by encapsulating the solid phase [90,91]. In the present investigation, Al rejection from the a-
Mg phase nuclei was hindered owing to the presence of the SiCnp, which resulted in the
enrichment of the a-Mg phase. The atomic radii of Mg and Al are 150 and 125 pm, respectively
[92]. Therefore, the lattice contraction of the a-Mg phase took place, which contributed to the
right shift of the (1011) peak.

Table 4.1 Summary of the phases formed in the Mg-Al-Ca-Mn alloys reported in the literature.

Composition (wt.%) Phases present in
Alloy Ref.

Al Ca Mn Ca/Al as-cast condition

AXMS5203 450 190 0.27 042 o-Mg,C36 [86]
AXMS523 511 233 033 044 o-Mg,Cl15,C36 [87]
AXMS520 500 2.00 040 040 o-Mg,C36,AlsMns [88]
AXM63011 6.10 3.20 0.11 0.52

AXM6305 6.00 320 046 0.52

AXM4204 400 2.00 040 050 o-Mg,C36 [56]
AXM7303 690 330 030 047 oa-Mg,C36,AlsMns [59]

a-Mg, C36,C14  [89]

4.2 Optical and SEM micrographs

Figure 4.2(a to e) displays the optical images of the alloy and NCs with the corresponding grain
size distribution. The continuous network of the dark (Mg,Al)>Ca (C36) phase was distributed

along the interdendritic regions in the AXMS520 alloy. The grain size of all the NCs was smaller
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compared to the AXMS520 allo, as estimated by the linear intercept method, summarized in
Table 4.2. The grain size of the NCs reduced as the concentration of the SiCpp increased in the
AXMS520 alloy, and the same decreased by 36.8% in the NC3.0SiC. The grain refinement in
the NCs was owing to the heterogeneous nucleation of a-Mg on the nanoparticles during
solidification. The phenomenon of grain refinement in Mg alloy following the nanoparticle

additions was reported previously as well [30].

Table 4.2 The calculated grain size, volume fraction, and fractal dimension of the C36 phase

in the alloy and nanocomposites.

Alloy/ Volume fraction of  Fractal dimension
Grain size (um)

Nanocomposite C36 phase (%) (Dy) of C36 phase
AXMS520 52.5+12.1 17.41 1.58
NCO0.5SiC 48.1+10.1 15.35 1.38
NC1.0SiC 43.2+11.1 13.82 1.29
NC2.0SiC 37.9+6.2 12.02 1.12
NC3.0SiC 33.24+6.3 11.51 1.10

The SEM image of the alloy is provided in Figure 4.3(a), and its enlarged view is displayed in
Figure 4.3(b). Three different contrasts were observed in the micrograph. The dark grey and
grey contrasts were identified as the a-Mg and C36 phases, respectively, and the bright spots
correspond to the AlsMns phase. The X-ray elemental mapping for Mg, Al, Ca, and Mn
obtained from Figure 4.3(b) is displayed in Figure 4.3(c). The existence of Mg, Mg-Al-Ca, and
Al-Mn-rich phases was confirmed in the micrograph of the AXMS520 alloy. Another magnified
view of the AXMS520 alloy is presented in Figure 4.3(d), and the elemental analyses were
performed in it. The EDS spectra from inside the grain (Spot 1) demonstrated the composition
of Mg-2.6A1-0.3Ca (at.%), confirming a-Mg. The EDS spectra obtained from the lamellar
phase (Spot 2) display the presence of Mg-28.5A1-14.9Ca (at.%), confirming the C36 phase.
Li et al. [56] too reported a similar composition of C36 phase in the AXM alloy. Further, EDS
spectra taken from the blocky phase (Spot 3) were identified as the AlsMns phase with the
composition of Mg-47.6A1-43.3Mn (at.%). A similar composition of the AlsMns phase in the
AXM alloys was stated by other researchers as well [59,88].
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Figure 4.2 Optical micrographs with the corresponding grain size distribution of the (a)
AXMS520 alloy, (b) NCO0.5SiC, (c) NCI1.0SiC, (d) NC2.0SiC, and (e) NC3.0SiC

nanocomposites.

Page | 37



Chapter 4

Microstructural Characterization

/"';\._ ’
™~
* 1) ow=ALM

1] ' 4 /
7

:

.

Cay
b e

° EDS results from spot 1

Element|Wt.%| At.%

Mg, [96.60 97.06

Al, |2.92] 2.64

0.48| 0.29

Ca Ca

O.Uéoo

20.0

0 Cnts

1.00

0.000 keV

2,00 3.00 4.00

Det: Octane Elect Plus Lsec: 10.0

0Cnts

1.00

0.000 keV

EDS results from spot 2

Element| Wt.% | At.%

Mgy [50.27|56.68

Al, |28.01|28.46

Cay |21.72|14.86

Ca
Ca

200 3.00 400

Det: Octane Elect Plus

Lsec100  OCnts

EDS results from spot 3

Element| Wt.% | At.%

5.67
33.09
61.24

9.06
47.64
43.30

Mgy
Al
Mny

0000keV  Det Octane Elect Plus.

Figure 4.3 (a) SEM micrograph of as-cast AXM520 alloy; (b) a magnified view of ‘a’; (¢) X-

ray elemental mapping of Mg, Al, Ca and Mn corresponding to ‘b’; (d) another magnified view

of ‘a’ indicating the regions of EDS analysis; EDS spectra taken from (e) spot 1 confirming a-

Mg phase, (f) spot 2 confirming C36 phase, and (g) spot 3 confirming AlgMns phase.
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Figure 4.4(a to d) reveals the SEM micrographs of the NCs. The as-cast microstructures of all
the NCs too consist of a-Mg phase, a eutectic of a-Mg and (Mg,Al)>Ca (C36) phases and a
AlsMns phase. Additionally, the SiC phase is also present in the NCs. The continuous network
of the C36 phase in the NCs is fragmented and becomes discontinuous as the concentration of
the SiCpp increases in the NCs. The amount of the C36 phase decreased with an increase in the
concentration of the SiCpp in the NCs. The presence of the SiCyp in the matrix dissolved a
fraction of the C36 phase and broke down its continuous network. The reason behind the
reduction of the C36 phase has been discussed in section 4.3. A similar observation was also
made by Huang et al. [93]. The B-Mgi7Ali2 phase in their investigation dissolved in a-Mg with
increased concentration of the dispersed SiC and Al>Os; phases. Moheimani et al. [94] also
observed that incorporating the AIN nanoparticles in EV31 alloy reduced the amount of
secondary Mg3;RE in the nanocomposite. Ganguly and Mondal [30] also concluded that the
extent of B-Mgj7Ali2 phase diminished with increase in SiC nanoparticles concentration in the

AZ91-Ca-Sb-alloy-based nanocomposites.

4.3 Fractal analysis of SEM micrographs

The fractal analyses were carried out to study the connectivity of the C36 phase of the as-cast
alloy and NCs. The microstructures of the AXM520, NCO0.5SiC, and NC3.0SiC at a fixed
magnification are presented in Figure 4.5(a to c¢). The maximum connectivity of the C36 phase
was in the AXM520 alloy. The connectivity of the C36 phase decreased as the concentration
of the nanoparticles increased in the NCs. Furthermore, the network of the C36 phase
surrounding the a-Mg phase disappeared gradually with the increase in the SiCy, content, and
it was the lowest in the NC3.0SiC, as shown in Figure 4.5(c). For better clarity, the connectivity
of the secondary phase network was further quantified in terms of fractal dimension (D) and
was plotted in Figure 4.5(d to f). The results show that the slopes of the curves decreased as
the concentration of the nanoparticles increased in the NCs. The slope was the maximum (i.e.,
1.58) corresponding to AXMS520 alloy, and the same was the minimum (i.e., 1.10) in
NC3.0SiC. The estimated content of the C36 phase in both the alloy and NCs, and
corresponding fractal dimensions are presented in Table 4.2. For a well-developed secondary
phase network, the value of Dr should be two, whereas it is one for the fragmented network
[35]. Based on the values of Dr presented in Table 4.2, it is evident that the connectivity of the

grain boundary phase decreased as the concentration of the SiCyy, increased in the NCs.
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Figure 4.4 SEM micrographs of the as-cast (a) NCO0.5SiC, (b) NC1.0SiC, (¢) NC2.0SiC, and
(d) NC3.0SiC nanocomposites.
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Figure 4.5 Fractal analyses of the (a) AXM520, (b) NC0.5SiC, and (¢) NC3.0SiC exhibiting

the maximum connected C36 phase extracted from the respective binary SEM images; and (d)

to (f) exhibit the fractal dimension (Dr) plots obtained from the respective images fractal

dimension (D) plots obtained from the respective images from ‘a’ to ‘c’.
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During solidification, the alloying elements Al and Ca were directed towards the boundaries
between the solid and liquid phases, and accordingly, the secondary phase formation took place
along the grain boundaries of the alloy [56]. Suzuki et al. [16] reported that the liquid (L) —
a-Mg + (Mg,Al),Ca (C36) reaction took place at 807 K and a Ca/Al fraction of 0.52. They also
mentioned that for the Ca/Al fraction beyond 0.52, the eutectic reaction: liquid (L) — o-Mg +
Mg>Ca (C14) + C36 took place. The Ca/Al fraction in the present investigation is restricted
below 0.50, and accordingly, the formation of the C14 was not observed in the AXM520 alloy.
The role of the nanoparticles during solidification, i.e., the occurrence of the a-Mg as well as
secondary C36 phases in the AXM520 alloy, can be understood from the reported literature on
the nanocomposites. Xu et al. [95] in their work revealed that the nanoparticles were engulfed
by the growing dendrites or pushed towards the liquid phase during solidification. Chen et al.
[90] showed that the nanoparticles acted as a physical barrier during the growth of the solid
phase. Wang et al. [91] showed that the presence of nanoparticles during solidification greatly
impeded the solute rejection from the solid phase. Guo et al. [96] too showed that as the local
concentration of nanoparticles increased in the liquid melt, the diffusion of the major solute
particles were hindered during solidification. They also mentioned that the viscosity of the
liquid melt increased in the presence of nanoparticles, resulting in a decrease in the solute
diffusion process. Thus, during the solidification of the NCs in the present investigation, one
or more phenomena might have occurred, resulting in the morphological change and reduction
in the fraction of the secondary C36 phase in the NCs. However, it is impossible to identify
and isolate the individual mechanism responsible for the decrease of amount of the C36 phase.
This requires a comprehensive examination of the solidification characteristics of the alloy and

NCs, which is not within the scope of the current study.

4.4 TEM analysis
Figure 4.6(a) shows the TEM bright-field (BF) image of the intermetallic phase in the AXM520

alloy. The image taken from the eutectic region exhibits the presence of the alternate layers of
the 0-Mg phase with bright contrast and an unknown phase with dark contrast. The eutectic
was distributed across several microns along the width. The SAED pattern acquired from the
dark portion of the eutectic shown in Figure 4.6(b) confirms the (Mg,Al),Ca phase with a
double hexagonal crystallographic structure (C36). Thus, the microstructure of the AXM520
alloy comprises a-Mg grains as well as the eutectic of a-Mg and (Mg,Al)>,Ca (C36) phases
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along grain boundaries and triple points. The careful analysis of the SAED pattern confirms
the following orientation relationships between a-Mg and C36 phases.
(0001)g-mg | | (0001)c36, [1010 Jo-mg | | [1120]c36

A similar orientation relationship was reported by Luo et al. in their work on Mg-5A1-3Ca alloy
[97]. The lattice parameters of the a-Mg and C36 phases were also calculated from the SAED
pattern. The lattice parameter value for a-Mg was approximately a = 3.19 A and ¢ = 5.23 A,
and the same for the C36 phase was a = 5.92 A and ¢ = 9.87 A. Figure 4.6(c) shows the BF
micrograph acquired from the intermetallic phase observed in the NC3.0SiC, and the analysis
of its SAED pattern in Figure 4.6(d) confirms existence of C36 phase in the a-Mg matrix of
the NCs as well. The precipitate has an irregular shape with an average width of 1.58+0.6 pm.
The BF image and its SAED pattern taken from the matrix of the NC2.0SiC shown in Figure
4.6(e and f), exhibits an almost homogeneous distribution of SiCyp in a-Mg matrix. Figure
4.6(g) reveals the agglomeration of the nanoparticles in the matrix of the NC3.0SiC. The
corresponding SAED pattern shown in Figure 4.6(h) with ring-like appearance confirms the
presence of the SiC phase, and the dot pattern was from the primary Mg phase. The high-
resolution (HR)-TEM image of the SiC,p present in the a-Mg phase is shown in Figure 4.7(a).
The First Fourier Transformation (FFT) of Figure 4.7(a) confirms that the observed fringes
correspond to the (002) plane of the SiC phase, is shown in Figure 4.7(b). The SiC,, present in
the grain interior resulted from the engulfment of the SiCy, phase by the solid-liquid interface
during the solidification of the melt. Figure 4.7(c and d) exhibits a TEM-BF micrograph of the
grain boundary region, and the corresponding SAED with ring pattern. The analysis of the
SAED pattern confirms the coexistence of the C36 and SiCy, phases at the grain boundary
region of NC3.0SiC nanocomposites. Fractions of the added SiCn, were pushed along the solid-

liquid interface and decorated along the boundaries of the C36 phase.
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(e) NC2.0SiC i

Figure 4.6 (a) TEM BF image taken from the C36 phase of AXMS520 alloy, and (b) SAED
pattern corresponding to ‘a’ with beam direction B = [0001]; (c) TEM BF image taken from
the C36 phase of NC3.0SiC, and (d) SAED pattern corresponding to ‘c’ with beam direction B
=[2423]; (e) TEM BF image taken from the matrix of NC2.0SiC exhibiting the distribution of
SiC nanoparticles, and (f) SAED pattern corresponding to ‘e’; (g) TEM BF image taken from
the matrix of NC3.0SiC exhibiting the agglomeration of SiC nanoparticles, and (h) SAED

pattern corresponding to ‘g’.

Page | 45



Chapter 4 Microstructural Characterization

Figure 4.7 (a) HR-TEM image of the SiCy, present in a-Mg of NC3.0SiC; (b) FFT

corresponding to ‘a’; (¢) distribution of SiCyp close to the C36 phase at the intergranular region

of the NC3.0SiC; and (d) SAED pattern corresponding to ‘c’
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4.5 Summary of chapter 4

In this chapter, the detailed microstructural characterization of the squeeze-cast Mg-5.0Al-
2.0Ca-0.3Mn (AXM520) alloy and its nanocomposites dispersed with 0.5, 1.0, 2.0, and 3.0
(Wt.%) of SiCyp has been presented. The nanocomposites (NCs) were abbreviated as NC0.5SiC,
NC1.0SiC, NC2.0SiC and NC3.0SiC. The major findings from the current chapter are

summarized below.

1.

1l

iii.

1v.

The microstructures of AXMS520 alloy and NCs consist of a primary solid solution (a-
Mg), a eutectic of a-Mg and (Mg,Al),Ca (C36) phases, and an AlgMns phase.
Additionally, the SiC phase was also present in the NCs.

The grain size of the NCs reduced as the concentration of the SiCyp increased in the
AXMS520 alloy, and the same decreased by 36.8% in the NC3.0SiC.

The C36 phase formed a continuous network in the AXMS520 alloy. However, the same
in the NCs was fragmented and became discontinuous with the increase in the fraction
of the SiCpp. Thus, the C36 phase was the most fragmented in the NC3.0SiC.

The a-Mg and C36 phase present in the AXMS520 alloy exhibited an orientation
relationship of (0001)g-mg | | (0001)c36 , [1010 Jo-me | | [1120]c36. The lattice parameter
values for the a-Mg and C36 phases were found tobea=3.19 A, c =523 A, and a=
5.92 A, c=9.87 A, respectively.
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In the present chapter, the ambient temperature tensile and compressive properties of the
AXMS520 alloy and NCs have been evaluated. Detailed analyses of the strain-hardening
response and fracture surfaces of the tested specimens are carried out. The dislocations in the
tested specimens have been characterized using TEM. A summary of the tensile and

compressive behavior is presented at the end of this chapter.

