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ABSTRACT (ENGLISH)
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Date of Degree : December 2012

In the present work, wear behavior of magnesium based nanocomposites reinforced
with different nanoparticles were investigated by using pin-on-disc configuration under

dry sliding conditions.

In the first group of materials, dry sliding wear behavior of AZ31 magnesium alloy and
its nanocomposites reinforced with 1.5 vol.% ALO; and 1 vol.% CNT were studied
within a load range of 5-20 N at sliding speeds of 1, 2 and 5 m/s for sliding distance up
to 2500 m. The test results showed that the wear rates of the magnesium alloy increases
with the addition of reinforcement. Scanning electron microscopy (SEM) identified
abrasion, oxidation, delamination, adhesion and thermal softening as the dominant wear
mechanisms. The high wear rates in the nanocomposites were attributed to higher
ductility, porosity and mismatch of thermal expansion coefficients between the

reinforcement and matrix alloy.

In the second group of materials, dry sliding wear behavior of Mg/Y;0s
nanocomposites reinforced with varying amounts of nickel from 0.3-1.0 vol.% were
studied within a load range of 5-30 N at a constant sliding speed 0.5 m/s for sliding

distance up to 1000 m. The test results showed that the wear rates of the Mg/Y,0;

Xvi



nanocomposites decreases with increase in amount of Ni. The improvement in wear
resistance of the nanocomposites was attributed to the improved hardness and strength
of the material with increase in Ni content. Scanning electron microscopy (SEM)
identified abrasion, oxidation, delamination, adhesion as the dominant wear

mechanisms.

In the third group of materials, dry sliding wear behavior of Mg/Y20;3 nanocomposites
reinforced with varying amounts of copper from 0.3-1.0 vol.% were studied within a
load range of 5-30 N at a constant sliding speed 1 m/s for sliding distance up to 1000 m.
The test results showed slight improvement in the wear resistance of Mg/Y20;
nanocomposite with 1.0 vol.% Cu. The improvement in wear resistance of the
nanocomposites was attributed to the improved hardness of the material with increase
in Cu content. Scanning electron microscopy (SEM) identified abrasion, oxidation,

adhesion and mild delamination as the dominant wear mechanisms.

XVvii



ABSTRACT (ARABIC)

4 pll paidla
Al : gt
1S 5a g | gpuiblale Batal syl gl 2 Al ) g3
LGSt duaig  ; aladl pawadl)

(201300 - 21434 : g AN &

A o3 Cilagans dacaall ‘a‘,:\ul:':u\/ 3.)5_)4_,3\.'\3\.\\)4“ Ls_)..\“uﬂ‘,hlu\_ﬁ?ﬁc&ﬂ\ L\AQ_‘!

Adall Y 3V Gyl it e e e aladiuly Adlisa

Lacaall 5 o gpitlall Tl 5 AZ3] il (5 & ghas Aad 0 a5 ¢ 3 gall (30 S5 Ae sanall S
630 b Jan aladiuly sl 0 SH il e %.vol Y 5 rOrvol.% Al V50 ddlidae 4y 56 ey
OF JUEAY s jelily 2 YO o Y Jo (3Y 30 Ailsas m/s © 5 Y ) GYIN Aoy (igs Y0
s A el gl ranall 238 5 dac il 3l gall A B3 33 ) el il (55l ¥ 22a

o gall 3 Agdlall JSE Claa ), Ayt oal) iy Bla¥1y sauSYY 5 JSUH o gLl Sl o (SEM)
s tall ol pall o gyt yal aaaill Bllas (B a3 g Anabuasall ¢ Aglall 4 shaaall () a5 48 ya 5l

Al 48 has
Mg/Y;03 e a8 e i 3l alall (5l e sl Al 3 el e gl (0 4300 Ao ganall 3

3020 (5aa (8 Jan aladiuly aladiuly Aul jall i % vol V- WY e JS e AT glda paaliay dacaa
Cane o HUERY) gl Camaiagh o Voo o ) G BY 530 ABlsay mfs. v, SY 4L ey (g
2a sl y LDl i3 ) (5 523 4 e T ) gl (gl A lie (s ISl Apuai 835 e By, JSU
Sy 5SS a (sl Sl o Comagh g SSIYY G Sy Soall 23a g JSsil) A 30 ) pn ) sl

i

XVviil



Mg/Y205 0 &S ya i 2 sal Cilall (5 ) s Rl )3 5 ¢ B e panall b

3020 (s3a b Jen pladiuly aladiuly Al jall uai %o vol Vs v- 0, Ty pelaill o A3 5liia e a2
ida LanS LS el pedsl o Ve v () Qe BV 53 Ailney m/s.) GYSU A Ao puy s
oo pall 33 (a3 M (55 S e 5 3l pall Aa i 3ol % Cu Vot o sl Aaslia (B
Gl g Faitl¥ 5 30uSY 5 (50 238 (SEM) (25 58 el i guall posall .Cur 553 (83305

.JJQHQ@\SQ\JLV\

XiX


http://www.tcpdf.org

*o o iinghiiall jla
. DAR ALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Wear Behavior of Magnesium Based Nanocomposites 1Ulgasll
Zaboullah, Syed ooyl @laoll

Hassan, Syed Fida(Super) TVICY IUVPY -7

2012 1S3l gy, Ll

&gl (Wl yplall ‘8990

1-119 1olxaall

621018 :MD 3,

ol Jlw, rSgizall g9

English :axlll

riow>lo allw, ragolell as)all

Usleolly Jg i) 3p9 cllodl deol> raeol=l

el wlwlyadl ésloc ra sl

a592ull radgall

Dissertations 1logleoll aclgd

porneall dalw cpgrunileal @uSilSuall dwaipll ‘guolgo
https://search.mandumah.com/Record/621018 ol

bgazo gzl gro .doghioll > 2020 ©
8s3loll 0 aclb 9| mev LSy ngm )...ou| Y98> uo> u| lode ,.u.\J| Jg.q>- ulxo| &0 &99.0.” JLm\” wle sy aslo 85l 0is

oo o> 2unai Uss (wigiSIVI ol iVl gdlge Jio) aliws oSl pe puidl of Jugmll of dad] gioy