5.1 Evaluation of mechanical properties

5.1.1 Tensile Yield Strength, Ultimate Tensile Strength, and % Elongation

Figure 5.1(a) shows the typical engineering stress vs. engineering strain curves obtained at
ambient temperature from the AXMS520 alloy and the NCs. The tensile properties, i.e., Yield
Strength (YS), Ultimate Tensile Strength (UTS), and %Elongation (%El) calculated from
Figure 5.1(a) are presented in Figure 5.1(b). The magnitudes of YS, UTS, and %EIl of the
AXMS520 alloy were 80.4+8.2 MPa, 111.28+7.1 MPa, and 1.03%0.03%, respectively. All the
NCs exhibited superior tensile properties than the AXM520 alloy. The NC with 0.5 (wt.%)
SiCyp (1.€., NC0.5S1C) exhibited the lowest YS, UTS, and %EIl among the NCs. The NC2.0Si1C
exhibited the best tensile properties among the nanocomposites employed in the current study.
The YS, UTS, and %EIl of the NC2.0SiC enhanced by 37.2, 69.8, and 200.9%, respectively,
compared to the AXM520 alloy. Unfortunately, with further increase in the nanoparticle’s
concentration in the nanocomposites, i.e., in the NC3.0SiC, there was a marginal increase in
the YS with a deterioration in the UTS and %El compared to the NC1.0SiC and NC2.0SiC.
Thus, the YS of the NCs improved gradually with the increase in the SiCyp concentration up to
3.0 (wt.%). However, the UTS and %E]l of the nanocomposite declined with the addition of
more than 2.0 (wt.%) SiCyp to the AXMS520 alloy. Goh et al. [71] too reported an improvement
in the YS and UTS of pure Mg with additions of Y203 nanoparticles up to 2.0 vol.% without
deteriorating its ductility much. The low values of %El of the Mg-Al-Ca (AX) and Mg-Al-Ca-
Mn (AXM) alloys were also reported previously. The presence of the brittle A12, C36, and
C14 phases was responsible for the low elongation of the alloys. Sanyal et al. [35] mentioned
that the hardness and modulus mismatch between the matrix and Ca-rich phases introduced a
large amount of decohesion in the AXM alloy. The network of Ca-rich phase in their

investigation facilitated crack propagation during fracture. Thus, the discontinuous network of
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the C36 phase in the NCs significantly inhibited crack propagation, leading to their improved
elongation compared to the AXM520 alloy. However, as the concentration of the SiCyp
increased to 3.0 (wt.%) in the NC3.0SiC, the agglomeration of the nanoparticles increased,

resulting in an inferior %El of the NC3.0SiC.

5.1.2 Compressive Yield Strength and Ultimate Compressive Strength

The representative stress-strain plot of the AXMS520 alloy, as well as NCs obtained from the
uniaxial compressive test at ambient temperature, is shown in Figure 5.1(¢). The nature of the
plots is in good agreement with the previously reported compressive plots on Mg-based alloys
and composites [72,76,78]. The compression properties evaluated from Figure 5.1(c) are
presented in Figure 5.1(d). All the NCs exhibited superior compressive strength than the
AXMS520 alloy. Among the NCs, the NCO0.5SiC demonstrated the minimum CYS and UCS.
The NC2.0SiC exhibited the best compressive strength among the NCs. The CYS and UCS of
the NC2.0SiC enhanced by 23.7 and 53.9% than the AXM520 alloy. Unfortunately, with
further increase in the nanoparticles content in the NCs, i.e., in the NC3.0SiC, there is a
marginal increase in the CYS with a deterioration in the UCS than the NC2.0SiC. Thus, the
CYS of the NCs improved gradually with the increase in the SiC,, concentration up to 3.0
(wt.%). However, the UCS declined with the addition of more than 2.0 (wt.%) SiCyp to the
AXMS520 alloy due to the significant agglomeration of the nanoparticles, which weakened the
strain-hardening response of the NCs. Accordingly, the UCS value of the NC3.0SiC decreased.

5.1.3 Strain-hardening responses
Hollomon equation [98] relates the true stress () with the true plastic strain (¢) from the point
of yielding to UTS through the following equation.

o= ke™ Equation 5.1
where n and k are the strain-hardening exponent (SHE) and strength coefficient, respectively.
The ability of a material to undergo strain-hardening is quantified by the parameter SHE (n).
A plot of true stress against true strain in a log-log scale up to UTS results in a straight line.
The gradient of the line is SHE (n). Figure 5.2(a) shows the log(cTme) vs. log(&uue) plot for the
AXMS520 alloy and NCs. The AXM520 alloy exhibits a ‘n’ value of 0.31, whereas the same
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Figure 5.1 (a) Typical engineering stress-strain curves obtained from tensile tests of the

AXMS520 alloy and NCs, and (b) tensile properties calculated from ‘a’; (¢) typical engineering

stress-strain curves obtained from compression tests of the AXM520 alloy and NCs, and (d)

compressive properties calculated from ‘c’.
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ranges from 0.33 to 0.38 for all the NCs. The ‘n’ values of the NCs gradually increased as the
SiCyp concentration increased in the NCs. Among the NCs, the NC3.0SiC displayed the
maximum ‘n’ value, i.e., 0.38. Ganguly et al. [81] too reported that the ‘n’ values increased
with the increase in the SiC concentration in the AZ91-Ca-Sb-based nanocomposites. The same
trend was also observed for the ‘n” values calculated from the compression tests, as shown in
Figure 5.2(b). The AXM520 alloy has a ‘n’ value of 0.30, whereas all the NCs have ‘n’ values
from 0.31 to 0.37.

During plastic deformation, a material undergoes strain-hardening by virtue of its own plastic
deformation. In strain-hardening, the stress value of a material is enhanced with the progress
of the deformation, i.e., strain. The phenomenon is attributed to the interactions that took place

among the dislocations inside the material. The strain-hardening rate (SHR) is related to the
true stress (o) with the true plastic strain (g) by Z—: . Thus, the SHR 1is the gradient of the true-

stress-strain plot in the uniform plastic deformation region. In real life, a material continues to
strain-harden until it fractures. However, the geometrical softening overcomes it at the
maximum load, i.e., UTS. Beyond the UTS, the geometrical softening dominates over the
strain-hardening rate, leading to the material's failure under tension [64]. Figure 5.2(c) shows
the variation of SHR against the true plastic strain during the tensile tests for all the materials
employed. The SHR decreased linearly with the progress of deformation (i.e., strain) for both
the alloy and NCs. Initially, the SHR was higher, and the same declined continuously, leading
to the minimum value at the UTS for the plastic strain range considered, as expected. Further,
all the NCs exhibited a higher SHR of ~8000-10000 MPa than ~7600 MPa of the AXM520
alloy. The SHR estimated from the compression test for the alloy, and NCs exhibited the same
trend, as shown in Figure 5.2(d). A SHR rate of ~7000 MPa was obtained for the AXM520
alloy, whereas all the NCs exhibited relatively higher values of SHR of ~9500 to 10500 MPa.
The strain rate, grain size, texture, temperature, twinning, and alloying additions alter the SHR
of Mg-based alloys and nanocomposites [64,99-101]. The superior SHR exhibited by the NCs
in the current study was probably governed by the potential grain refinement achieved from
the nanoparticles and dislocations generated owing to CTE mismatch. A detailed explanation
for the improved SHR with a reduction in grain size is available elsewhere [64,98]. Ganguly et
al. [81] reported an enhanced SHR following the SiC nanoparticles dispersion in the AZ91-Ca-
Sb-based alloy. Lee and Kim [102] too stated a similar observation in the extruded Mg-Carbon-
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Figure 5.2 Log-log plots of true stress-strain curves for the alloy and NCs displaying the strain

hardening exponent (n) calculated from the tensile tests (a) and compression tests (b); variation

of strain-hardening rate (do/deg) vs. true plastic strain (¢) for the alloy and NCs corresponding

to the tensile tests (c), and compression tests (d).
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based nanocomposite. A similar strain-hardening response of the extruded Mg-SiC-based
composite was observed by Manoharan et al. [103]. Korayem et al. [104] too concluded an
increased SHR of pure Mg- and AZ31 alloy-based nanocomposites with the increase of Al2O3

nanoparticles content.

5.2 Theoretical prediction of strength and analyses of

strengthening mechanisms

The combined effects of strengthening resulting from Hall-Petch, Orowan, CTE mismatch, and
load-partitioning contributed to the superior tensile behavior of the AXMS520 alloy-based NCs.
The grain size of the NCs reduced considerably with an increase in the concentration of the
SiCyp in the NCs. The contribution to Hall-Petch (Aoyqi;—petcn) strengthening resulting from

grain size reduction is predicted as follows [105]:

—05 Equation 5.2

Adyan-petcn = Kdm
Here K is a constant related to the material, and dm is the matrix grain size. In the Orowan
mechanism, a dislocation loop is formed around the nanoparticle, resisting the successive
dislocation motion and accelerated strain-hardening. In addition, the increased volume fraction
of the nanoparticles reduced inter-particle distance between two nanoparticles, restricting
dislocation motion further during deformation. The contribution from Orowan strengthening

(Aoprowan) 18 estimated as follows [106]:

0.13Gmb, d _
Aoorowan = )Lm lni Equation 5.3

2Vyp

1
A= d, [(L)3 - 1] Equation 5.4
where G is the modulus in shear of the matrix, b denotes the burger vector, d, is the diameter
of the nanoparticle, A is the spacing between the nanoparticles, and V,, is the volume fraction
of the nanoparticles. The CTE of Mg is significantly different from that of SiC. The dislocation

density increased from the difference in CTE values between the AXM520 alloy and SiCyp,

contributed to the strengthening effect as follows [106]:

_ ,12AaATVp .
Aocrg = 1.25G,b PENCETAY Equation 5.5

where Aa is the difference in CTE values, and AT signifies the difference in the processing

temperature to the test temperature. The nanoparticles were assumed equiaxed for estimating
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the enhancement in YS resulting from the load transfer effect between the matrix alloy and
SiC,yp reinforcement is provided as [106]:
Aoy = 0.5V,0, [Matrix] Equation 5.6

The contribution from the individual strengthening mechanism was calculated for all the NCs
employing Eq. 5.2 to 5.6, along with the data summarised in Table 5.1. The results obtained
are shown in Figure 5.3(a and b). The strengthening from CTE mismatch contributed the most
to the overall strengthening of all the NCs. The contributions in strengthening due to the
difference in CTE values, Hall-Petch and Orowan increased by 146.0, 18.1, and 121.2 % with

the increase in nanoparticle content from 0.5 to 3.0 (wt.%) in the NCs.

Table 5.1 A summary of the parameters used to calculate the strength of the nanocomposites.

Parameters Value
Hall Petch slope (k) 167.2 MPaVum
CTE (@mgrrix) of AXMS520 alloy 30.40x10°K!
CTE (asic )of SiCpp 4.96x10°K!
Aa Am — Asic
Burgers vector (b) 0.32 nm
Nanoparticle diameter (dp) 60 nm
Shear modulus (Gm ) 17307 MPa
Torocess 250 °C
Volume fraction of nanoparticles Vp 0.0029, 0.0058, 0.0116, and 0.0174

The values of YS of all the NCs were further estimated theoretically employing the
‘Summation’ [34], ‘Modified Clyne’ [105], and ‘Zhang and Chen’ [107] models as stated
below, and the results are compared with the experimentally obtained values in Figure 5.3(c).

Osummation = 0o [Matrix] + AO-Hall—Petch + AO-Orowan + AO-CTE + A0-1 Equatlon 5.7

OModified Clyne = 00 [Matrix] + \/(AO-Hall—Petch)2 + (A0-0rowan)2 + (AO-CTE)2 + (AUZ)Z
Equation 5. 8

Oorowan X UCTE>

Ozhang and Chen = (1 + OSV})) (UO [Matrix] + Oorowan + Ocre + G0 [Matrix]

Equation 5.9
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Figure 5.3 (a) Contribution of different strengthening mechanisms to the tensile yield strength

(TYS) of the NCs;(b) magnified view of ‘a’ depicting the load-bearing effect; (c) comparison

of the calculated and experimentally determined values of TYS of the NCs; (d) variation of

agglomeration factor (), inter-particle distance (A) and ‘@A’ with volume fraction (V,) of the

nanoparticles; (e) agglomeration factor (¢) vs. V, of the nanoparticles with curve fitting; (f)

comparison of the experimental and predicted values of TYS.
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All the models overestimated the YS of the NCs. The models assumed a homogeneous
distribution of nanoparticles. However, the nanoparticles were agglomerated in the NCs during
solidification due to their higher surface-to-volume ratio. Thus, the agglomeration of the
nanoparticles affected the Orowan strengthening by increasing inter-particle distance (1).
Therefore, an agglomeration factor (¢) was introduced in the Orowan equation (Eq. 5.3) to

assess the degree of agglomeration in the NCs.

0.13Gpb d .
AGorowan = ¢/1m ni Equation 5.10

Mallmann et al. [108] reported that the cluster of nanoparticles contributed significantly to
Aocrg , whereas the contribution from the individual nanoparticle was negligible. They also
concluded that the experimental value of Ao.rp in the nanocomposite was half of the
Aocrg value calculated from Eq. 5.5. Therefore, a value of 0.5A0-rg is considered instead of

Aocrg - Thus, the ‘Zhang and Chen’ model is modified as follows:

— J0rowan OCTE Oorowan X OCTE
O0zhang—Chen mod — (1 + O-SVp) (O-o [Matrix] + + )

¢ 2 20, [Matrix]
Equation 5.11

The values of agglomeration factor (¢p) from Eq. 5.11 and inter-particle distance (1) from Eq.
5.4 were evaluated for all the NCs, and the same are shown in Figure 5.3(d). The ¢ values
remain almost constant up to 0.0058 V, and then increase sharply, whereas the inter-particle
distance (A) decreases continuously with the increase in Vjp, as expected. Thus, the
agglomeration of the nanoparticles in the NCs was not significant up to 0.0058 vol. fraction of
the SiCypp (i.€., NC1.0SiC). Beyond this, the same increases significantly, leading to the highest
value in the NC3.0SiC. The parameter ¢ X A indicates the inter-particle distance between two
agglomerates, and following an initial decrease, its value gradually increases, as ¢ was
dominating over A. The agglomeration factor (¢b) is related to the volume fraction (V;) and

average diameter (dp) of the nanoparticle as follows.

¢ o« (VP)n

— Equation 5.12

dp
The exponent n is considered as ¢ increased significantly with the increase in the nanoparticle
content. Figure 5.3(e) displays the results of the fitting of Eq. 5.12, and the expression of ¢ is

obtained as

¢

_Cyx ()"

+C, Equation 5.13
dp
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where C [=1.430 x 10® nm] and C> [=1.126] are the fitting constants. The value of n is derived
as 3.241. In the present investigation, the average diameter of the nanoparticles, dp, is 60 nm.
The evaluated value of ¢ from Eq. 5.13 was utilized to calculate the YS of all the NCs using
the modified Zhang and Chan model proposed in Eq. 5.11. The theoretically calculated YS
values of all the NCs are as per the experimental values, as shown in Figure 5.3(f). The equation
was also employed to predict the YS of some pure Mg and Mg alloy-based nanocomposites
reported in the literature [81,109,110]. The predicted values were pretty close to that of the

experimental data, as depicted in Figure 5.3(f).

5.3 Observation of dislocations in post-tensile samples

Figure 5.4 (a to d) shows the dislocation arrangement inside the a-Mg grain of the tensile-tested
AXMS520 alloy. The TEM bright-field image in Figure 5.4(a) exhibits the dense dislocation
forest inside a-Mg grain in the AXMS520 alloy. The measured ‘d’ spacing is approximately
2.49 A, which corresponds to [1011] ‘g’ vector, as shown in Figure 5.4(b). Further, the dark-
field images corresponding to ‘g’ and ‘-g’ vectors are shown in Figure 5.4(c and d). Both
images exhibit the g.b = 0 invisibility criteria and reveal the dense dislocation forest in the
deformed region. The presence of dislocation forest in the grain interior of the primary phase

was reported by other researchers as well [111].

The deformed tensile tested samples of the AXMS520 alloy and NC2.0SiC were further
examined under TEM, and the micrographs are displayed in Figure 5.5(a to d). The TEM BF
image and its corresponding two-beam SAED pattern taken from the alloy in Figure 5.5(a and
b) reveal the piled-up of numerous dislocations around the C36 phase. The presence of the C36
phase interacted with the dislocations and inhibited their motion, giving rise to the higher
dislocation density. Wang et al. too reported an analogous dislocation network around the -
Mgi7Al12 as well as AlsMns phases in the stressed AZ91 and AMS50 alloys [112,113]. The BF-
-TEM image and its corresponding SAED pattern taken from the NC2.0SiC in Figure 5.5(c
and d) exhibit that the nanoparticles restricted the dislocation motion as well, and thus there
was an additional hindrance to the dislocation motion in the nanocomposites. The
consequences of the above factor gave rise to the superior strength of the NCs. Ganguly et al.
[81] showed that there was a pile-up of dislocations around the SiC nanoparticles in the AZ91-

Ca Sb+2.0SiCyp (Wt.%) nanocomposite subsequent to the tensile test at 473 K.
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Figure 5.4 (a) TEM bright-field image exhibiting dense dislocation forest inside a-Mg grain
in the AXM520 alloy; (b) weak beam diffraction pattern acquired from the region shown in
‘a’; (c and d) TEM dark-field images exhibiting dense dislocation tangles [corresponding to

spot 8,971 and —g;,1; indicated in ‘b’, respectively.]
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Dislocation forest

111
- { }Sic

Figure 5.5 (a) TEM BF image exhibiting the dislocation pile-ups at the interface of a-Mg and
C36 phases in the AXM520 alloy, and (b) SAED pattern corresponding to ‘a’ exhibiting two
beam condition; (¢) interaction of dislocations with the SiC nanoparticles in the NC2.0SiC, and

(d) SAED corresponding to ‘c’.
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5.4 Analyses of fracture surfaces

The SEM images of the tensile fracture surfaces of the AXM520 alloy, NC2.0SiC and
NC3.0SiC, are reported in Figure 5.6(a and b). The fracture surface of the AXM520 alloy in
Figure 5.6(a) exhibits the presence of a few deep regions (indicated by A) with intergranular
cracks. The cracked region (indicated by B) originated at the interface of the a-Mg and C36
phases. The coarse C36 phases acted as a stress raiser and initiated the crack. Subsequently,
the crack propagated throughout the interface, leading to failure of the AXM520 alloy by
intergranular fracture. The micrograph of the NC2.0SiC in Figure 5.6(b) reveals the presence
of multiple cracks (marked by B), cleavage planes (indicated by C), and cleavage steps
(indicated by D) indicating a transgranular mode of cleavage fracture [64]. In addition, multiple
microvoids (marked as E) were observed in the NC2.0SiC. The presence of feature ‘E’ suggests
that higher energy was absorbed for their formation and coalescence during the tensile
deformation of the NC2.0SiC. Thus, it indicates a higher ductility of the NC2.0SiC than that
of the unreinforced AXM520 alloy.

Figure 5.6(c and d) presents the fractographs of the compression-tested AXMS520 alloy and
NC2.0SiC. The fractographs show typical shear bands (marked as A) along the shear direction
and shear steps perpendicular to it (marked as B). The presence of microcracks (marked as C)
in the shear band regions was also observed. Barnett et al. [114] suggested that the microcracks
resulted from the interaction of voids and secondary phases in the AZ31 alloy. The crack
propagated through the cross-section of the sample at ~45 ° with respect to the loading
direction. Careful observation of the fracture surface of the AXMS520 alloy in Figure 5.6(c)
reveals shallow shear steps than the presence of deep shear steps in the NC2.0SiC, as shown in
Figure 5.6(d). The higher population of shear bands and wider shear steps indicate higher
energy absorption during failure of the NC2.0SiC under compression compared to the alloy

and other NCs employed [34,79].
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Figure 5.6 Fracture surfaces of the tensile tested (a) AXM520 alloy, and (b) NC2.0SiC;
fracture surfaces of the compression tested (c) AXM520 alloy, and (d) NC2.0SiC (‘SD’ shear

direction).
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5.5 Summary of chapter 5

In the present chapter, the ambient temperature tensile and compressive properties of the

AXMS520 alloy and NCs have been evaluated. Detailed analyses of the strain-hardening

response and fracture surfaces of the tested specimens are carried out. The major findings from

the current chapter are summarized below.

1.

il.

iii.

1v.

All the NCs exhibited superior tensile properties than the AXMS520 alloy. The
NC2.0SiC with 37.2 and 69.8% enhancement in YS and UTS exhibited the most
superior tensile properties. The %El of the AXM520 alloy and NC2.0SiC were 1.03 +
0.03 and 3.1 &+ 0.02%, and it decreased to 1.29 + 0.02% in the NC3.0SiC. The UTS and
%E]l of the NCs declined with more than 2.0 (wt.%) SiCyp to the AXM520 alloy because
of the nanoparticle agglomeration.

The superior compressive properties were exhibited by the AXM520 alloy with the
SiChpp additions. The presence of thicker shear bands in the fractograph of the NC3.0SiC
indicated its higher energy absorption capability during failure than the AXM520 alloy.
The strengthening from CTE mismatch contributed the most to the overall
strengthening of all the NCs, and the same was 146.0% greater in the NC3.0SiC than
the NCO0.5SiC. The contribution from Orowan strengthening also increased by 121.2%.
However, the Hall-Petch strengthening increased only by 18.1%with the increase in
nanoparticle content from 0.5 to 3.0 (wt.%) in the NCs.

The ‘Zhang and Chen’ model was modified by introducing an agglomeration factor (¢).
The theoretically predicted YS of all the NCs using the modified ‘Zhang and Chen’

model matches pretty well with the experimentally obtained values of the NCs.
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Creep Behavior

This chapter deals with the detailed creep behavior of the squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn
(Wt.%) (AXM520) alloy and NCs. The creep behavior of the AXM520 alloy and NCs has been
examined using impression creep tests. The observed creep rates are correlated with the as-cast
microstructures of the alloy and nanocomposites. The governing creep mechanisms have been
determined in the alloy and nanocomposites in the temperature and stress ranges employed.
Further, the post-creep microstructural analyses of the alloy and nanocomposites have been
carried out. A summary of the impression creep behavior of the AXMS520 alloy and

nanocomposites is presented at the end of this chapter.

6.1 Creep behavior

6.1.1 Nature of creep curves and comparison of creep responses

The creep performance of the AXM520 alloy and nanocomposites was investigated utilizing
the impression creep technique. The variation of impression (indentation) depth with time at
498 K and 435 MPa for all the materials has been presented in Figure 6.1(a) over the same time
duration. At the beginning of each creep curve, there is a certain jump in the indentation depth,
and it is termed as the impression depth, similar to the instantaneous strain observed in a
conventional tensile or compressive creep curve. The primary creep and thereafter a secondary
or steady-state creep stage follow the instantaneous impression depth. A typical tensile creep
curve exhibits three stages of creep, i.e., primary, secondary, and tertiary stages. However, the
tertiary stage is not observed in an impression creep as the indentation took place under
compressive stress. The compressive stress generally aids in forming a stable deformed zone
beneath the indenter and prolongs the secondary stage. The impression velocities (dh/dt)
derived for these curves are plotted in Figure 6.1(b) against time. The impression velocity
initially decreased with time, then became almost constant, indicating a steady-state achieved.
The decrease in impression velocity in the primary stage was attributed to the strain-hardening
rate that dominated the recovery rate in the materials. After that, the strain-hardening rate and

recovery rate counterbalanced each other, resulting in a steady-state creep. The creep
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Figure 6.1 (a) Impression depth vs. time plots for the AXM520 alloy and nanocomposites
nanocomposite creep tested at 498 K and 435 MPa; (b) impression velocity vs. time plots based
on ‘a’; and (c) steady-state impression velocities estimated from ‘a’; and (d) steady-state
impression velocities estimated from ‘a’, as well as previously reported nanocomposites, and

alloy [30,34].
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performance of the alloy and nanocomposites can be quantified in terms of indentation depth
and steady-state impression velocity. At particular stress and temperature, a lower value of
impression depth for a fixed duration or a lower value of steady-state impression velocity
specifies superior creep performance. The impression depths recorded for the nanocomposites
significantly reduced over the AXM520 alloy. The indentation depth gradually decreases as
the SiC nanoparticles contents increase in the nanocomposites up to 2.0 (wt.%) SiCypp, and thus,
it was the lowest in the case of NC2.0SiC. However, the impression depth did not decrease,
although the fraction of SiCyp was changed from 2.0 to 3.0 (wt.%). The values of the Vimp of
AXMS520 and NCs are summarized in Figure 6.1(c). The impression velocities of the NCs were
lower than AXMS520 alloy, indicating superior creep resistance of the former materials
compared to the latter. The creep performance of the NCs increased as SiCpp content increased;
thus, the creep resistance of NC2.0SiC increased by 73.2%. However, with the further increase
in the nanoparticles content, the creep resistance deteriorated, and accordingly, the NC3.0SiC
exhibited a 62.1% improvement compared to the alloy. The deterioration of creep resistance of
NC3.0SiC was attributed to the agglomeration of nanoparticles, resulting from the higher
content of SiCyp in the NCs. Thornby et al. [115] explored the creep response of the Mg-(0-
0.75 vol.%) CNT nanocomposites. They, too, observed that the creep performance of the NCs
improved up to 0.5 vol.% CNT content, and beyond that, the creep resistance deteriorated.
Further, the well-known creep-resistant AE42 and MRI230D alloys at the comparable stress
and temperature (i.e., 435 MPa and 498 K) were subjected to impression creep tests, and the
creep rates of these two alloys are compared with that obtained in NC2.0SiC in in Figure 6.1(d).
The reported values of the AZ91+2.0Ca+0.6Sb, AZ91+2.0Ca+0.6Sb+2.0SiC, and
AZ91+0.6Sb+2.0SiC are also compared with that of NC2.0SiC in Figure 6.1(d) [30,34].
Interestingly, the impression velocity of the NC2.0SiC is the lowest. Thus, it revealed the best
creep performance among the standard creep-resistant alloys and nanocomposites employed

for comparison.

6.1.2 Assessment of creep mechanism

A conventional tensile or compressive creep test is generally conducted at a constant
temperature and constant stress to evaluate the creep performance of materials. The
temperature (T), stress (o), and grain size (d) dependence of creep rate (€) under steady-state
condition is expressed using the following power-law relationship [65].

€= A (g)p (%) Dy (%)n e(_lTQTC) Equation 6.1
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Figure 6.2 Stress dependence of the steady-state impression velocities at different temperatures
for the (a) AXM520 alloy and (b) NC2.0SiC; temperature dependence of the steady-state
impression velocities at different stresses for the (c) AXM520 alloy and (d) NC2.0SiC.
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The ¢ and € in a tensile/compressive creep are related to the stress employed in impression
creep (Ojmp) and impression velocity (Viyp) (calculated under steady-state) as follows:

. V; Oj 4F
€ =—=2 and o = —" where Ojp,=

o0 C s Equation 6.2
2 1

Thus, the expression equivalent to equation (1) in an impression creep is given by [116].

(Yme ) _ ("%)” e(-7%) Equation 6.3

In equation 6.3, B is an overall pre-exponential constant. The definitions of the parameters of
equations 6.1 to 6.3 are provided in Table 6.1. The value of shear modulus (G) decreases with
an increase in temperature. Thus, an expression provided in [30] for Mg alloy is employed for
temperature-compensated shear modulus. Stress exponents (n) and activation energies (Q)
were evaluated from Equation 6.3 to ascertain the mechanism responsible for creep in the
materials. A series of creep tests were conducted at varying stress and temperature. The n and

imp

Q values were evaluated from the gradients of ln(% ) VS. In(UT) (at constant T), as well

Vimp T ) . o
as ln( "';p ) Vs. (% ) (at constant o) plots, respectively. The representative plots exhibiting the

calculation of n and Q for AXM520 and NC2.0SiC are provided in Figure 6.2(a to d). The
summary of n and Q values for all the materials employed are included in Tables 6.2 and 6.3,

respectively.

Table 6.1 Definitions of the parameters used in the equations.

Symbols Definition Symbols Definition

& Steady-state creep rate (s') Q  Creep activation energy (kJ. K''.mol ™)

Universal gas constant

A A material constant R (8314 J. K-.mol!)

b Burgers vector (A) T Absolute temperature (K)

D Grain size (um) Vimp  Impression velocity (mm.s™)

p Inverse grain size exponent 19 Indenter (Punch diameter (mm))
G Shear modulus (MPa) h Impression depth (mm)

Do Coefficient of self-diffusion F Applied load on punch (N)

K Bolitgz.nmlglll}z’.s Igg;lstant (1.38x10° B A constant

o Applied stress (MPa) C1, C2  Constants

n Stress exponent oimp  Stress in impression creep (MPa)
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Table 6.2 Summary of the n values obtained from the creep tests at different temperature

levels.
Temperature Stress exponent (n)
(K) AXMS20 NCO0.5SiC NC1.0SiC NC2.0SiC NC3.0SiC
448 5.0 4.3 54 5.7 6.2
473 52 6.7 6.4 59 5.5
498 6.3 5.8 6.5 6.7 6.5

Average (Nag)  5.540.5  5.6£1.0  6.140.5  6.1404  6.14£0.4

Table 6.3 Summary of the Q values obtained from the creep tests at different stress levels.

Activation energy (Q) (kJ/mol)

Stress (MPa)
AXM520 NCO0.5SiC NC1.0SiC NC2.0SiC NC3.0SiC
390 98.6+2.1 80.6+5.3 93.2£2.8  93.6*l1.1 88.1+1.1
435 90.1+1.6  81.4+0.2  78.1+0.6  96.1+2.7  98.1+0.4
480 97.4+1.8 82.3+0.6  84.4+0.6  99.2+1.5 92.3+2.3
520 89.842.3 92.2+29 105.5+2.3 101.8¢1.8 93.9£1.9

The n values for the alloy were 5.0 to 6.3, and the same for the nanocomposite was from 4.3 to
6.7, indicating that dislocation climb was the creep mechanism for all the materials. The Q
values were in the range from 89.8+2.3 to 98.6+2.1 kJ/mol for the alloy, whereas the same was
in the range from 78.14+0.6 to 105.5£2.3 kJ/mol for the NCs. The Q value in the present study
lies between 78.1 to 105.5 kJ/mol. The energy needed for self-diffusion within the lattice of
Mg is 135 kJ/mol, and the same for pipe-diffusion is 92 kJ/mol [117]. Therefore, the climb of
dislocation assisted by pipe diffusion was the mechanism for creep deformation in the alloy

and NCs at all the combinations of temperature and stress values utilized in the present study.