&ioy9 « nad W| ,o|.L>4u.uw
Qog]n.ua.” )|> 9| ).A.LLLJI d9.9>- ulz.a|

www.manaraa.col


https://search.mandumah.com/Record/621018

TABLE OF CONTENTS

LIST OF TABLES b 4
LIST OF FIGURES xi
ABSTRACT (ENGLISH) xvi
ABSTRACT (ARABIC) xviii
CHAPTER 1 INTRODUCTION 1
CHAPTER 2 LITERATURE REVIEW 4
241 Metal Matrix Composites and Nanocomposites 5
2.2 Tribology of particulate reinforced metal matrix composites 6
23 Wear behavior of Mg based MMCs 8

2.3.1 M= SiC MMOCS...commmimrirsreriseessisss s s s 9

2.3.2 Mg — AlO3 MMOS ...ooiimiieiiecicisssinssssss st s 10

2.3.3 Mg reinforced with other particulate reinforCEMents ......cocceueerveeeneenreecerenennes 11
2.4 Wear regimes 12
2.5 Wear Mechanisms in MMCs 14
2.6 Summary 18
CHAPTER 3 EXPERIMENTAL PROCEDURE 20
31 Materials 20
32 Processing Technique 21

vi



33

34

35

3.6

CHAPTER 4 RESULTS

4.1

3.2.1 Disintegrated Melt Deposition Technique for AZ31/A1,0; and

AZ31/CNT NanoCOMPOSIES .....cevmrreremsercamsamsissssasssssssscnsisasnes

3.2.2 Powder Metallurgy Technique for Mg/(Y203+Cu) and Mg/(Y,03+Ni)

Hybrid NanOCOMPOSILES.....vueuremcmsersisrnismasessisensisnssssssesssssesenss

Material Characterization

Experimental Apparatus

3.4.1 Pin-on-Disc trIDOMELer......coveririmrerrreeiennieiininieeineeeenees

Wear Tests

3.5.1 Pin Specimen Preparation ..........ccerieeniscinicnsinsarincnennss

3.5.2 DiSC PIeparation.........ccocoeeveeeecsemiunnniimrmninsssen s

3.5.3 Experimental Conditions .........ccoeeriiermsenienninsesennncnns

3.5.4 Experimental Procedure........ccovmimiemssccrnicisinsnnnnnns

3.5.5 Wear MeasUICINENLS ......cceeverrirrsersrersnnsnessmsssessessasssnasnssnes

................................

................................

3.5.6 Scanning Electron Microscopic and Energy Dispersive X-ray Analysis ........

Uncertainty Analysis

Magnesium alloy (AZ31) based Nanocomposites

4.1.1 Wear Rate of AZ31 and its AZ31/A1,0; nanocomposite

vii

24

26

26

29

29

29

29

30

31

32

39

39



4.1.2 Wear Mechanisms in AZ31 and its AZ31/A1,03 NanOCOMPOSIte.....cevureverenne 43

4.1.3 Wear Rate of AZ31 and its AZ31/CNT nanocompoSite........coweeuremsemseeenenssess 55
4.1.4 Wear Mechanisms in AZ31 and its AZ31/CNT nanocomposite ...........c.co... 58
4.1.5 Comparison between AZ31/A1,03 and AZ31/CNT Nanocomposites............. 67
4.2 Magnesium/(yttria + nickel) Hybrid Nanocomposites 69
4.2.1 Wear Rate for Mg/(0.7Y,0;3 + (0.3-1.0Ni) NanocOmposites .........wc.eeeuseemseees 69
4.2.2 Wear Mechanisms in Mg/(0.7Y203 + (0.3-1.0Ni) Nanocomposies ............... 71
4.3 Magnesium/(yttria + copper) Hybrid Nanocomposites 79
4.3.1 Wear Rate for Mg/(0.7Y203 + (0.3-1.0Cu) NanoCOMPOSIES .........rvvserssscessee 79
4.3.2 Wear Mechanisms in Mg/(0.7Y203 + (0.3-1.0Cu) Nanocomposites .............. 81
4.4 Comparison between Mg/(0.7Y,03 + (0.3-1.0Ni) and Mg/(0.7Y,0; + (0.3-
1.0Cu) Hybrid Nanocomposites 88
CHAPTER 5 DISCUSSION 920
5.1 Magnesium alloy (AZ31) based NanoCOMPOSILeS ..........oooevreeererirrrecrininieennas 90
5.1.1 Wear Rate for AZ31 and its AZ31/A1,03 Nanocomposite............ccoeoeueurmrree: 90
5.1.2 Wear Mechanisms in AZ31 and its AZ31/A1,03 Nanocomposite...........cee.e.. 92
5.1.3 Wear Rate for AZ31 and its AZ31/CNT NanoCOmpOSite .....c...cceremvermussrsrssnes 95
51.4 Wear Mechanisms in AZ31 and its AZ31/CNT Nanocomposite ............cc...... 96

viil



5.1.5 Comparison between AZ31/A1,03 and AZ3 1/CNT Nanocomposites............. 99

5.2 Mg/(0.7Y203 + (0.3-1.0Ni) NanoCOMPOSIES.......cvvumemmemmrrimsisenisrriseniseensenseees 101
5.2.1 Wear Rate for Mg/(0.7Y20;3 + (0.3-1.0Ni) NanocOmposites ............oweeumeees 101
522 Wear Mechanisms in Mg/(0.7Y,03 + (0.3-1.0Ni) Nanocomposites.............. 101
53 Mg/(0.7Y20;3 + (0.3-1.0Cu) NanoCOmPOSItes.........ocouervevmmimcirimmmisnssninssrienenes 103
5.3.1 Wear Rate for Mg/(0.7Y,0; + (0.3-1.0Cu) Hybrid Nanocomposites ........... 103
5.3.2 Wear Rate for Mg/(0.7Y,05 + (0.3-1.0Cu) Hybrid Nanocomposites ........... 103
5.4 Comparison between Mg/(0.7Y,0; + (0.3-1.0Ni) and Mg/(0.7Y,0; + (0.3-1.0Cu)
Hybrid Nanocomposites 105
CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 107
6.1 Recommendations for Future Work 109
REFERENCES 110
VITAE 119

X



LIST OF TABLES

Table 2.1 Difference between mild and SEVETE WEAT .....coeeereerciiiiiiiiintet e
Table 3.1 Some important properties of pin materials used in the present WOIK. ...ceenenne

Table 3.2 Bias, Precision and Nominal values for different variables......ccceovreeecninnnnnnn.