6.2 Post-creep microstructural analysis

6.2.1 Observation of sub-surfaces

The specimens of the AXM520 alloy and NC2.0SiC exposed to creep deformation at 435 MPa
and 498 K were bisected along the diameter of the impressions to observe the microstructural
changes below the indentation. One such bisected piece for each material was taken, and the
surfaces below the indentation were observed under a microscope. Figure 6.3(a and b) exhibits
the grain orientation map of AXM520 alloy and NC2.0SiC, respectively. The area mapped

with identical color signifies the same orientation of the grains. The orientation maps of
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AXMS520 alloy and NC2.0SiC exhibited three separate regions below the indentation, namely
R1, R2 and R3. The regions R1 and R3 correspond to undeformed zones below the indenter.
The region R2 indicates the deformed region. The regions R1 and R3 exhibit comparatively
larger grains than region R2. Additionally, region R2 displays a higher number of oriented
grains than regions R1 and R3. The average widths of region R2 in the AXM520 alloy and
NC2.0SiC was 203.8 = 21.3 um and 128.3 + 15.2 um, respectively. Thus, the extent of
deformed zone of NC2.0SiC was less compared to the AXMS520 alloy. The grain boundary
maps taken from the AXM520 alloy and NC2.0SiC are shown in Figure 6.3(c and d). The grain
that has miss orientation angle below 15 ° is known as a low-angle grain boundary (LAGB),
while the high-angle grain boundary (HAGB) has a characteristic miss orientation angle greater
than 15 °. The population of HAGBs is higher in the deformed region R2 compared to regions
R1 and R3. The presence of a large population of HAGBs in R2 indicates that the grains in the
plastically deformed region had undergone dynamic recrystallization owing to exposure at
elevated temperature during the creep tests. Figure 6.3(e and f) exhibits the Kernel Average
Misorientation (KAM) maps constructed from the deformed regions of both the AXM520 alloy
and NC2.0SiC nanocomposite. The KAM map represents the average misorientation between
a particular pixel and its specified nearest neighbor. The KAM maps estimate the deformation
in crystals [118]. In the present investigation, for constructing the KAM maps the average
misorientation of a particular pixel was calculated up to its three nearest neighbors with the
provision that misorientation not exceeding 5 °. The different colours indicate the extent of
local misorientation inside individual grain. Blue and red colours were for the grains without
any misorientation (0 °) and the maximum misorientation (5 °), respectively. The changeover
of the blue colour corresponding to the KAM distribution at low angle to yellow colour
corresponding to higher angle indicates the increase in the grain boundary misorientation strain
(GBMS) among the grains. Thus, the intensity of blue colour corresponding to region R2 is the
highest compared to regions R1 and R3 in both the alloy and nanocomposite. The lower KAM
value of the deformed region, R2, compared to the undeformed region, R3, was attributed to
the dynamic recrystallization of the deformed region during the impression creep test. The
creep tests were performed at a constant stress and constant temperature. The deformation and
dynamic recrystallization took place simultaneously owing to the exposure to temperature for
a long time._In addition, the intensity of blue colour in the region R2 of the nanocomposite
reduced compared to that in the alloy indicating that the local GBMS was more in the

nanocomposite.
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The regions below indentations for AXM520 alloy and NC2.0SiC exposed to creep at 435 MPa
and 498 K were further characterized using SEM, and the micrographs are shown in Figure
6.4(a and b). Three distinct regions below the indentation are observed, as discussed earlier.
The deformation characteristics of the region below the cylindrical indenter in an impression

creep is well explained using the typical Hertzian stress distribution employing [119]
;—; = — % (1 — Z—z)_l/z Equation 6.4

where g, is the applied normal stress, Pm denotes the mean contact pressure below indentation,
‘a’ 1s the cylindrical flat indenter (punch) radius and r is the radial distance from the center of
the indenter. Atr =0, i.e., at the center of the indenter, g, equals to -0.5Py; and atr =a, i.e., at
the edges of the indenter, reaches infinity at the edges of the indenter, i.e., r = a. Thus, the
region immediately beneath the indenter, i.e., region R 1, exhibits a low deformation region and
forms a hemispherical dead zone. The region marked as R2 shows the characteristics of
localized shear deformation owing to high stress concentration at the periphery of the indenter.
The width of region R2 implies the ability of the material to withstand the applied stress. The
extent of region R2 was different in AXM520 alloy and NC2.0SiC. Region R3, away from the

indenter periphery, exhibits a microstructure comparable to the undeformed one, indicating

that the stress experienced in this region was negligible.

The magnified view of region R2 in Figure 6.4(a) exhibits that the connectivity of the C36
phase in the AXM520 alloy was completely disintegrated and fragmented along the flow of the
metal. The disintegration of the C36 phase was also observed in NC2.0SiC, as shown in Figure
6.4(b). However, the fragmentation of the C36 was not severe as compared to the AXM520
alloy. This indicates that additions of SiCyp in the AXMS520 alloy improved deformation
resistance of a-Mg. Thus, narrowing down the extent of region R2 in NC2.0SiC implies its
improved creep response over AXM520 alloy. The improved strengthening of a-Mg matrix in
NC2.0SiC was attributed to the Orowan strengthening imparted by the SiC nanoparticles. The
presence of the C36 phase alone in AXM520 alloy provided the grain boundary pinning effect
during creep deformation. However, the dispersion of SiCpp in AXMS520 alloy strengthened the
a-Mg matrix by Orowan strengthening. Thus, the creep performance of the NC2.0SiC was
improved significantly than the AXM520 alloy. However, the effect of Orowan strengthening
reduced when the fraction of SiCyp increases to 3.0 (wt.%) in NC3.0SiC. The declination in
creep property of the NC3.0S1C was governed by the agglomeration of SiCyp as the amount of

SiC increased.
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Figure 6.3 EBSD map of the creep tested samples showing grain orientation map under the
punch for (a) AXM520 alloy, and (b) NC2.0SiC creep tested at 498 K and 435 MPa;
corresponding grain boundary maps (¢ and d) and KAM maps (e and f) for the AXM520 alloy
(from a) and NC2.0SiC (from b).
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(b) NC2.0SiC

Figure 6.4 SEM micrographs displaying flow configuration underneath the indentations for

the (a) AXM520 alloy, and (b) NC2.0SiC nanocomposite creep tested at 498 K and 435 MPa.
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6.2.2 Observation of dislocations

The TEM brightfield (BF) images of the creep-exposed AXMS520 alloy and NC2.0SiC
specimens are shown in Figure 6.5(a to e). The presence of numerous dislocations is observed
in the micrographs. Figure 6.5(a) exhibits the dislocation forest in the a-Mg matrix of the
AXMS520 alloy, and Figure 6.5(b) exhibits a planner defect bounded by two parallel edges. The
presence of several dislocations within the planner defect is also noted. The characteristic of
the planner defect in the micrograph is similar to that of twins. The formation of twins in the
Mg alloys during creep deformation was described previously as well [120]. The dense
dislocation network in the a-Mg matrix is portrayed in Figure 6.5(c). These features indicate
that the dislocations interacted during movement, creating a dislocation network and
dislocation entangled during creep deformation of the AXMS520 alloy. The dislocations are free
to move inside the grain during creep deformation under the applied stress in the absence of
any obstacle. However, their movement is restricted once they reach the grain boundaries. This
is because the regular arrangement of atoms at the grain boundary is broken, and there is a
difference in orientation between the two grains. Thus, the grain boundaries act as an obstacle
to the dislocation’s movement. The dislocations created a pile-up around the C36 phase in the
AXMS520 alloy, as shown in Figure 6.5(d). The pile-up of dislocation provides a back stress to
the incoming dislocations, which is one of the factors responsible for the work-hardening of
the alloy. The presence of several dislocations within the grain is also observed. The presence
of a secondary phase at the grain boundaries also impeded the motion of dislocations during
the creep deformation. The SiCyp in the NC2.0SiC provided additional obstruction to the
dislocation motion, and a pile-up of dislocation took place near the SiC nanoparticles, as shown
in Figure 6.5(e). The SAED pattern acquired from Figure 6.5(e) is shown in Figure 6.5(f). The
analysis of the SAED pattern confirms the presence of SiCyp in a-Mg. Thus, the additional
strengthening owing to the presence of SiCp, in NC2.0SiC caused its superior creep
performance over the AXMS520 alloy. Figure 6.6(a to f) exhibits the BF and DF TEM
micrographs taken with B = [1211] from the grain interior (i.e., a-Mg phase) of the AXM520
alloy creep tested at 498 K and 435 MPa. The BF and DF images in Figure 6.6(a and b) reveal
the dislocations in the selected region. To understand the nature of dislocations, the g.b analyses
were performed. The <c> type dislocation inside the grain interior was made visible with g=
{0002} and is presented in Figure 6.6(c and d). The <a> type dislocation in the same region
was also made visible with g= {1010} and is shown in Figure 6.6(e and f). The probable burger
vectors of the dislocations are £[1123], £[2113], £[1123], and £[ 2113] [121]. The presence
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Figure 6.5 Bright Field (BF) TEM micrographs of the AXM520 alloy creep tested at 498 K
and 435 MPa showing the (a) dislocation forest, (b) planner defect, (c) dislocation cell in the
a-Mg matrix, and (d) dislocation pile-ups around the C36 phase; (¢) BF TEM micrograph
micrographs of the NC2.0SiC nanocomposite creep tested at 498 K and 435 MPa showing the

dislocation pile-ups near the nanoparticles, and (f) SAED pattern taken from ‘e’.
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Figure 6.6 BF (a) and DF (b) TEM micrographs taken with B = [1211] from the grain interior
(i.e., a-Mg phase) of the AXM520 alloy creep tested at 498 K and 435 MPa depicting the
dislocations; BF (c) and DF (d) TEM micrographs taken with gggo5] reveal the presence of
<c> type dislocation in ‘a’; BF (e) and DF (f) TEM micrographs taken with g[;470] reveal the

resence of <a> type dislocation in ‘a’.
p yp
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of the <c> type dislocation indicates the activation of the <c> slip plane at elevated temperature.

In addition, the dissociation of the <c+a> dislocation into <a> and <c> components and the

subsequent annihilation of the <a> dislocation (basal component) by glide leave the <c>

dislocation [122,123].

6.3 Summary of chapter 6

In this chapter, the detailed creep behavior of the squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn (wt.%)

(AXMS520) alloy and NCs has been presented. The major findings from the current chapter are

summarized below.

1.

1l

1il.

The NCs revealed improved creep performance compared to the AXMS520 alloy under
the experimental parameters utilized. The creep resistance of the NCs increases with
the increase in the SiCpp content. The NC2.0SiC exhibited an increase in creep
resistance by 73.2% compared to the alloy. However, the creep resistance deteriorated
with a further increase in the fraction of the SiC,p in the NC3.0SiC, due to the
agglomeration.

The stress exponents varied from 5.0 to 6.7, and activation energies varied from 89.8
to 101.8 kJ/mol, implying the deformation at elevated temperature in the AXM520
alloy and NCs was dominated by the climb of dislocation assisted by the pipe diffusion.
The pile-ups of dislocations took place around the C36 phase and near the SiCyp. The
additional strengthening owing to the presence of the SiCyp in the NCs was responsible

for their improved creep performance compared to the AXM520 alloy.
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Corrosion Behavior

In this chapter, the corrosion behavior of squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn (wt.%)
(AXMS520) alloy and nanocomposites are investigated by hydrogen evolution, and
potentiodynamic polarization methods in an aqueous NaCl solution. The corrosion products
and corroded surfaces are analyzed with the help of X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). The corrosion
behavior of the alloy and NCs is correlated with their initial as-cast microstructures. A

summary of the corrosion work is presented at the end of this chapter.

7.1 Hydrogen evolution and immersion tests

Mg undergoes corrosion by reacting with water and emit H> gas as per the below equation
[124]:
Mg+ 2H,0 - Mg(OH), + H, T Equation 7.1

The results of hydrogen evolution tests for AXM520 alloy and NCs following 60 h of
immersion in NaCl are plotted in Figure 7.1(a). The H» evolution for the alloy and NCs
accelerated with the passing immersion time. The H> evolution of the individual NC remains
lower than the alloy. Figure 7.1(b) presents the corrosion rates assessed from the immersion
tests. The NCs exhibit a lower rate of corrosion than that of AXMS520 alloy for the entire
duration. Thus, the incorporation of SiCy, caused a reduced corrosion rate of NCs. Further, the
corrosion rate gradually diminished with the rise in SiCyp concentration in the alloy. The lowest
corrosion rate was exhibited by NC3.0SiC. The corrosion rates (mm/yr) of the AXM520 and
NC3.0SiC obtained from the current study are compared with the values previously reported
for the various Mg-Al-based alloys and their composites in Table 7.1. The newly developed
NCs in the current study displayed significantly greater resistance during corrosion relative to
the published values. The corrosion rates of the AXM520 and NCs calculated from the weight
loss measurements are shown in Figure 7.1(c and d). The results of immersion tests reconfirm
the trend observed in the corrosion rates observed in the hydrogen evolution tests for the alloy
and NCs. The NCs exhibited lower rates of corrosion than the AXMS520 alloy for the entire
duration. In addition, the corrosion rate gradually diminished with the increase in SiChyp

concentration in the alloy.
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Figure 7.1 (a) Hydrogen evolution as a function of time, (b) corrosion rate calculated from 'a’

for AXM520 and NCs, (c) weight loss of the alloy and NCs as a function of time, and (d)

corrosion rates calculated from ‘c’.
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Table 7.1 A comparison of corrosion rates evaluated from H»> evaluation tests in the present

study with that obtained on various Mg-Al-based alloys and their composites.

.. ) ) Corrosion
) Fabrication Corrosion Immersion
Materials . . rate Ref.
Process medium time (h)
(mm/yr)
AZXY9120+ ) 0.1 (M)
S t 10 102.00+1.30 [44
2.0 wt. SiCup queeze castig  Nacl Soln. [44]
. 0.1 (M)
20£2.
AZXB9120 Squeeze casting NaCl Soln. 12 69.20+£2.40 [125]
Squeeze casting + 20
AZ91+2.0 . 0.1 (M)
1 h 12 20.00£1. 12
(wt.%) GNP su trasor.nc shot NaCl Soln. 0.00+1.70  [126]
peening
Extruded and heat
Mg-1.0Al- 0.6 (M)
T6 200 ° 4 4.36=:0. 12
0.3Ca treated at T6 200 °C NaCl Soln. 8 36+0.77  [127]
for4 h
. 0.6 (M) This
.08=+0.
AXMS520 Squeeze casting NaCl Soln. 60 7.08+0.85 work
AXM520+3.0 . 0.6 (M) This
S t 60 0.63+0.13
(Wt.%) SiChpp queeze casting NacCl Soln. work

7.2 Open circuit potential (OCP)
The results from the OCP tests of the AXMS520 and fabricated NCs are plotted in Figure 7.2.

Following an initial small variation, the OCP of all the materials achieved a steady state, and it
was attributed to a stable corrosion layer formation on the surfaces of the alloy and NCs [44].
The OCP values shifted more to the positive voltage (Eocp) as the wt.% of nanoparticles
gradually raised in the AXM520 alloy. The average OCP values for all the tested materials
assessed from the curves in Figure 7.2 are summarized in Table 7.2. The AXMS520 alloy
exhibited the lowest Eocp (i.e., -1559.7 + 4.8 mV) among the materials employed. The OCP
values of all the NCs were higher in contrast to the alloy, and the values gradually became
bigger with the increased wt.% of the SiC,p content in NCs. Among the NCs, the lowest Eocp
(i.e., -1538.2 = 5.3 mV) and highest (i.e., -1453.1 £ 5.3 mV) values were exhibited by
NCO0.5S1C and NC3.0SiC, respectively. The Eocp values for the NC1.0SiC and NC2.0SiC were
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Figure 7.2 Variation of OCP recorded as a function of time for all the materials tested.
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-1511.5+2.7 and -1474.3 £ 6.7 mV, respectively. Thus, the NC3.0SiC was the noblest among
the NCs, and it exhibited a 6.8% improvement in Eocp value compared to the AXM520 alloy.

7.3 EIS studies

Figure 7.3(a) exhibits the Nyquist plots for as-cast AXM520 and NCs. The loop radius of the
curve obtained from the AXM520 alloy was the smallest, and it was bigger for all the NCs,
indicating the corrosion resistance was the lowest for the alloy. The loop radius increased with
the increase in SiCyp in the NCs, which suggests that the corrosion resistance of NCs enhanced
as wt.% of SiCyp is increased in them. Among the NCs, the loop radius was the highest for
NC3.0SiC and lowest for NC0.5SiC. The presence of an inductive loop at the low-frequency
domain signifies the adsorption and decomposition of ions due to the reaction of the a-Mg
phase with the C36 phase [128]. The coupling of the primary phase with the secondary phases
resulted in galvanic corrosion of both the alloy and NCs [124]. The large loops at high and
mid-frequency ranges correspond to the capacitive loops, which is attributed to the charge
transfer resistance at the interface of the electrolyte and working electrode. The increased loop
radius of the NCs at higher frequency with increasing SiCyp content suggests that the charge
transfer rate became slow in the NCs compared to the AXM520 alloy. The inductance loop at
low-frequency region is associated with the localized corrosion by Cl~ ions and break down of

the corrosion product film.