LIST OF FIGURES

Figure 3.1 Schematic Diagram of DMD ProCess ......coceeuremreisesesenmissiminnimnnisinssisss e 23
Figure 3.2 Pin-on-Disc tribometer at KFUPM ......comiimiiiiiiccsisnsssseenes 28

Figure 4.1 Variation of wear rate with applied load at different sliding speeds for

AZ31 and its AZ31/A1,03 NANOCOMPOSILE. ....c.eevrrrrerierrrrrertesesenrenitisetes s 41

Figure 4.2 Effect of sliding speed on the wear rate at various applied loads for AZ31

and its AZ31/A1,03 NANOCOMPOSILE. .......ecrimrrerermrniereseseseeeerrests st cane 42

Figure 4.3 Grooves and scratches on the pin surface indicating abrasive wear for the

AZ31/A1,05 nanocomposite at 2 m/ sliding speed and 5 N applied load. .......cccoenrvrnvenne. 44

Figure 4.4 Difference in extent of abrasion on the pin surfaces of (a) unreinforced alloy

and (b) AL,O; reinforced nanocomposite at 1 m/s sliding speed and 10 N applied load... 44

Figure 4.5 Magnesium ribbon shaped strips in the wear debris of AZ31/Al,0;

nanocomposite showing cutting action of an abrasive particle at 10 N and 2 m/s. ............ 45

Figure 4.6 Steel strip in the wear debris of the AZ31/AL0s nanocomposite due to

abrasive wear of tool-steel counterface at 2 m/s sliding velocity and 10 N applied load... 46

Figure 4.7 Long and small wear particles formed due to breaking of ridges showing

ploughing action of AZ31 at 10 N and 5 m/S.......ceeimmriiiimi s 47

Figure 4.8 Series of cracks perpendicular to the sliding direction indicating
delamination in the AZ31/A1,0; nanocomposite under a load of 15 N at 2 m/s sliding

SPEEA. oevvereereerrereeereseesese s 48

xi



Figure 4.9 Large crater on the pin surface due to delamination for (a) AZ31/A1,03 at a
load of 10 N and 5 m/s sliding speed. (b) AZ31 magnesium alloy at a load of 15 N and

2 1/S SHAINE SPEEA. o-vvereerreececesir ettt 49

Figure 4.10 Wear debris of the AZ31/AL,0; nanocomposite showing large sheet-like

wear particles at 10 N and 5 m/S. ..o 49

Figure 4.11 Rows of furrows indicating adhesive wear of AZ31/AL;03 nanocomposite

under a load of 10 N and 2 m/s sliding SPeed. ........c..oovueieinenmineneineicietees 50

Figure 4.12 Optical microscopic examination of the wear track indicating transfer of
material from the surface of AZ31/A1,03 nanocomposite at a normal load of 20 N and 2

1S SHAING SPEEA. cevevvvreeneercisitiscrs s 51

Figure 4.13 Material extrusion from the interface that have re-solidified around the

periphery of AZ31/ AlO3 nanocomposite under a load of 20 N and 2 m/s sliding speed. 52

Figure 4.14 Presence of oxide particles on the surface of AZ31 nanocomposite at a load

of 10 N and 2 m/s Slding SPEE. ......covrveveururirmrreeieieeeett st 53

Figure 4.15 EDX analysis of oxide particles indicating presence of magnesium oxide on

the surface of AZ31/AL,0; nanocomposite at a load of 10 N and 5 m/s sliding speed. ... 54

Figure 4.16 Variation of wear rate with applied load at different sliding speeds for

AZ31 and its AZ31/CNT NanoCOMPOSILE. ......ocvrrrrereeriememnnmrsessteecese st 56

Figure 4.17 Effect of sliding speed on the wear rate at various applied loads for AZ31

and its AZ31/CNT NANOCOMPOSILE. -..c.covrvrveueucirirrrireierirasessssss sttt st sse s 57

Figure 4.18 Grooves and scratches on the pin surface indicating abrasive wear for the

AZ31/CNT nanocomposite at 1 m/ sliding speed and 5 N applied load. ........ccccvvvcvneevce. 59

Xii



Figure 4.19 Magnesium ribbon shaped strips in the wear debris of AZ31/CNT

nanocomposite showing cutting action of an abrasive particle at 10 N and 5 mys. ............ 59

Figure 4.20 Series of cracks perpendicular to the sliding direction indicating
delamination in the AZ31/CNT nanocomposite under a load of 10 N at 2 m/s sliding

SPEEU. <.vvrrvereuseesreaseesessesa s bR 60

Figure 4.21 Large crater on the pin surface due to delamination for AZ31/CNT at a load

of 10 N and 2 m/s SHAING SPEEA. ....cevurmrciiiniereie ettt 61

Figure 4.22 Rows of furrows indicating adhesive wear of AZ31/CNT nanocomposite

under a load of 10 N and 5 m/s Sliding SPeed. ........oovemeeieimmnieieneecieci e 62

Figure 4.23 Optical microscopic examination of the wear track indicating transfer of
material from the surface of AZ31/CNT nanocomposite at a normal load of 15 N and 5

1V/S SHAING SPEEA. c..envvrcvenenrceritriceires s 65

Figure 4.24 Material extrusion from the interface that have re-solidified around the

periphery of AZ31/ CNT nanocomposite under a load of 20 N and 1 m/s sliding speed... 64

Figure 4.25 Presence of oxide particles on the surface of AZ31/CNT nanocomposite at

aload of 10 N and 2 n/s sliding SPEEd. ........ceverierermrrennenieseieniin it 65

Figure 4.26 EDX analysis of oxide particles indicating presence of magnesium oxide on

the surface of AZ31/CNT nanocomposite at a load of 10 N and 2 m/s sliding speed......... 66

Figure 4.27 Variation of wear rate with applied load at different sliding speeds for

AZ31/A1,0; and its AZ31/CNT nanoCOmMPOSILE. .....eouevererieremruresteseteineeniissssnsereeeesns 68

Figure 4.28 Variation of wear rate with applied loads at a constant sliding speed of 0.5

nv/s for Mg/(Y203 + Ni) NanoCOMPOSILES. ...cuverurrriiniriniriciriciiisceinsie s 70

Xiil



Figure 4.29 SEM image of Mg/(0.7Y,05 + 0.6Ni) indicating abrasion at a load of 5N. .. 73

Figure 4.30 EDX analysis of fine particles indicating oxidation of the pin surface at a

TORA OF 5 N oot eeeeeeeeeeeseesesssesassaeesaaasssaasasassssseassassoshnssesneea s s e e s s s e s s s sesnt s as s s nnn s 73

Figure 4.31 Perpendicular cracks indicating delamination in Mg/(0.7Y,0;3 + 0.3Ni) at

Figure 4.32 Shallow craters on the pin surface indicating severe delamination with

applied loads for Mg/(0.7Y,0s + 0.3Ni) at (2) 15 N; (b) 20 N; and () 25 N.uervvncnnnene 75

Figure 4.33 Presence of large flakes in the wear debris of Mg/(0.7Y,03 + 0.3Ni) at 15

Figure 4.34 EDX analysis of flakes in the wear debris indicating increase in oxidation

of the pin surface with increase in load () 15 N and (b) 30 N.ocoooerniiininiininens 76
Figure 4.35 SEM image of Mg/(0.7Y203 + 0.6Ni) at 25 N.oeoovrvimimeciecseeceenns 77
Figure 4.36 SEM image of Mg/(0.7Y203 + 0.6Ni) at 30 N...oommrmiimiiiiiiiciennes 77

Figure 4.37 Large sheet of wear debris collected from wear track indicative of adhesion

£or Mg/(0.7Y203 + LONI) 8t 30 N ..ooeovvevereeesessssssssseeseesrscessssssssssmssssosssssssssssssssssesssssess 78

Figure 4.38 Variation in wear rate with applied load at a constant sliding speed of 1 m/s

for Mg/(Y203 + Cu) NANOCOMPOSILES. ....ucvveurremrmreetstrtstet st 80

Figure 4.39 Grooves and scratch marks on the pin surface indicating abrasion for

Mg/(0.7Y203 + 0.3C1) 8 10 N ..oorooreeeereseseeeresssseseesssssssssssssssnsesssssmereessssssoessssssseses 83

Figure 4.40 Flake like wear particles in the wear debris of Mg/(0.7Y,05 + 1.0Cu) due to

delamination of oxidized SUrface IayYers. .......coeeeiiiiminieiinie e 83

Xiv



Figure 4.41 Steel strip in the wear debris of the Mg/(0.7Y20; + 0.3Cu) due to abrasive

wear of tool-steel counterface at 10 N. ....cc.ooiiiiiirieeeeec e 84

Figure 4.42 Oxidation of the Mg/(0.7Y>0;3 + 0.3Cu) hybrid nanocomposite pin surface

Figure 4.43 Optical microscopic examination of the wear track indicating transfer of

material from the surface of Mg/(0.7Y,0; + 0.3Cu) nanocomposite at 25 N. ........cc......... 85

Figure 4.44 Series of cracks perpendicular to the sliding direction indicating

delamination for Mg/(0.7Y203 + 1.0Cu) at 15 N oo 85

Figure 4.45 Large crater on pin surface due to delamination for Mg/(0.7Y20; + 1.0Cu)

BE 20N oot e et tees s b s s tete s e sa s e Rttt s e e R RS eResseeesneehebeas 86
Figure 4.46 SEM image indicating softening for the Mg/(0.7Y,03 + 0.3Cu)at30N....... 86
Figure 4.47 SEM image of Mg/(0.7Y,03 + 0.6Cu) hybrid nanocomposite at 30 N........... 87
Figure 4.48 SEM image of Mg/(0.7Y203 + 1.0Cu) at 30 N. oot 87

Figure 4.49 Comparison between Mg/(Y,03+Ni) and Mg/(Y,03+Ni) hybrid

NANOCOMIPOSILES. - vererecseeecurueietscreresersieses s sae st b bbbt s 89

XV


http://www.tcpdf.org

*o o iinghiiall jla
. DAR ALMANDUMAH

Aipadl Shag Loa Ll o cig B sy 10

Wear Behavior of Magnesium Based Nanocomposites 1Ulgusll
Zaboullah, Syed f s, aJaoll

Hassan, Syed Fida(Super) VICY IUVPY 73

2012 1S3l gu, Ll

&gl (Wl yplall 18990

1-119 1olxaall

621018 :MD 3,

&zol> Jlw, rSgizall g9

English :axlll

riow>lo allw, ragolell as)all

Usleolly Jg i) 3p8 cllodl aeol> raso =l

el wlwl)adl ésloc ra sl

a592ull radgall

Dissertations 1logleoll aclgd

porneall dalw cpgrunileal @uSilSuall dwaipll 1guolgo
https://search.mandumah.com/Record/621018 ol

bgazo izl grox .doghioll > 2020 ©
&s3loll 0ds aclib 9| J...o.zu LSy d.]og.nz.o ).ou| Yg98> o> u| lode ).ou| dg.n> ulxo| &0 &99.0.“ dLm\” e sy aslio dslodl 0ia
o0 oo i 09> (g SV Al ol sVl gdlge Jin) alyavs ST sue suiaidl ol Jugoxil of Gl gioug oot cuaseaidll plaziwM

Qog]n.ua.” )|> 9| ).A.LLLJI d9.9>- ulz.a|

www.manaraa.co


https://search.mandumah.com/Record/621018

o))

ciﬁeia%ia%b%L#ei%ﬁeﬁéa%ﬁe&i%@e&&ﬁeiaYef@%ﬁeb@ateb%@e&@e@d&.@ei&ﬁsﬁ&ﬁﬁe@d&l

NANOCOMPOSITES
BY

SYED ZABIULLAH

A Thesis Presented to the
- DEANSHIP OF GRADUATE STUDIES

el el e e el e e e o 9 e el el el el el el el el el e
WEAR BEHAVIOR OF MAGNESIUM BASED
%

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA e

In Partial Fulfillment of the
Requirements for the Degree of

MASTER OF SCIENCE

In
MECHANICAL ENGINEERING

December 2012

é?%.