Figure 7.3(b) displays the Bode magnitude plots for all the as-cast compositions. The plots
exhibit the variation of impedance magnitude (|Z|) within the chosen frequency range. The
AXMS520 alloy exhibited the lowest value of |Z| whereas, it was highest in NC3.0SiC. The
values of |Z| for all the NCs were higher compared to the alloy. The |Z| value proportionally
improved with that of the SiC,p wt.% in AX520. This implies that the resistance against
corrosion of the AXM520 is enhanced with the added SiC,, reinforcement. The |Z| value
exhibited in the low-frequency region showed a positive slope, implying the presence of an
inductive loop. The negative slope of the variation of |Z| at the mid and high-frequency range
suggests the presence of a capacitive loop. The variation of |Z| parallel to the abscissa implies
the presence of pure resistance. Figure 7.3(c) presents the Bode phase plots for all the
compositions corresponding to the Nyquist plot displayed in Figure 7.3(a). In the Bode phase
diagram, an increase in the phase angle and width of the peak implies a higher resistance,

reduced capacitance, and higher corrosion resistance [127,129,130]. In the present
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investigation, the phase angle and FWHM (Full-Width Half Maxima) of the largest peak
corresponding to these plots increased proportionally with the increased SiCnp concentration in
the AXM520 alloy. The FWHM value of the AXM520 alloy is 1.81 + 0.12, and it is 2.30 +
0.13 for NC3.0SiC. The NC0.5SiC showed the lowest value of FWHM (1.86 + 0.10) among
the NCs. Figure 7.3(d) presents the equivalent circuit that closely matches the electrochemical
behavior depicted in Figure 7.3(a to c¢). The impedance of the circuit that mimics the exact

corrosion behavior of all the compositions is calculated from the equation:
-1

1 + 1
ZR*Zy ZRpZCPER , ZRp“CPEp]
ZRC+ZC ZRDL+ZCPEDL

Z =1Zg + Equation 7.2

The fitted data corresponding to the elements shown in Figure 7.3(d) are summarized in Table
7.2. The values of solution resistance (Rs), were almost the same for all the materials tested
(i.e.,10.91 to 11.28 Q.cm?). The element CPE represents the nonlinear capacitance with two
components, Y and n. The magnitude of n ranges from 0 to 1. As the value of n is approaching
1, it represents a more capacitive nature of the element. In the present study, the CPEpL is
associated with the capacitance of the electric double-layer at the interface of the NaCl solution
and working electrode. The CPEr is associated with the capacitance of the corroded film.

Further, the impedance of the component (Zpg) is calculated from the equation [131]:

1

Zcepg = raon Equation 7.3

In the above equation, Y and n are the empirical parameters as described earlier, f represents

the frequency, and i = v—1.

From Table 7.2, it is observed that the values of Y are inversely related to SiCnp wt.% in the
AXMS520 system, and accordingly, the values of Z¢pg,, and Z¢pg, increases. The electronic
double layer and corrosive film provided a higher resistance during charge transfer in NCs,
which resulted in the superior corrosion inhibition property of the NCs. Furthermore, the
resistances of the double layer (Rpi) and corroded film (RF) also increased with the increase in
SiChpp, indicating improved corrosion performance. It implies that the corrosive films were more
inert in NCs compared to the AXM520 alloy, resulting in less dissolution of the a-Mg phase
[129]. The series arrangement of inductance (L) and its resistance (Rr) represents the localized
corrosion of the a-Mg phase. This is attributed to the poor stability and breaking of the
Mg(OH); film [132,133]. The values of L and Ry increased as the concentration of the SiCyp
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Figure 7.3 Presentation of (a) Nyquist plots, (b) impedance vs. frequency, and (c) phase angle

vs. frequency Bode plots for AXM520 alloy and NCs; and (d) equivalent circuit for the

observed EIS response.
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increased, indicating the formation of a stable corrosion film on NCs. The polarization
resistance (Rp) of the equivalent circuit is calculated using the following equation at /=0 [128].
1 1 1
E - Rp+RpL R_L

Equation 7.4

The calculated values of R;, are enlisted in Table 7.2. The smallest magnitude of R, for the
AXMS520 alloy indicates its highest corrosion rate. The values of R, for the NCs were higher

indicating their reduced corrosion rate than the alloy.

Table 7.2 Summary of the elements obtained from the equivalent circuit fitted with the

experimental EIS data.

R R CPEpL R CPE¢ R L R

s DL F.cm'2 f F.Cm'2 L P
Materials  (Q. (Q. ( ) Q. ( ) Q. (H. (Q. OCP
2 2 Y 2 Y 2 2 2 (mV)

cm®) cm?) n cm n cm®)  cm’) cm’)

(107) (10%)

10.9+0. 6.4+1. 0.93£0. 154.8+6. 0.93+£0. 160.9+ 30.1£0. -1559.7

+ + .
AXMS520 7 ) 9.2+0.8 0 ) 2.3+0.7 07 9.5 3 80.5 o
.. 10.9£0. 6.5+0. 0.91£0. 183.949. 0.93+£0. 202.5+ 37.6+l. -1538.2

+ + .
NC0.5SiC 4 9 8.9+0.3 03 5 1.9+0.3 06 9.1 N 98.1 L 53
. 7.3£0. 0.84+0. 198.142. 0.94+0. 216.4+ 40.1£2. -1511.5

+ + + .
NCI1.0SiC 9.1£1.2 4 7.6+0.2 01 4 1.7£0.5 04 179 . 105.3 o7
.. 10.3£0. 8.9+1. 0.94£0. 263.8+1. 0.92+0. 246.1+ 59.343. -1474.3

+ + .
NC2.0SiC 9 0 5.240.8 02 6 1.5+0.8 05 107 5 129.3 67
. 11.240. 10.1£1 0.96£0. 344.142. 0.93+£0. 262.0+ 76.1£5. -1453.1
NC3.0SiC 6 1 4.94+0.5 01 | 1.2+0.3 01 6.1 2 150.6 153

7.4 Potentiodynamic polarization test

Figure 7.4(a) presents the Tafel plots obtained from the potentiodynamic polarization tests of
the as-cast AXM520 and its NCs. The corrosion rate (mm/yr), lcorr, and Ecorr were calculated
from Figure 7.4(a), and their variations as a function of SiCp, concentration are revealed in
Figure 7.4(b). The Ecor shifted to a more positive value, whereas the Icorr values dropped
significantly as wt.% of dispersed SiC,p increased in AXMS520 alloy. The corrosion rate of
AXMS520 alloy was highest, 1.e., 0.58 £ 0.02 mm/yr. The corrosion rate of the NCs was lower
than the alloy. The NCO0.5SiC had a corrosion rate of 0.49 + 0.03 mm/yr, which is highest
among the NCs. The NC1.0SiC and NC2.0 exhibited a corrosion rate of 0.19 = 0.07 and 0.11
+ 0.05 mm/yr, respectively. The NC3.0SiC showed 91.3 % (0.05 + 0.01 mm/yr) improvement
in contrast to the corrosion rate of AXM520 alloy. Thus, the additions of SiCpp
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Figure 7.4 (a) Potentiodynamic polarization curves; (b) the variation of calculated Icorr, Ecor,

and corrosion rates with SiCpp concentration for the AXM520 alloy and NCs.
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significantly inhibited the corrosion of AXM520 alloy. The improved corrosion rate of Mg
alloys owing to nanoparticle addition was reported earlier as well [44,126]. Most interestingly,
the anodic branch of the NC1.0SiC, NC2.0SiC, and NC3.0SiC exhibited nobler pitting
breakdown potential (Ep) as compared to the AXMS520 and NCO0.5SiC. After Ep potential, all
the curves exhibited a rapid increase in current density, indicating the breakdown of the semi-
protective film and the rapid dissolution of the a-Mg phase. The difference between Ecorr and
Ept of NC1.0SiC, NC2.0SiC, and NC3.0SiC were 141.4 + 5.4, 173.14 £ 2.3, and 215.3 £ 2.6,
respectively. The results again confirm that the resistance against pitting corrosion increased

as the SiCpp concentration increased in the AXMS520 alloy.

7.5 Volta potential measurement

The results of the hydrogen evolution tests and electrochemical corrosion tests signify that the
dispersion of SiCyy significantly inhibited the corrosion of AXM520 alloy. Therefore, the volt
potential difference between o-Mg and C36 in AXMS520 alloy as well as NC3.0SiC was
quantified to understand the corrosion behavior. Figure 7.5(a to d) exhibits the SKPFM results
obtained from AXM520 alloy and NC3.0SiC. Figure 7.5(a and c) exhibits the volta potential
maps, and Figure 7.5(b and d) portrays the variation of volta potential as a distance along the
lines marked in the former images. The difference in potential between a-Mg and C36 phases
at the grain boundaries was 85.29 + 1.52 mV in AXM520, as shown in Figure 7.5(a and b).
Metalnikov et al. [134] showed that the potential difference between these two phases was 140
mV in AXM610 alloy. Baek et al. [135] studied the corrosion behavior of the AZ61 with
varying Ca wt.%. They reported that the potential difference between primary a-Mg and
secondary C36 phase was 230 mV in AZX611 alloy. Thus, the alloy composition significantly
alters the volta potential difference between the two constituent phases. In NC3.0SiC, the
potential of the C36 phase was 36.95 + 1.13 mV higher than the a-Mg phase, as displayed in
Figure 7.5(c and d). The decrease in the volta potential difference was owing to the dispersion
of SiCypp in the a-Mg phase. A significant amount of SiCyp was engulfed by the a-Mg phase
during solidification of the NCs. Thus, the potential of the a-Mg phase is reduced by 1.6 times
in the NC3.0SiC compared to that in the AXM520 alloy. The addition of nanoparticles
increased the viscosity of the melt [90,91], which decreased the solid-liquid interface velocity
during solidification. The decreased interface velocity entrapped a higher amount of SiCyp in
the grain boundaries along with the C36 phase, as shown in Figure 4.7(c). These entrapped
SiCyp in the intergranular region hindered the charge transfer between the a-Mg and C36 phases
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owing to the poor conductivity of the SiCyp. Therefore, the reduced volta potential difference
led to slower charge transfer between the a-Mg and C36 phase in NCs, which essentially
improved the corrosion resistance of NCs with respect to AXM520 alloy. The aforementioned
results further confirm the increased impedance resistance (L) in the NCs, as listed in Table
7.2. Ganguly et al., in two separate studies, concluded that adding SiC,p, or graphene
nanoparticles decreased volta potential values between a-Mg and B-Mgi7Ali2 phases in AZ91-
based alloys, resulting in the better corrosion properties of the NCs compared to the monolithic

alloy [44,126].

7.6 Characterization of corrosion film

7.6.1 SEM micrographs of corroded film

Figure 7.6(a to e) exhibits the SEM micrographs of the corroded film formed on the contact
surface of AXMS520 alloy and NCs following the electrochemical tests. The film primarily
consists of Mg(OH): (as confirmed by the XRD patterns discussed in section 7.6.2) which is
insoluble in an aqueous medium [124,125]. The Cl™ ions in the aqueous NaCl solution attacked
the Mg(OH). layer and formed the soluble MgCl», which deteriorated the protective layer.
Figure 7.6(a) exhibits the corrosion layer formed on the AXMS520 alloy. The presence of
excessive cracks on the corroded film is observed. However, the cracks were shallower and
less visible in the NCs, as exhibited in Figure 7.6(b to e). As a result, the quantity of Mg(OH)2
phase formed reduced as the SiCyp, wt.% gradually enriched in the NCs. The EDS results
obtained from the corroded films of the AXMS520 alloy and NC3.0SiC are shown in Figure
7.7(a to d). It is evident that the corroded film on the NC3.0SiC contains relatively higher Al
(i.e., 7.05 wt.%) than that (0.83 wt.%) of the AXMS520 alloy. The higher Al content on the
corrosion film of the NC3.0SiC was attributed to the higher Al content in the a-Mg phase, as

discussed earlier in section 4.1 of chapter 4.

7.6.2 XRD and FTIR analysis of the corroded products

Figure 7.8(a) exhibits the XRD profile of the collected corroded products from the top of the
corrosion-tested AXM520 and NCs. The presence of Mg(OH), compound in the corrosion
films of the tested alloy and NCs is confirmed. The XRD peaks corresponding to the parent a-
Mg were also observed. The reaction leading to the formation of Mg(OH), was discussed in
Equation 7.1. The MgCO3.3H,0 (nesquehonite) phase was also identified in the XRD peaks

of all the samples. The formation of the compound indicates that atmospheric CO> also plays
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Figure 7.6 SEM images of the corrosion films formed on the surfaces of AXM520 (a) and NCs
(btoe).
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NC3.0SiC (c and d) confirming the higher Al content on the corrosion film of the NC3.0SiC.
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a significant part in the corrosion of Mg-based alloys and NCs. The CO; in the atmosphere
reacted with Mg(OH); as per the reaction [125,126].

Mg(OH), + CO, - MgCO; + H,0 Equation 7.5
Further, MgCO; combined with H>O present in the aqueous NaCl solution formed
MgCOs3.3H;0. In addition, the Layered Double Hydroxide (LDH) was also detected on the
corroded films of the alloy and NCs. The LDH formation took place owing to the increased pH
(~11.2) of the electrolyte [136,137]. The pH of the electrolyte increased by the dissolution of
Mg(OH); from the corroded films. Furthermore, the increase in the peak intensity of the LDH
phase was attributed to the increased Al content in the a-Mg phase of the NCs. The increased
LDH content resulted in an increase in the charge transfer resistance of the corroded films and
was confirmed earlier by the increased corroded film resistance by EIS measurement. Thus,
the increased LDH content in the corroded film might acted as a quasi-passive film on the
surface of the NCs. The presence of amorphous compounds was not detected in the XRD
pattern. Therefore, the possibility of formation of such compounds was checked with FTIR and
XPS. Figure 7.8(b) presents the FTIR spectra recorded from the corroded film from as-cast
AXMS520 and NCs. The intensity of the peaks associated with the different functional groups
decreased with the higher content of SiCyp in the as-cast AXMS520 alloy. The strong peak
corresponding to 3694 cm! signifies the presence of the stretching vibration mode of Mg-OH
[138]. The occurrence of the bond further confirms the formation of Mg(OH),. Next to the Mg-
OH band, a broad band of OH™ was also observed. The bond extended in the wave range of
3653 cm! to 2968 cm™!. The intensity of the peak decreased significantly as the dispersed SiCnp
increased in the AXMS520 alloy. The band at 1641 cm™ resembles to the bending vibration
mode of the absorbed water molecules [139]. The peak at 1420 cm™! presents a C-O vibration
band of carboxyl groups [140]. The band at 645 cm™' agrees with the stretching vibration mode
of the Mg-C bond, confirming the presence of MgCOs-type compounds [141].
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7.6.3 XPS analysis

Figure 7.9(a to f) exhibits the XPS analysis acquired from the corrosion film of fabricated
AXMS520 and NC3.0SiC. The peaks corresponding to Mg 1s acquired from the AXM520 and
NC3.0SiC are displayed in Figure 7.9(a and b), respectively. The analysis of the results shows
the occurrence of Mg(OH), and MgCO;3 in the corroded film. The details of the peaks are
summarized in Table 7.3. The Mg(OH), peak was observed at 1302.8 eV whereas, the peak of
MgCOs3 was observed at 1303.7 eV. The analysis showed that the area fraction of Mg(OH),
was much higher in the corroded film of AXM520 than in the corroded layer on NC3.0SiC.
Furthermore, the analysis of Al 2p peaks confirmed the presence of AI(OH); and AL,Os at 73.8
and 70.3 eV, respectively, in both the AXM520 alloy and NC3.0SiC, as displayed in Figure
7.9(c and d). The increased peak area of the AI(OH)3; was might contributed by the AI-LDH
layer formation, which significantly improved the corrosion resistance of the NCs. However,
there is no significant change in the peaks corresponding to Ca 2p acquired from the corrosion

films of AXM520 alloy and NC3.0SiC nanocomposite, as shown in Figure 7.9(e and f) [127].

Thus, the addition of SiCpp in the AXM520 alloy decreased the amount of corrosion products.
The reduced amount of Mg(OH)> lowered the formation of MgCl,. The AI(OH)3; and AI-LDH
layer is more stable than Mg(OH). Thus, the stable corroded film containing more AI(OH)3
and Al-LDH improved the corrosion resistance of the NCs by preventing Cl~ ions attack on

the Mg(OH); layer.

Table 7.3 Summary of the area percentage data evaluated from the XPS peaks of AXMS520
and NC3.08SiC after deconvoluting.

Mg 1s Al 2p Ca2p

MgCOs  Mg(OH):
Materials Al(OH)3 ALO3 CaO Ca(OH):

(1303.7 (1302.8

(73.8eV) (703eV) | (3545eV) (351.7¢eV)
eV) eV)

AXMS520 25.0 70.9 26.6 73.4 5.2 94.8
NC3.0SiC 42.1 57.9 50.6 49.5 5.8 94.2
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7.7 Characterization of corroded surfaces

The corroded surfaces of as-cast AXM520 and NCs were analyzed after removing the corroded
film with a standard chromate solution. Figure 7.10(a to e) shows the topological map of the
corroded surfaces of AXM520 and NCs after the removal of accumulated corroded films. The
results were subsequently analyzed using Gwyddion software to estimate the roughness of the
corroded surfaces. The roughness values of all the compositions as a function of SiCy, are
shown in Figure 7.10(f). The roughness values of the corroded surfaces inversely varied with
respect to the SiCpp wt.% in AXMS520 alloy. The AXM520 alloy showed the highest roughness
value of 17.7 + 2.7 um among the compositions. The roughness value of the NCO0.5SiC, i.e.,
14.2 + 4.9 pm, was the highest among the NCs. The lowest roughness value i.e., 3.1 £ 1.3 um,
was for NC3.0SiC. Therefore, adding 3.0 (wt.%) of SiCyp in as-cast AXM520 alloy reduced
the corroded surface roughness of AXM520 alloy by 82.5%.

Figure 7.11(a) depicts the corroded surface of the as-cast AXM520 alloy observed under SEM.
The elemental mapping related to Figure 7.11(a) is displayed in Figure 7.11(b). The image
confirms that certain regions were deeply corroded, and these regions are surrounded by
boundary walls. The deeply corroded regions corresponded to the primary a-Mg phase, and the
boundary walls were the secondary C36 phase, as confirmed in the elemental mapping. This
suggests that galvanic corrosion occurred between these phases. Thus, the a-Mg phase acted
as an anode while the C36 phase at the interfaces of different grains acted as a cathode during
the galvanic corrosion. The morphologies of the corroded surfaces in the NCs are shown in
Figure 7.11(c to f). The depth of the corroded a-Mg phase reduced significantly with the higher
content of SiCpp Wt.% in as-cast AXMS520 alloy. The relative potential between these two
phases is reduced with the increased SiCyp Wt.% in the NCs, which subsequently reduced the
galvanic corrosion rate and improved the corrosion resistance of as-cast NCs. Figure 7.12(a
and b) exhibits the cross-sectional views of the AXMS520 alloy and NC3.0SiC after the removal
of the corrosion products. The depth of the corroded layer in the AXM520 alloy (i.e., 164.6
pm) is 2.9 times higher than that (i.e., 57.4 pm) in the NC3.0SiC confirming the severe
corrosion of the AXM520 alloy as compared to the NCs.

The schematics of the corrosion mechanism involved in the as-cast AXM520 and NC3.0SiC
(representative for the NCs) are presented in Figure 7.13(a and b). In stage I, the Mg(OH),-rich
corrosion film formed on the AXMS520 alloy, as depicted in Figure 7.13(a). The Mg(OH): film
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Figure 7.11 SEM micrographs of corrosion products free surfaces of AXM520 with elemental

mapping (a and b), and NCs (c to f).
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(a) AXM520

(b) NC3.0SiC

Figure 7.12 Cross-sectional micrographs of the corroded surfaces of the (a) AXM520 alloy
and (b) NC3.0SiC depicting the extent of corrosion.

Page | 98



Chapter 7 Corrosion Behavior

Formation of MgCl, phase Dissolution of a-Mg phase

AXMS20

Stage 111
Stage I Stage II Strong galvanic =

corrosion between
a-Mg and C36 phases

(b)

Nano composites

Stage 11

Galvanic corrosion between a-Mg and
C36 phases is reduced due to the
presence of SiC nanoparticles

<:> a-Mg —— C36 ® SiC,, dispersedin  ,¢e, SiCyat intergranular region

a-Mg grain interior around C36 phase
Mg(OH), rich Al(OH); + Al-LDH
@ corrosion film rich corrosion film C; Water soluble MgGl,

@ Hydroxyl ion € Chlorine ion

Figure 7.13 Schematic representation showing the different stages of corrosion mechanism

took place in (a) AXM520, and (b) NC3.0SiC.

Page | 99



Chapter 7 Corrosion Behavior

was attacked by CI™ ion present in the NaCl solution and aqueous soluble MgCl, formed in
stage II. Thus, the Mg(OH): film became unstable. In stage III, the dissolution of the a-Mg
phase took place due breaking of Mg(OH), layer. However, the reduced volta potential
difference between a-Mg and C36 phases minimized the extent of galvanic corrosion in
NC3.0SiC. The reduced volta potential between a-Mg and C36 is attributed to the formation
of non-conducting SiCy, layer around the C36 phase, that leads to decrease galvanic potential
between a-Mg and C36 phase, as discussed earlier in section 7.5. For the NC3.0SiC, the amount
of formation of Mg(OH): is reduced, and accordingly the AI(OH); and Al-LDH-rich corroded
film is formed, as shown in Figure 7.13(b). The Al-LDH-rich film is more stable than the

Mg(OH),-rich film contributing to better corrosion resistance of the NCs.

7.8 Summary of chapter 7

In this chapter, the corrosion behavior of squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn (wt.%)
(AXM520) alloy and nanocomposites are presented. The major findings from the current
chapter are summarized below.
1. The corrosion resistance of the NCs measured in the hydrogen evolution test was
superior to the AXM520 alloy, and the improvement was 91.1% in the NC3.0SiC.

ii.  The OCP of all NCs shifted to more noble values with the increased quantity of SiCpp
in AXMS520. The polarization resistance determined from the EIS increased with the
increase in the SiCyp content in the NCs.

iii.  The potentiodynamic polarization scans further confirmed the superior corrosion
resistance of the NCs to the AXMS520 alloy. Among the fabricated NCs, NC3.0SiC
exhibited the highest corrosion resistance, and it was 91.3% lower in comparison to the
AXMS520 alloy.

iv.  The corrosion products predominantly consist of Mg(OH).. The addition of SiCyy
reduced the formation of Mg(OH); and increased the content of the AlI(OH); in the
NCs leading to the higher stability of the corroded film formed on them.

v.  The a-Mg phase was severely damaged owing to the galvanic corrosion between the o-
Mg and C36 phases. However, the galvanic corrosion was reduced due to a decrease in
the volta potential between a-Mg and C36 phases in the NCs, resulting in their superior

corrosion resistance.
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Chapter 8
Creep Behavior of Age-hardened AXM520

Alloy and NCs

The present chapter aims to explore the microstructural alteration and creep characteristic of
the squeeze-cast age-hardened Mg-5.0A1-2.0Ca-0.3Mn (AXMS20HT) alloy, as well as
AXMS20HT+1.0SiC (NCI1.0SiCHT) and AXMS520HT+2.0SiC (NC2.0SiCHT) (wt.%)
nanocomposites (NCs). A correlation of the creep responses of age-hardened AXMS520 alloy
and its nanocomposites with their initial and creep-deformed microstructures has been
established. For the first time, deformation mechanism maps for Mg-Al-Ca alloys and their
nanocomposites are constructed. A summary of the microstructures and creep responses of

AXMS520HT, NC1.0SiCHT and NC2.0SiCHT, is presented at the end of this chapter.

8.1 Hardness response of aged AXMS520 alloy and NCs
The AXMS520HT alloy, as well as NC1.0SiCHT and NC2.0SiCHT nanocomposites, were

subjected to aging at 523 K, and their age-hardening responses were examined by evaluating
the microhardness values, as shown in Figure 8.1(a). As anticipated, the values of Vickers
hardness of the AXMS520HT alloy and its nanocomposites gradually increase with the aging
time. The highest hardness responses of the alloy and nanocomposites were achieved following
2 hr of aging at 523 K. The microhardness values then decreased with a further increase in the
aging time, confirming over aging of the specimens. At the peak aged condition, the
AXMS20HT alloy exhibited a hardness of 71.7+1.6 HV, and the values for the NC1.0SiCHT
and NC2.0SiCHT were 75.8+2.4 HV and 79.9+1.3 HV, respectively. The hardness values of
the alloy and NCs in as-cast conditions were 50.9+£2.3, 53.44+1.2, and 56.842.2, respectively.
Thus, the hardness values of the AXM520HT, NC1.0SiCHT, and NC2.0SiCHT are improved
by 40.9, 41.9, and 40.7 %, respectively following aging. The significant improvement in

hardness values confirms the beneficial effects of aging.
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8.2 Microstructural characterization of aged AXM520 and NCs
The XRD patterns displayed in Figure 8.1(b) correspond to the aged AXMS520HT alloy, and

nanocomposite samples confirmed the presence of the primary a-Mg phase, i.e., the solid
solution of Al, Ca, and Mn in Mg. The solubilities of Al and Ca in Mg at room temperature are
limited, and therefore, different intermetallic phases inevitably formed in the AXMS520HT
alloy. The recorded XRD profile exhibited the characteristics peaks of the (Mg,Al),Ca (C36),
ADlCa (C15), and AlsMns intermetallic phases, as shown in the enlarged view of the XRD
patterns in Figure 8.1(c). A small peak associated with the SiC phase was observed in
NC2.0SiCHT, which confirms the presence of the SiC nanoparticles in the NCs. The SEM
micrograph of the AXMS520HT alloy at peak-aged conditions in Figure 8.2(a) exhibits the
primary a-Mg phase in a dark gray appearance. The C36 phase formed a lamellar morphology
with a-Mg phase, i.e., a binary eutectic at the grain boundaries and triple junctions. Another
white spherical phase was observed at the a-Mg grain interior. The magnified view of ‘a’ in
Figure 8.2(b) depicts that the C36 phase is discontinuous. Liu et al., in their investigation,
showed that the secondary phase became more discontinuous and fragmented in the AXM
alloys with increased heat treatment time [142]. A similar morphological change in the
secondary phase of the AXM alloys with solutionizing time was reported by Inoue et al. [143].
Figure 8.2(c) presents a magnified micrograph of the AXMS520HT alloy, and the corresponding
elemental mapping shown in Figure 8.2(d) confirms that the grain boundary phase was
enriched with Al and Ca. In addition, the Al and Mn-rich spherical white particles were
observed. The EDS analysis results shown in Figure 8.2(e), 1.e., Mg-5.0Al1-2.4Ca (at.%) taken
from the dark gray region, confirm the matrix phase is constituted of a-Mg. The composition
of the phase at the grain boundary shown in Figure 8.2(f) was Mg-30.7Al-14.6Ca (at.%),
ensuring the formation of the C36 phase. Suzuki et al. [54] reported the morphological
alteration of the C36 phase in the AXM-based alloys aged at 573 K for 3600 s. The EDS data
obtained from the white spherical particles shown in Figure 8.2(g), i.e., Mg-46.3A1-43.3Mn
(at.%), confirms the phase is AlsMns. Li et al. [56] and Han et al. [52] also confirmed the
existence of the AlsMns phase, with similar composition in the AXM4204 and AX52 alloys.
The micrographs of the aged NC2.0SiCHT in Figure 8.2(h and 1) exhibit the fragmented
topology of the C36 phase present in it. The discontinuous lamellas of the C36 phase were
attributed to a complex solidification process of the melt involved in the presence of solid SiC
nanoparticles. In the presence of nanoparticles, the migration of solute atoms from the solid to

liquid phase is strongly hindered [96,144]. Therefore, the heterogeneous nucleation site
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the morphology of C36 phase.
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increased and modified the secondary phase’s morphology during the casting of the
nanocomposites. The TEM micrograph acquired from the a-Mg phase of aged AXMS20HT
alloy is shown in Figure 8.3(a). Two different precipitates with rod and planner-like
morphologies were present in the a-Mg grain interior of the alloy, and the same is seen in the
magnified micrograph provided in Figure 8.3(b). Figure 8.3(c) presents the SAED pattern
obtained from the same region, displaying a dot pattern characteristic of the a-Mg phase
acquired from the [0001] beam direction. Additionally, multiple ring patterns were also
observed, and these are from the precipitates formed in the a-Mg grain interior. The ‘d’ spacing
calculated from the smaller ring value was equal to 2.13 A, confirming the {306} plane of the
AlgMns phase. The ‘d’ spacing of the bigger ring is 1.52 A, confirming the {511} plane of the
AlxCa (C15) phase. The rod-like precipitates have a length of 85.4+1.6 nm and a width of
10.7+1.3 nm, whereas the planner-type precipitate has a length of 65.3+2.1 nm. The probable
precipitates that might form in the AXM alloys are Mg-Al, Mg-Ca, Mg-Mn, Al-Ca, Al-Mn,
and Ca-Mn, and their enthalpies of mixing are -2, -6, 35, -20, -70, and 59, respectively.
Therefore, the AI-Mn and Al-Ca precipitates formed due to their lower values of enthalpy of
mixing [145]. Zuo et al. [62] reported that the rod-like precipitates were enriched with Al and
Mn and identified as the AlsMns phase. The planar precipitates were identified as the Al,Ca
phase. Nakata et al. [146] reported the formation of planner Al,Ca precipitates after age-
hardening of the AXM10304 alloy. Bian et al. [147] too mentioned the formation of planner
ADlCa precipitates during age-hardening of AXM alloys and concluded that these semi-
coherent precipitates were monolayered G.P. zones. Figure 8.3(d) exhibits the grain interior of
NC2.0SiCHT. In the nanocomposites, the rod and planner-like precipitates were also observed.
A phase with spherical morphology was also observed, as displayed in Figure 8.3(e). As
mentioned earlier, the SAED pattern in Figure 8.3(f) acquired from the region of Figure 8.3(e)
exhibits multiple ring patterns that correspond to the AlsMns and Al.Ca phases. Additionally,
a ring pattern from the {111} plane of the SiC phase with the d spacing of 2.52 A was also

observed.