KRR SR R SR SR SR S SR SE SR P S P SE SPRE NP SE S NE S



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN 31261, SAUDI ARABIA

DEANSHIP OF GRADUATE STUDIES

This thesis, written by SYED ZABIULLAH under the direction of his thesis advisor and
approved by his thesis committee, has been presented to and accepted by the Dean of
Graduate Studies, in partial fulfillment of the requirements for the degree of MASTER

OF SCIENCE IN MECHANICAL ENGINEERING.

Thesis Committee

Ao

Dr. Syed Fida Hassan (Adyvisor)

P R,

Dr. Amro M. Al-Qutub (Member)

Ay

e

Dr. Tahar Laoui (Member)

Dr. Zuhair Mattoug Gasem
Department Chairman

Dr. Salam A. Zummo
Dean of Graduate Studies

\q [g‘\l

Date



© Syed Zabiullah
2012

il



This O ork is dodicated

lo

ChMy sfemily for their dua constant support and

EHCOUIAFEMENL throughout my life

v



ACKNOWLEDGEMENTS

All praise belongs to Almighty ALLAH (S.W.T.) for bestowing me with health,
knowledge and patience to carry out this work and complete my M.S. successfully at

King Fahd University of Petroleum and Minerals, Dhahran.

Acknowledgement is due to King Fahd University of Petroleum and Minerals for
providing me financial support and good academic environment during the course of
my study. Special thanks to the Deanship of Scientific Research (DSR) for funding this

work.

My deep gratitude and appreciation goes to my thesis advisor Dr. Syed Fida Hassan for
his constant help, guidance and motivation during the course of my study. His priceless
suggestions made this work interesting and challenging for me. I also wish to express
my deep appreciation to Dr. Amro Al-Qutub for his constant help, guidance and
encouragement during my study. I am greatly indebted to Dr. Amro Al-Qutub for the
valuable time he spent throughout my thesis work and also for always being supportive
and helping me during difficult times. Sincere thanks to Dr. Tahar Laoui for his interest
and cooperation. I would also like to acknowledge all the Mechanical Engineering
faculty members with whom I took courses during my master’s program. Special thanks

to Mr. Murtuza, Lateef Hashmi for helping me carry out the experimental work.

I would like to thank all my family members and friends for their strong encouragement
at times of difficulty and for their patience and moral support which made this work

possible and made me achieve one of the important goals of my life.



TABLE OF CONTENTS

LIST OF TABLES b 4
LIST OF FIGURES xi
ABSTRACT (ENGLISH) xvi
ABSTRACT (ARABIC) xviii
CHAPTER 1 INTRODUCTION 1
CHAPTER 2 LITERATURE REVIEW 4
241 Metal Matrix Composites and Nanocomposites 5
2.2 Tribology of particulate reinforced metal matrix composites 6
23 Wear behavior of Mg based MMCs 8

2.3.1 M= SiC MMOCS...commmimrirsreriseessisss s s s 9

2.3.2 Mg — AlO3 MMOS ...ooiimiieiiecicisssinssssss st s 10

2.3.3 Mg reinforced with other particulate reinforCEMents ......cocceueerveeeneenreecerenennes 11
2.4 Wear regimes 12
2.5 Wear Mechanisms in MMCs 14
2.6 Summary 18
CHAPTER 3 EXPERIMENTAL PROCEDURE 20
31 Materials 20
32 Processing Technique 21

vi



33

34

35

3.6

CHAPTER 4 RESULTS

4.1

3.2.1 Disintegrated Melt Deposition Technique for AZ31/A1,0; and

AZ31/CNT NanoCOMPOSIES .....cevmrreremsercamsamsissssasssssssscnsisasnes

3.2.2 Powder Metallurgy Technique for Mg/(Y203+Cu) and Mg/(Y,03+Ni)

Hybrid NanOCOMPOSILES.....vueuremcmsersisrnismasessisensisnssssssesssssesenss

Material Characterization

Experimental Apparatus

3.4.1 Pin-on-Disc trIDOMELer......coveririmrerrreeiennieiininieeineeeenees

Wear Tests

3.5.1 Pin Specimen Preparation ..........ccerieeniscinicnsinsarincnennss

3.5.2 DiSC PIeparation.........ccocoeeveeeecsemiunnniimrmninsssen s

3.5.3 Experimental Conditions .........ccoeeriiermsenienninsesennncnns

3.5.4 Experimental Procedure........ccovmimiemssccrnicisinsnnnnnns

3.5.5 Wear MeasUICINENLS ......cceeverrirrsersrersnnsnessmsssessessasssnasnssnes

................................

................................