8.3 Creep behavior

8.3.1 Creep response and creep mechanism
Figure 8.4(a) compares the time dependency of the impression depth of the age-hardened alloy

and nanocomposites at a stress of 435 MPa and temperature of 498 K. All the curves consist

Page | 105



Chapter 8 Creep Behavior of Age-hardened Alloy and NCs

AXM520HT

muns'::/i

| (511)azca

(220)ai2ca
=(111)sic

~1511)azce

Figure 8.3 (a) TEM image (BF) revealing the precipitates formed in the a-Mg grain interior of
AXMS520HT; (b) enlarged view of ‘a’ showing two precipitates with rod and planner-like
morphologies, (c) SAED pattern captured from ‘a’; (d) TEM image (BF) exhibiting the
presence of precipitates and SiCpp in the a-Mg grain interior of NC2.0SiCHT; (e) enlarged view
of ‘d’ showing the morphologies of precipitates and dispersed SiCyp phase, (f) SAED pattern

captured from ‘c’

Page | 106



Chapter 8 Creep Behavior of Age-hardened Alloy and NCs

of only two stages of creep deformation (i.e., primary and secondary stages) after instantaneous
deformation. The creep curve is divided into three distinct regions in conventional creep
testing. However, impression creep curves do not exhibit the tertiary stage due to the test’s
compressive nature. The indentation depth over a fixed period was lower in the NCs than the
alloy, implying that the SiC-dispersed nanocomposites were more creep-resistant than the
AXMS520HT alloy. The time dependency of the impression velocity of all the samples
corresponding to Figure 8.4(a) is depicted in Figure 8.4(b). The impression velocity profile
displayed a biphasic trend, wherein the primary stage was marked by a velocity reduction,
followed by a stabilization stage in the secondary stage. The balance between strain hardening
and recovery rate was the reason for constant steady-state impression velocity in the secondary
stage. Figure 8.4(b) also depicts the steady-state impression velocity values with bar diagrams.
The nanocomposites exhibited lower steady-state impression velocities than the AXMS520HT
alloy. The steady-state impression velocities of NC1.0SiCHT and NC2.0SiCHT decreased by
54% and 76%, respectively, compared to the AXM520HT. The measured creep rate in heat

treated samples were improved closed to 30 % in all the compositions.

The creep mechanism that controlled the deformation of the alloy and NCs is evaluated by
determining the stress exponent (n) and activation energy (Q) values. The well-established
Mukherjee-Bird-Dorn equation related to the steady state creep rate (€) for conventional creep

tests is given in Eq. 6.1 and reproduced as follows [65].
. Gb (b\P (o\" -9
¢=a(3) (5) DoeT™

In this equation, A, G, b, d, Do, and T are defined as a material constant, shear modulus, burgers

vector, grain size, diffusion coefficient, and test temperature, respectively. In an impression

. Vi _ agj . .
creep test € = P (s, and 0 = —7Z(MPa), as mentioned in Eq. 6.2.
Indentor diameter 3
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Figure 8.4 (a) Impression depth vs. time plots obtained at 435 MPa and 498 K for the aged
AXMS520HT and NCs; (b) steady-state impression velocity vs. time plot for AXMS520HT and
NCs corresponding to ‘a’; representative plots showing (¢ and d) stress and (e and f)

temperature dependence of steady-state impression velocities for AXMS20HT and

NC2.0Si1CHT.
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Thus, Eq. 6.1 for impression creep is modified as follows, as discussed earlier in Eq. 6.3 [30].
. . Q
VT _ p (U‘ﬂ)n e(_ﬁ)
G G
For the heat-treated alloy and NCs, the values of n can be calculated from the slopes of

In (Zz21) vs. In (Z222) plots at a fixed tem erature, and the values of Q can be evaluated b
c : )P p y

VimpT

multiplying universal gas constant (R = 8.314 JK'.mol!") with the slope of In (T) VS.

1000/T curves at a constant stress. Figure 8.4(c and d) displays the calculations of n values of
the AXMS20HT and NC2.0SiCHT, respectively, at all tested temperatures. The average n
values of the AXM520HT and NC2.0SiCHT were 6.0 = 0.6 and 6.4 + 0.3, respectively. The
creep deformation mechanism of the alloy and NCs was identified as a dislocation climb based
on the calculated stress exponent (n) value. The Q values for the AXMS20HT alloy, and
NC2.0SiCHT were evaluated as displayed in Figure 8.4(e and f). The Q values for the
AXMS520HT and NC2.0SiCHT were in the range of 78.9 + 1.8 to 110.5 + 3.2 kJ/mol for
NC2.0SiCHT. The Q values obtained in the current study are very close to the value responsible
for the pipe diffusion of Mg, i.e., 92 kJ/mol. A summary of the n and Q values at different

temperatures and stresses for all the samples is given in Table 8.1 and 8.2.

Table 8.1 Summary of the n values obtained from the creep tests at different temperature

levels.

Temp. n

(K) AXM520HT  NC1.0SiCHT  NC2.0SiCHT

448 5.2 5.8 59
473 6.2 6.4 6.5
498 6.7 6.8 6.7
Nay 6.0+0.6 6.3+0.4 6.4+0.3
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Table 8.2 Summary of the Q values obtained from the creep tests at different stress levels.

Q (kJ.mol ™)
Stress (MPa)
AXMS520HT NCI1.0SiCHT NC2.0SiCHT
390 89.2+1.8 86.5+2.9 78.9+1.8
435 85.9+1.3 76.4+0.5 83.5+3.7
480 110.5£3.2 90.2+1.4 84.8+1.4
Qav 95.2+10.9 84.4+5.8 82.4+2.5

8.3.2 Construction of creep mechanism map

The construction of a creep mechanism map is one of the essential aspects of creep study,
which can be used in the future as a reference for the selection of stress and temperature range
from the application point of view. In the present study, the Mg-Al-Ca (Ca/Al ~0.4) alloy’s
creep mechanism map was constructed. The construction of the map was achieved by following
the equations given in Table 8.3. The material constant value (Ks) during dislocation climb
assisted by lattice diffusion can be calculated from the intercept by fitting a straight line through

&b?

the experimental data plotted in In (D ) vs. In (%) Similarly, the Ko value for dislocation

L

&b?

climb assisted by pipe diffusion can be estimated from In (D ) vs. In (%) plot. Figure 8.5(a)

displayed the plot for both conditions. The lattice diffusion-controlled data of AX52 [148] alloy

p

showed that the fitted straight line had a slope of 5, equal to the n value during lattice diffusion.
The estimated Ks value was 6.34x10%. Additionally, the pipe-diffusion-controlled creep of
AXMS520 and AXM620 was plotted, and the n value was found to be ~7, indicating dislocation
climb assisted by pipe diffusion [149]. The Ko value for the AX alloys was found to be
1.25x108. Figure 8.5(b) shows the plot for grain boundary sliding (GBS) condition to estimate

the value of K4 and Ks. The K4 and Ks values were estimated using the linear fit method from

. 13 & 72
the In <ng b) vs. In (%) and In (%) vs. In (g) plots, respectively [18,150,151]. The slope of

gb- p
the linear fit was ~2 for GBS assisted by grain boundary diffusion and ~4 for pipe diffusion
assisted GBS. The K4 and Ks were estimated as 1.25x10° and 1.58x10°, respectively.
Thereafter, the rest of the constant values were taken from the work by Somekawa et al. to

construct the entire deformation mechanism map [117]. Figure 8.5(c) exhibits the creep

deformation mechanism map in terms of In(d) vs. In (g) for the AX alloys at 473 K. The
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experimental values from previous literature and current investigations were plotted on the map

[18,149-151]. Further, Figure 8.5(d) exhibits a creep deformation mechanism map as a function
of In (%) and (T/Tm) (homologous temperature). The map was constructed by considering

grain size (d) as 33 um, equal to the grain size of NC2.0SiCHT. The creep deformation maps
constructed in the present investigation map correctly predict the creep deformation mechanism
involved for the Mg-Al-Cal-based alloys and their NCs over a combination of stress,
temperature, and grain size range. The maps exhibit that diffusion-based creep can occur only
at high temperatures when the grain size is < 100 um (10* m) and applied stress is low (6/G <
107°). Therefore, for the targeted application regime (i.e., 473 to 498 K) for the AX-based
alloys, the chances of diffusion-based creep are nil. In the present investigation, the creep tests
were performed with the applied normalized stress (6/G) > 10, and homologous temperature
ranges from 0.4 to 0.6. Based on this, the maps predict that the creep deformation is dominated
by dislocation climb in the AXM520 alloy and its NCs, which is already concluded based on
the values of n and Q. The grain boundary sliding added by diffusion will dominate when the
grain size is below 10 um [18,150]. However, the boundary between the pipe and lattice-based
diffusion is not distinct, which is attributed to the lack of data availability in this regime.
Therefore, these newly constructed maps could be used as a reference to predict the creep
deformation mechanism for a particular stress, temperature, and grain size range for the AX

alloys.

8.4 Microstructural analyses of creep-tested specimens

8.4.1 Observation of deformed region

The indentations produced on the creep-tested (435 MPa and 498 K) specimens of the
AXMS520HT and NC2.0SiCHT were bisected along the diameter, and the microstructural
observations were carried out by taking the regions from the edges of the indenter. The SEM
micrographs from the regions are provided in Figure 8.6(a and b). As expected, the three
distinct regions are observed under the indenter, which is the characteristic of an indentation.
The Hertzian stress distribution below the indentation is understood using Eq. 6.4, as discussed

earlier [119].

1 P
0z = _E 1 r? 1/2
-2

The indentation test applies a mean pressure of Pm, generating a normal stress of g, beneath

the indenter.o, The radius of the flat indenter is ‘a’, and radial distance r is considered from the
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Table 8.3 List of equations with constant values employed to construct the creep deformation

mechanism maps of the Mg-Al-Ca-based alloys and their nanocomposites.

Value of material

Creep mechanisms Equations
constant (K) (s™)
D\ (Eb3\ /o
Nabarrow-Herrin § =K (—) — (= 14 1171
Diffusional s a2 (KT) @)
flow Dyp-b\ (Eb3\ /0
. gb i ¥ el [117]
Coble é —K2< e )(KT>(G) 50
. . . ) D\ 0?2 6[117]
Grain Lattice diffusion § = K (ﬁ (E) 1.8%x10
boundary o Dgp.b\ s0\? .
GB diffusion ¢ = K5~ (%) 1.25%10°
(GB) d G
sliding T . Dy\ son\* sx
Pipe diffusion £ = Kg (ﬁ) (E) 1.58x10
, D\ (Eb3\ /o )
Harper-Dorn ¢ = K, (ﬁ) <ﬁ> (E) 7 0x10°11 [117]
- D\ (o3 2[117
Dislocation Selute drag § =K, (ﬁ) (5) 3.0x1020117
climb ) ) ) _ D\ /075 gr
Lattice diffusion § = Kg (ﬁ) <E) 6.34x10
Dy\ o7
Pipe diffusion £ = Ky (bz) (G) 1.25%10
Equations for diffusional coefficient and G value
Dp Pipe diffusion 3.6 X 1075 ~92000/kT
Dgb GB Diffusion 7.7 X 1073 ~92000/kT
Do Lattice diffusion 1.0 X 10~*g~135000/kT
Ds Solute-drag Diffusion 1.2 X 1073~ 143000/kT
G (MPa)  Shear modulus 18460 - 8.2xT (MPa)
b Burgers vector 3.21x1071% (m)

*Calculated in the present investigation for the Mg-Al-Ca-based alloys and their

nanocomposites from Figure 8.5(a and b)
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(i) Harper-Dorn creep (n = 1), (ii) Solute drag creep (n = 3), (iii) Climb-controlled creep
(n=5) lattice diffusion , (iv) Climb-controlled creep (n = 7) pipe diffusion, (v) GBS lattice
diffusion (n = 2), (vi) GBS grain boundary diffusion (n = 2), (vii) GBS pipe diffusion (n =
4), (viii) Diffusional flow (n = 2) coble creep. [117]

Figure 8.5 Diffusion coefficient normalized steady-state strain rate vs. shear modulus
normalized applied stress plot exhibiting various deformation mechanisms in Mg-Al-Ca (AX)
alloys (a) DL- and D, -controlled dislocation creep; (b) Dgb- and D, -controlled grain boundary
sliding creep; (c) grain size vs. shear-modulus normalized applied stress plot exhibiting
dislocation mechanism map of Mg-Al-Ca (AX) alloys and their nanocomposites at 473 K, and
(d) shear modulus normalized applied stress vs. homologous temperature plot for NC2.0SiCHT

with grain size of 33 pm.
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center of the flat indenter. Below the indenter, at the center point (i.e. r =0,) o, = - 0.5 B,,.
Thus, the R1 region, just underneath the indenter, undergoes a minimal deformation and forms
a hemispherical hydrostatic stress zone (i.e., dead zone). As the value of ‘r’ reaches a (i.e., at
the indenters’ edge), the o, value increases drastically and reaches infinity at the indenters’
edge. Therefore, the region marked as R2 experiences localized shear force and undergoes
shear deformation. The spread of region R2 exhibits the deformation resistance offered by the
material during the creep test at a particular stress and temperature. The region R2 is wider in
AXMS520HT than NC2.0SiC, implying the inferior creep response of the former. The region
away from the indention, i.e., region R3, shows an undeformed zone similar to that of the
untested region. This region experienced negligible stress, and accordingly, the microstructural
alteration was negligible. The magnified view of R2 of AXMS520HT shows that the secondary
phase was utterly broken, whereas the same remains intact within the a-Mg matrix in the case
of NC2.0SiCHT. This implies that the presence of SiC,p in NC2.0SiCHT gave additional
strengthening in the NC2.0SiCHT matrix compared to the AXMS520HT.

The EBSD data were acquired from the highly deformed regions, i.e., the regions at the edges
of the indenter, as shown in Figure 8.6(a and b) of the creep tested (498 K and 435 MPa)
AXMS520HT and NC2.0SiCHT. The grain boundary map corresponding to the region is shown
in Figure 8.7(a and b). The grain boundary misorientation value lower than 15 ° is defined as
the low-angle grain boundaries (LAGBs), and the misorientation above 15 ° is considered as
the high-angle grain boundaries (HAGBs). The results show that in both the alloy and NCs, the
highly deformed regions are populated with HAGBs. In addition, the twin boundaries inside
grain interiors of all the samples were observed. The formation of twins during deformation of
Mg alloy and composites is well known owing to their limited slip systems [152]. Figure 8.7(c
and d) exhibits the misorientation map corresponding to Figure 8.7(a and b). The results show
the frequency of HAGBs was high in all the cases. In addition, the contribution of different
twins in HAGBs is also shown. The formation of double twin (38°, {1011}-{1012}),
compression twin (56°, {1011}), and extension twin (86°, {1012}) is observed in the alloy and
NCs [152-154]. The formation of {1011} and {1012} twins took place by rotating the twinned
lattice around the <1210> direction by 56° and 86°, respectively. Similarly, the double twin
was formed by rotating the c-axis around <1210> direction for both the primary and secondary
twins. Their existence in creep-tested AXMS520HT and NC2.0SiCHT can be further confirmed

by the inverse pole figure maps shown in Figure 8.7(e). In all the cases, the inverse pole figure
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maps confirm the presence of <1210> oriented boundaries. The inverse pole figure maps in the
range of 84-88° indicate that many HGBs are oriented along <1210>. This result indicates that
the deformed samples are populated with extension twins. The comparison of the twin-
frequency percentage of the AXMS20HT and NC2.0SiCHT is displayed in Figure 8.7(f). In all
the twin modes, it has been observed that the percentage of twins in the creep-tested specimen
of NC2.0SiCHT was lower than that of the AXMS520HT alloy. This indicates the presence of
nanoparticles successfully hindered the growth of the twins in NCs, contributing to the lower
deformation of the NCs compared to the AXMS520HT. Therefore, in the creep tests, the SiCyp
dispersed AXMS520HT composites showed a better creep response than the AXMS20HT. Shi
et al. [155] concluded that nano-sized precipitates hindered the twin growth in Mg alloys.
Antony et al. [156] also confirmed that the particles present in the grain boundaries of Mg
alloys also hindered twin growth. Leu et al. [157] concluded that the precipitates provided back

stress, which significantly restricted the development of twins in the AZ91 alloy.

8.4.2 Characterization of twinning and dislocations

The twined formed during creep deformation (T =498 K and 6 =435 MPa) of the NC2.0SiCHT
specimen is shown in Figure 8.8(a to d). Figure 8.8(a) exhibits a lamellar-type twin in the
deformed sample of NC2.0SiCHT. The twin was bound by two twin boundaries (TB) separated
from the matrix of the NC. Numerous dislocations, nano-precipitates of AlsMns and Al,Ca
phases, and dispersed SiCnp, phase were observed near the TB. The presence of nano-
precipitates and SiCyp at TB suggests that they hindered the twin growth in the a-Mg matrix.
Several other researchers also reported that the precipitates and dispersed phases hindered twin
growth in Mg alloys [158,159]. This also supports the claim that the lower creep deformation
of NC2.0SiCHT was owing to twin growth restriction provided by the dispersed SiCyp phase.

Figure 8.8(b) exhibits the SAED pattern captured from TB region displayed in Figure 8.8(a).
SAED pattern analysis reveals that the twinned lattice rotated around 86 ° along <1210> to
produce {1012} twin. The twin system was classified as an extension twin of {1012}<1011>.
Therefore, the twinning plane was identified as {1012} and the <1011> was the direction of
the twin. The brightfield (BF) image in Figure 8.8(c) exhibits another twin variant produced
during the creep deformation. The corresponding SAED pattern is provided in Figure 8.8(d).
SAED pattern analysis reveals that the matrix and twin lattice were oriented by 37.4 °. Further,

indexing confirms that the twin was {1011}-{1012} double twin. The double twin formed due
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(a)AXM520HT

Figure 8.6 SEM micrographs exhibiting the deformation flow pattern in different regions under
impressions on the creep-tested (T = 498 K, ¢ = 435 MPa) specimens of (a) AXMS520HT, as
well as (b) NC2.0SiCHT.

Page | 116



Chapter 8 Creep Behavior of Age-hardened Alloy and NCs

uolj2aJ1p uoneuapU|

0.10 Q(MSZOHT 0.10 .
(c) — (d) NC2osicHT £ e
0.08 : oos} ! = Z
: £ £ » : 9 g
-4 = 3 s o c 0 -
@ = z £
006l © ! FE = 2 o006} 2 1 3 o 2
c < oy 7 — c = o | ot - )
g 4 | o 9 o g I = a S
= [ o) 3 g g [ - g IL<
£ o004t 3 @ S Sooal 3
[a] o x | o
= w |
o
0.02 S 0.02} |
I
0.00 0.00
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Misorientation angle (Degree) Misorientation angle (Degree)
e —_
1010
Double twin o 16
(36 - 40°) & .';‘.3"‘!-""—‘\5- (f) PZAAXMS520HT
PR A ——NC2.0SiCHT

-
N
T

86°/ Extension twin

56°/ Compression twin

Frequency (%)
@

»

o
i 38°/ Double twin

Type of twins

Figure 8.7 EBSD GB maps captured from the highly deformed corner regions of (a)
AXMS520HT and (b) NC2.0SiCHT; (c) and (d) misorientation map corresponding to ‘a’ and
‘b’, respectively; (e) IPF maps for the twins observed in AXM520HT and NC2.0SiCHT; and
(f) comparison of twin fractions in creep-tested (T = 498 K, o = 435 MPa) AXM520HT and
NC2.0SiCHT.
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to c-axis rotation along <1210> direction in both cases. Further, the SAED pattern indicates a
massive sub-grain formation or dislocation accumulation around the TB during formation of
this double twin. The occurrence of the dislocation pile-ups around the TB is depicted by the

strain contrast in Figure 8.8(c¢).

The analyses of the dislocations present in the creep-tested specimen of the NC2.0SiCHT were
carried out using two-beam condition g.b=0. The ‘g’ corresponds to the diffraction vector, and
b is known to be the burgers vector. In this condition, while a crystal is diffracted along g=0002,
the dislocations with b=<0001> are visible in both BF and DF images by satisfying the criteria
g.b#0. These dislocations are known as <c> type dislocations. In the same region, the <a> type
dislocations with b=<1120> were not visible with g=0002 when g.b=0 is satisfied. However,
if the same area is seen along the g=1010 direction, the <a> type dislocations will be visible in
both BF and DF images. On the other hand, the dislocations with b=<1123> will appear with
both the g vectors (i.e., g= 0002 and g= 1010) as g.b#0. These types of dislocations are known
as <c+a> dislocations. The BF and DF images taken from the NC2.0SiCHT in Figure 8.9(a and
¢) displayed the <a> and <c+a> dislocation when exited along g=1010. The same region was
also observed by exciting g=0002, as shown in Figure 8.9(b and d). The <c> and <c+a>
dislocations were observed in both the BF and DF images. Interestingly, the <c+a> dislocations
were observed in all the images at the same position under all the conditions, confirming their
existence. A careful observation of Figure 8.9(a and b) reveals that the density of the <c> type
dislocations was much higher than that of the <a> type dislocations. It is reported that the <a>
type dislocations are associated with the low critical resolved shear stress (CRSS), which
allowed them to glide easily during deformation [160]. In the process, the dislocation
annihilation took place that resulted in the reduced dislocation density of <a> type. On the
contrary, the higher value of CRSS of the <c> type dislocation made them sessile. A schematic
of the <ct+a> dislocation’s dissociation into glissile <a> and sessile <c¢> dislocations is
portrayed in Figure 8.9(e). After dissociation of the <c+a> dislocations at the intersection of
the non-basal and basal planes, the <a> component easily glide in the closed packed basal
plane, whereas the <c> type dislocation remained in the pyramidal or prismatic plane (i.e., non-
basal plane), contributing to the strain hardening. The BF and DF images in Figure 8.9(f and
g) exhibited that the dislocation bowed due to the presence of SiCyp. The dislocations in NCs
had to overcome the additional stress field associated with the SiCpp phase. Thus, the creep

resistance of the NCs was higher compared to the AXM520HT.
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Figure 8.8 (a) BF image exhibiting an extension twin of type {1012} <1011> taken from creep-
tested NC2.0SiCHT; (b) SAED pattern corresponds to ‘a’; (c) BF image exhibiting a double
twin of type {1011}-{1012} taken from creep-tested AXMS520HT; (d) SAED pattern

corresponds to ‘c’.
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Figure 8.9 (a) and (c¢) BF and DF images of the <cta> and <a> type dislocations while g =
1010; (b) and (d) BF and DF images of the <c+a> and <a> type dislocations while g = 0002 in
the same location taken from creep-tested NC2.0SiCHT; (e) schematic exhibiting <c+a>
dislocation’s dissociation into <a> and <c> type dislocations; (f) and (g) BF and DF image of

the dislocation interaction with SiCyp in NC2.0S1CHT creep teste at 435 MPa and 473 K.
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8.5 Summary of chapter 8

In the present chapter, the microstructural alteration and creep characteristic of the squeeze-
cast age-hardened Mg-5.0A1-2.0Ca-0.3Mn (AXMS520HT) alloy, as well as
AXMS520HT+1.0SiC  (NC1.0SiCHT) and AXMS20HT+2.0SiC (NC2.0SiCHT) (wt.%)
nanocomposites (NCs) has been presented. The major findings from the current chapter are
summarized below.

1. The age-hardened AXM520HT, NC1.0SiCHT, and NC2.0SiCHT contain the primary
a-Mg grains, the discontinuous (Mg, Al),Ca (C36) phase at the grain boundaries, and
randomly present spherical-shaped AlsMns phase. All the NCs additionally contain SiC
phase.

ii.  The NCs revealed superior creep resistance compared to AXMS520HT, and it was the
best in the NC2.0SiCHT. The improvement was 76% in NC2.0SiCHT compared to
AXMS20HT.

iii.  The creep deformation was dominated by Dislocation climb facilitated by pipe
diffusion at the chosen test temperature and stress ranges. The newly constructed maps
could be used as a reference to predict the creep deformation mechanism for a particular
stress, temperature, and grain size range for the Mg-Al-Ca-based alloys and NCs.

iv.  The C36 phase was utterly broken in the AXM520HT, whereas the same remains intact
in the NC2.0SiCHT. The percentage of twins in the creep-tested specimen of
NC2.0SiCHT was lower than in the AXMS520HT alloy. The density of the <c> type
dislocations was much higher than that of the <a> type dislocations in the NCs.

v.  The significant improvement in creep resistance of all the NCs over the AXMS520HT
alloy was attributed to the age-hardening as well as dispersion strengthening from the

nanoparticles.
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Chapter 9

Conclusions and Scope for Future Research

9.1 Conclusions

In the present thesis, microstructural characterization, tensile and compression, creep and
corrosion behavior of the squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn (AXMS520) alloy and
nanocomposites with 0.5, 1.0, 2.0 and 3.0 (wt.%) of SiCyy is investigated. The nanocomposites
(NCs) were abbreviated as NC0.5SiC, NC1.0SiC, NC2.0SiC and NC3.0SiC. Further, the
microstructural evolution and creep characteristics of the squeeze-cast age-hardened Mg-
5.0A1-2.0Ca-0.3Mn (AXM520HT) alloy, as well as AXM520HT+1.0SiC (NC1.0SiCHT) and
AXMS520HT+2.0SiC (NC2.0SiCHT) (wt.%) nanocomposites have been investigated. The

major conclusions drawn from the present thesis are as follows.

Conclusions on microstructures, tensile, compression, creep, and

corrosion behavior of the squeeze-cast AXMS520 alloy and NCs

1. The microstructures of AXM520 alloy and NCs consist of a primary solid solution (a-
Mg), a eutectic of a-Mg and (Mg,Al),Ca (C36) phases, and an AlgMns phase.
Additionally, the SiC phase was also present in the NCs.

i1.  The grain size of the NCs reduced as the concentration of the SiCy, increased in the
AXMS520 alloy, and the same decreased by 36.8% in the NC3.0SiC.

iii.  The C36 phase formed a continuous network in the AXMS520 alloy. However, the same
in the NCs was fragmented and became discontinuous with the increase in the fraction
of the SiCpp. Thus, the C36 phase was the most fragmented in the NC3.0SiC.

iv.  The a-Mg and C36 phase present in the AXM520 alloy exhibited an orientation
relationship of (0001)a-mg | | (0001)c36 , [1010 Ja-mg | | [1120]c36. The lattice parameter
values for the a-Mg and C36 phases were foundtobea=3.19 A,c=5.23 A, and a=
5.92 A, c=9.87 A, respectively

v. All the NCs exhibited superior tensile properties than the AXMS520 alloy. The
NC2.0SiC with 37.2 and 69.8% enhancement in YS and UTS exhibited the most
superior tensile properties. The %El of the AXMS520 alloy and NC2.0SiC were
1.03+0.03 and 3.1+0.02%, and it decreased to 1.29+0.02% in the NC3.0SiC. The UTS
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Vi.
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Viii.
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x1.
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Xiil.

Xiv.

and %El of the NCs declined with more than 2.0 (wt.%) SiCpp to the AXM520 alloy
because of the nanoparticle agglomeration.

The superior compressive properties were exhibited by the AXM520 alloy with the
SiCpp additions. The presence of thicker shear bands in the fractograph of the NC3.0SiC
indicated its higher energy absorption capability during failure than the AXM520 alloy.
The strengthening from CTE mismatch contributed the most to the overall
strengthening of all the NCs, and the same was 146.0% greater in the NC3.0SiC than
the NC0.5SiC. The contribution from Orowan strengthening also increased by 121.2%.
However, the Hall-Petch strengthening increased only by 18.1%with the increase in
nanoparticle content from 0.5 to 3.0 (wt.%) in the NCs.

The NCs revealed improved creep performance compared to the AXMS520 alloy under
the experimental parameters utilized. The creep resistance of the NCs increases with
the increase in the SiCpp content. The NC2.0SiC exhibited an increase in creep
resistance by 73.2% compared to the alloy. However, the creep resistance deteriorated
with a further increase in the fraction of the SiC,p in the NC3.0SiC, due to the
agglomeration.

The stress exponents varied from 5.0 to 6.7, and activation energies varied from 89.8
to 101.8 kJ/mol, implying the deformation at elevated temperature in the AXM520
alloy and NCs was dominated by the climb of dislocation assisted by the pipe diffusion.
The pile-ups of dislocations took place around the C36 phase and near the SiCyp. The
additional strengthening owing to the presence of the SiCyp in the NCs was responsible
for their improved creep performance compared to the AXM520 alloy.

The corrosion resistance of the NCs measured in the hydrogen evolution test was
superior to the AXM520 alloy, and the improvement was 91.1% in the NC3.0SiC.

The OCP of all NCs shifted to more noble values with the increased quantity of SiCpp
in AXM520. The polarization resistance determined from the EIS increased with the
increase in the SiCpp content in the NCs.

The potentiodynamic polarization scans further confirmed the superior corrosion
resistance of the NCs to the AXM520 alloy. Among the fabricated NCs, NC3.0SiC
exhibited the highest corrosion resistance, and it was 91.3% lower in comparison to the
AXMS520 alloy.

The corrosion products predominantly consist of Mg(OH),. The addition of SiCpp
reduced the formation of Mg(OH); and increased the content of the Al(OH); in the
NCs leading to the higher stability of the corroded film formed on them.
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XV.

The a-Mg phase was severely damaged owing to the galvanic corrosion between the a-
Mg and C36 phases. However, the same was reduced due to a decrease in the volta
potential between a-Mg and C36 phases in the NCs, resulting in their superior corrosion

resistance.

Conclusions on microstructures and creep behavior of the squeeze-

cast age-hardened AXMS520 alloy and NCs

1.

1l

iil.

1v.

The age-hardened AXMS520HT, NC1.0SiCHT, and NC2.0SiCHT contain the primary
a-Mg grains, the discontinuous (Mg, Al),Ca (C36) phase at the grain boundaries, and
randomly present spherical-shaped AlsMns phase. All the NCs additionally contain the
SiC phase.

The NCs revealed superior creep resistance compared to AXM520HT, and it was the
best in the NC2.0SiCHT. The improvement was 76% in NC2.0SiCHT compared to
AXMS20HT.

The creep deformation was dominated by dislocation climb facilitated by pipe diffusion
at the chosen test temperature and stress ranges. The newly constructed maps could be
used as a reference to predict the creep deformation mechanism for a particular stress,
temperature, and grain size range for the Mg-Al-Ca-based alloys and NCs.

The C36 phase was utterly broken in the AXMS520HT, whereas the same remains intact
in the NC2.0SiCHT. The percentage of twins in the creep-tested specimen of
NC2.0SiCHT was lower than in the AXMS520HT alloy. The density of the <c> type
dislocations was much higher than that of the <a> type dislocations in the NCs.

The significant improvement in creep resistance of all the NCs over the AXMS520HT
alloy was attributed to the age-hardening as well as dispersion strengthening from the

nanoparticles.

To conclude, the tensile, compression, creep, and corrosion behavior of the NCO0.5SiC,
NC1.0SiC, NC2.0SiC, and NC3.0SiC are superior to that of the AXM520 alloy. Thus, the use
of NCs is beneficial over the AXMS520 alloy. Among the fabricated NCs, NC2.0SiC is the best,

considering the mechanical properties and corrosion behavior.
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9.2 Scope for future research

The following research works on the squeeze-cast Mg-5.0A1-2.0Ca-0.3Mn (AXM520) alloy,

and nanocomposites might be carried out in the future.

1.

The tensile and compressive properties were evaluated at ambient temperature. It would
be interesting to evaluate both of these properties at elevated temperatures.

The tensile, compressive, and corrosion properties were evaluated in as-cast condition.
It would be interesting to evaluate these properties after aging.

The wear behavior of the AXM520 alloy and NCs in both as-cast and aged conditions
may be evaluated.

The fatigue and creep-fatigue interaction of the AXM520 alloy and NCs in both as-cast
and aged conditions may be evaluated.

The dislocation twin interaction revealed in the present study can be expanded further
in future work, which may help to improve the understanding of the strengthening
mechanisms in detail.

The creep mechanism map developed in the present study for AX alloys and composites
needs to be addressed with more experimental data, which may help improve the map
and make precise load and temperature range prediction possible.

Ultrasonic vibration may be employed for dispersing a higher volume fraction of SiCp,
and the tensile, creep, and corrosion behaviour may be evaluated with a higher content

of SiCup.
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