3.5.6 Scanning Electron Microscopic and Energy Dispersive X-ray Analysis ........

Uncertainty Analysis

Magnesium alloy (AZ31) based Nanocomposites

4.1.1 Wear Rate of AZ31 and its AZ31/A1,0; nanocomposite

vii

24

26

26

29

29

29

29

30

31

32

39

39



4.1.2 Wear Mechanisms in AZ31 and its AZ31/A1,03 NanOCOMPOSIte.....cevureverenne 43

4.1.3 Wear Rate of AZ31 and its AZ31/CNT nanocompoSite........coweeuremsemseeenenssess 55
4.1.4 Wear Mechanisms in AZ31 and its AZ31/CNT nanocomposite ...........c.co... 58
4.1.5 Comparison between AZ31/A1,03 and AZ31/CNT Nanocomposites............. 67
4.2 Magnesium/(yttria + nickel) Hybrid Nanocomposites 69
4.2.1 Wear Rate for Mg/(0.7Y,0;3 + (0.3-1.0Ni) NanocOmposites .........wc.eeeuseemseees 69
4.2.2 Wear Mechanisms in Mg/(0.7Y203 + (0.3-1.0Ni) Nanocomposies ............... 71
4.3 Magnesium/(yttria + copper) Hybrid Nanocomposites 79
4.3.1 Wear Rate for Mg/(0.7Y203 + (0.3-1.0Cu) NanoCOMPOSIES .........rvvserssscessee 79
4.3.2 Wear Mechanisms in Mg/(0.7Y203 + (0.3-1.0Cu) Nanocomposites .............. 81
4.4 Comparison between Mg/(0.7Y,03 + (0.3-1.0Ni) and Mg/(0.7Y,0; + (0.3-
1.0Cu) Hybrid Nanocomposites 88
CHAPTER 5 DISCUSSION 920
5.1 Magnesium alloy (AZ31) based NanoCOMPOSILeS ..........oooevreeererirrrecrininieennas 90
5.1.1 Wear Rate for AZ31 and its AZ31/A1,03 Nanocomposite............ccoeoeueurmrree: 90
5.1.2 Wear Mechanisms in AZ31 and its AZ31/A1,03 Nanocomposite...........cee.e.. 92
5.1.3 Wear Rate for AZ31 and its AZ31/CNT NanoCOmpOSite .....c...cceremvermussrsrssnes 95
51.4 Wear Mechanisms in AZ31 and its AZ31/CNT Nanocomposite ............cc...... 96

viil



5.1.5 Comparison between AZ31/A1,03 and AZ3 1/CNT Nanocomposites............. 99

5.2 Mg/(0.7Y203 + (0.3-1.0Ni) NanoCOMPOSIES.......cvvumemmemmrrimsisenisrriseniseensenseees 101
5.2.1 Wear Rate for Mg/(0.7Y20;3 + (0.3-1.0Ni) NanocOmposites ............oweeumeees 101
522 Wear Mechanisms in Mg/(0.7Y,03 + (0.3-1.0Ni) Nanocomposites.............. 101
53 Mg/(0.7Y20;3 + (0.3-1.0Cu) NanoCOmPOSItes.........ocouervevmmimcirimmmisnssninssrienenes 103
5.3.1 Wear Rate for Mg/(0.7Y,0; + (0.3-1.0Cu) Hybrid Nanocomposites ........... 103
5.3.2 Wear Rate for Mg/(0.7Y,05 + (0.3-1.0Cu) Hybrid Nanocomposites ........... 103
5.4 Comparison between Mg/(0.7Y,0; + (0.3-1.0Ni) and Mg/(0.7Y,0; + (0.3-1.0Cu)
Hybrid Nanocomposites 105
CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 107
6.1 Recommendations for Future Work 109
REFERENCES 110
VITAE 119

X



LIST OF TABLES

Table 2.1 Difference between mild and SEVETE WEAT .....coeeereerciiiiiiiiintet e
Table 3.1 Some important properties of pin materials used in the present WOIK. ...ceenenne

Table 3.2 Bias, Precision and Nominal values for different variables......ccceovreeecninnnnnnn.



LIST OF FIGURES

Figure 3.1 Schematic Diagram of DMD ProCess ......coceeuremreisesesenmissiminnimnnisinssisss e 23
Figure 3.2 Pin-on-Disc tribometer at KFUPM ......comiimiiiiiiccsisnsssseenes 28

Figure 4.1 Variation of wear rate with applied load at different sliding speeds for

AZ31 and its AZ31/A1,03 NANOCOMPOSILE. ....c.eevrrrrerierrrrrertesesenrenitisetes s 41

Figure 4.2 Effect of sliding speed on the wear rate at various applied loads for AZ31

and its AZ31/A1,03 NANOCOMPOSILE. .......ecrimrrerermrniereseseseeeerrests st cane 42

Figure 4.3 Grooves and scratches on the pin surface indicating abrasive wear for the

AZ31/A1,05 nanocomposite at 2 m/ sliding speed and 5 N applied load. .......cccoenrvrnvenne. 44

Figure 4.4 Difference in extent of abrasion on the pin surfaces of (a) unreinforced alloy

and (b) AL,O; reinforced nanocomposite at 1 m/s sliding speed and 10 N applied load... 44

Figure 4.5 Magnesium ribbon shaped strips in the wear debris of AZ31/Al,0;

nanocomposite showing cutting action of an abrasive particle at 10 N and 2 m/s. ............ 45

Figure 4.6 Steel strip in the wear debris of the AZ31/AL0s nanocomposite due to

abrasive wear of tool-steel counterface at 2 m/s sliding velocity and 10 N applied load... 46

Figure 4.7 Long and small wear particles formed due to breaking of ridges showing

ploughing action of AZ31 at 10 N and 5 m/S.......ceeimmriiiimi s 47

Figure 4.8 Series of cracks perpendicular to the sliding direction indicating
delamination in the AZ31/A1,0; nanocomposite under a load of 15 N at 2 m/s sliding

SPEEA. oevvereereerrereeereseesese s 48

xi



Figure 4.9 Large crater on the pin surface due to delamination for (a) AZ31/A1,03 at a
load of 10 N and 5 m/s sliding speed. (b) AZ31 magnesium alloy at a load of 15 N and

2 1/S SHAINE SPEEA. o-vvereerreececesir ettt 49

Figure 4.10 Wear debris of the AZ31/AL,0; nanocomposite showing large sheet-like

wear particles at 10 N and 5 m/S. ..o 49

Figure 4.11 Rows of furrows indicating adhesive wear of AZ31/AL;03 nanocomposite

under a load of 10 N and 2 m/s sliding SPeed. ........c..oovueieinenmineneineicietees 50

Figure 4.12 Optical microscopic examination of the wear track indicating transfer of
material from the surface of AZ31/A1,03 nanocomposite at a normal load of 20 N and 2

1S SHAING SPEEA. cevevvvreeneercisitiscrs s 51

Figure 4.13 Material extrusion from the interface that have re-solidified around the

periphery of AZ31/ AlO3 nanocomposite under a load of 20 N and 2 m/s sliding speed. 52

Figure 4.14 Presence of oxide particles on the surface of AZ31 nanocomposite at a load

of 10 N and 2 m/s Slding SPEE. ......covrveveururirmrreeieieeeett st 53

Figure 4.15 EDX analysis of oxide particles indicating presence of magnesium oxide on

the surface of AZ31/AL,0; nanocomposite at a load of 10 N and 5 m/s sliding speed. ... 54

Figure 4.16 Variation of wear rate with applied load at different sliding speeds for

AZ31 and its AZ31/CNT NanoCOMPOSILE. ......ocvrrrrereeriememnnmrsessteecese st 56

Figure 4.17 Effect of sliding speed on the wear rate at various applied loads for AZ31

and its AZ31/CNT NANOCOMPOSILE. -..c.covrvrveueucirirrrireierirasessssss sttt st sse s 57

Figure 4.18 Grooves and scratches on the pin surface indicating abrasive wear for the

AZ31/CNT nanocomposite at 1 m/ sliding speed and 5 N applied load. ........ccccvvvcvneevce. 59

Xii



Figure 4.19 Magnesium ribbon shaped strips in the wear debris of AZ31/CNT

nanocomposite showing cutting action of an abrasive particle at 10 N and 5 mys. ............ 59

Figure 4.20 Series of cracks perpendicular to the sliding direction indicating
delamination in the AZ31/CNT nanocomposite under a load of 10 N at 2 m/s sliding

SPEEU. <.vvrrvereuseesreaseesessesa s bR 60

Figure 4.21 Large crater on the pin surface due to delamination for AZ31/CNT at a load

of 10 N and 2 m/s SHAING SPEEA. ....cevurmrciiiniereie ettt 61

Figure 4.22 Rows of furrows indicating adhesive wear of AZ31/CNT nanocomposite

under a load of 10 N and 5 m/s Sliding SPeed. ........oovemeeieimmnieieneecieci e 62

Figure 4.23 Optical microscopic examination of the wear track indicating transfer of
material from the surface of AZ31/CNT nanocomposite at a normal load of 15 N and 5

1V/S SHAING SPEEA. c..envvrcvenenrceritriceires s 65

Figure 4.24 Material extrusion from the interface that have re-solidified around the

periphery of AZ31/ CNT nanocomposite under a load of 20 N and 1 m/s sliding speed... 64

Figure 4.25 Presence of oxide particles on the surface of AZ31/CNT nanocomposite at

aload of 10 N and 2 n/s sliding SPEEd. ........ceverierermrrennenieseieniin it 65

Figure 4.26 EDX analysis of oxide particles indicating presence of magnesium oxide on

the surface of AZ31/CNT nanocomposite at a load of 10 N and 2 m/s sliding speed......... 66

Figure 4.27 Variation of wear rate with applied load at different sliding speeds for

AZ31/A1,0; and its AZ31/CNT nanoCOmMPOSILE. .....eouevererieremruresteseteineeniissssnsereeeesns 68

Figure 4.28 Variation of wear rate with applied loads at a constant sliding speed of 0.5

nv/s for Mg/(Y203 + Ni) NanoCOMPOSILES. ...cuverurrriiniriniriciriciiisceinsie s 70

Xiil



Figure 4.29 SEM image of Mg/(0.7Y,05 + 0.6Ni) indicating abrasion at a load of 5N. .. 73

Figure 4.30 EDX analysis of fine particles indicating oxidation of the pin surface at a

TORA OF 5 N oot eeeeeeeeeeeseesesssesassaeesaaasssaasasassssseassassoshnssesneea s s e e s s s e s s s sesnt s as s s nnn s 73

Figure 4.31 Perpendicular cracks indicating delamination in Mg/(0.7Y,0;3 + 0.3Ni) at

Figure 4.32 Shallow craters on the pin surface indicating severe delamination with

applied loads for Mg/(0.7Y,0s + 0.3Ni) at (2) 15 N; (b) 20 N; and () 25 N.uervvncnnnene 75

Figure 4.33 Presence of large flakes in the wear debris of Mg/(0.7Y,03 + 0.3Ni) at 15

Figure 4.34 EDX analysis of flakes in the wear debris indicating increase in oxidation

of the pin surface with increase in load () 15 N and (b) 30 N.ocoooerniiininiininens 76
Figure 4.35 SEM image of Mg/(0.7Y203 + 0.6Ni) at 25 N.oeoovrvimimeciecseeceenns 77
Figure 4.36 SEM image of Mg/(0.7Y203 + 0.6Ni) at 30 N...oommrmiimiiiiiiiciennes 77

Figure 4.37 Large sheet of wear debris collected from wear track indicative of adhesion

£or Mg/(0.7Y203 + LONI) 8t 30 N ..ooeovvevereeesessssssssseeseesrscessssssssssmssssosssssssssssssssssesssssess 78

Figure 4.38 Variation in wear rate with applied load at a constant sliding speed of 1 m/s

for Mg/(Y203 + Cu) NANOCOMPOSILES. ....ucvveurremrmreetstrtstet st 80

Figure 4.39 Grooves and scratch marks on the pin surface indicating abrasion for

Mg/(0.7Y203 + 0.3C1) 8 10 N ..oorooreeeereseseeeresssseseesssssssssssssssnsesssssmereessssssoessssssseses 83

Figure 4.40 Flake like wear particles in the wear debris of Mg/(0.7Y,05 + 1.0Cu) due to

delamination of oxidized SUrface IayYers. .......coeeeiiiiminieiinie e 83

Xiv



Figure 4.41 Steel strip in the wear debris of the Mg/(0.7Y20; + 0.3Cu) due to abrasive

wear of tool-steel counterface at 10 N. ....cc.ooiiiiiirieeeeec e 84

Figure 4.42 Oxidation of the Mg/(0.7Y>0;3 + 0.3Cu) hybrid nanocomposite pin surface

Figure 4.43 Optical microscopic examination of the wear track indicating transfer of

material from the surface of Mg/(0.7Y,0; + 0.3Cu) nanocomposite at 25 N. ........cc......... 85

Figure 4.44 Series of cracks perpendicular to the sliding direction indicating

delamination for Mg/(0.7Y203 + 1.0Cu) at 15 N oo 85

Figure 4.45 Large crater on pin surface due to delamination for Mg/(0.7Y20; + 1.0Cu)

BE 20N oot e et tees s b s s tete s e sa s e Rttt s e e R RS eResseeesneehebeas 86
Figure 4.46 SEM image indicating softening for the Mg/(0.7Y,03 + 0.3Cu)at30N....... 86
Figure 4.47 SEM image of Mg/(0.7Y,03 + 0.6Cu) hybrid nanocomposite at 30 N........... 87
Figure 4.48 SEM image of Mg/(0.7Y203 + 1.0Cu) at 30 N. oot 87

Figure 4.49 Comparison between Mg/(Y,03+Ni) and Mg/(Y,03+Ni) hybrid

NANOCOMIPOSILES. - vererecseeecurueietscreresersieses s sae st b bbbt s 89

XV



ABSTRACT (ENGLISH)

Full Name : SYED ZABIULLAH

Thesis Title : WEAR  BEHAVIOR OF MAGNESIUM  BASED
NANOCOMPOSITES

Major Field : MECHANICAL ENGINEERING

Date of Degree : December 2012

In the present work, wear behavior of magnesium based nanocomposites reinforced
with different nanoparticles were investigated by using pin-on-disc configuration under

dry sliding conditions.

In the first group of materials, dry sliding wear behavior of AZ31 magnesium alloy and
its nanocomposites reinforced with 1.5 vol.% ALO; and 1 vol.% CNT were studied
within a load range of 5-20 N at sliding speeds of 1, 2 and 5 m/s for sliding distance up
to 2500 m. The test results showed that the wear rates of the magnesium alloy increases
with the addition of reinforcement. Scanning electron microscopy (SEM) identified
abrasion, oxidation, delamination, adhesion and thermal softening as the dominant wear
mechanisms. The high wear rates in the nanocomposites were attributed to higher
ductility, porosity and mismatch of thermal expansion coefficients between the

reinforcement and matrix alloy.

In the second group of materials, dry sliding wear behavior of Mg/Y;0s
nanocomposites reinforced with varying amounts of nickel from 0.3-1.0 vol.% were
studied within a load range of 5-30 N at a constant sliding speed 0.5 m/s for sliding

distance up to 1000 m. The test results showed that the wear rates of the Mg/Y,0;
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nanocomposites decreases with increase in amount of Ni. The improvement in wear
resistance of the nanocomposites was attributed to the improved hardness and strength
of the material with increase in Ni content. Scanning electron microscopy (SEM)
identified abrasion, oxidation, delamination, adhesion as the dominant wear

mechanisms.

In the third group of materials, dry sliding wear behavior of Mg/Y20;3 nanocomposites
reinforced with varying amounts of copper from 0.3-1.0 vol.% were studied within a
load range of 5-30 N at a constant sliding speed 1 m/s for sliding distance up to 1000 m.
The test results showed slight improvement in the wear resistance of Mg/Y20;
nanocomposite with 1.0 vol.% Cu. The improvement in wear resistance of the
nanocomposites was attributed to the improved hardness of the material with increase
in Cu content. Scanning electron microscopy (SEM) identified abrasion, oxidation,

adhesion and mild delamination as the dominant wear mechanisms.

XVvii



ABSTRACT (ARABIC)

4 pll paidla
Al : gt
1S 5a g | gpuiblale Batal syl gl 2 Al ) g3
LGSt duaig  ; aladl pawadl)

(201300 - 21434 : g AN &

A o3 Cilagans dacaall ‘a‘,:\ul:':u\/ 3.)5_)4_,3\.'\3\.\\)4“ Ls_)..\“uﬂ‘,hlu\_ﬁ?ﬁc&ﬂ\ L\AQ_‘!

Adall Y 3V Gyl it e e e aladiuly Adlisa

Lacaall 5 o gpitlall Tl 5 AZ3] il (5 & ghas Aad 0 a5 ¢ 3 gall (30 S5 Ae sanall S
630 b Jan aladiuly sl 0 SH il e %.vol Y 5 rOrvol.% Al V50 ddlidae 4y 56 ey
OF JUEAY s jelily 2 YO o Y Jo (3Y 30 Ailsas m/s © 5 Y ) GYIN Aoy (igs Y0
s A el gl ranall 238 5 dac il 3l gall A B3 33 ) el il (55l ¥ 22a

o gall 3 Agdlall JSE Claa ), Ayt oal) iy Bla¥1y sauSYY 5 JSUH o gLl Sl o (SEM)
s tall ol pall o gyt yal aaaill Bllas (B a3 g Anabuasall ¢ Aglall 4 shaaall () a5 48 ya 5l

Al 48 has
Mg/Y;03 e a8 e i 3l alall (5l e sl Al 3 el e gl (0 4300 Ao ganall 3

3020 (5aa (8 Jan aladiuly aladiuly Aul jall i % vol V- WY e JS e AT glda paaliay dacaa
Cane o HUERY) gl Camaiagh o Voo o ) G BY 530 ABlsay mfs. v, SY 4L ey (g
2a sl y LDl i3 ) (5 523 4 e T ) gl (gl A lie (s ISl Apuai 835 e By, JSU
Sy 5SS a (sl Sl o Comagh g SSIYY G Sy Soall 23a g JSsil) A 30 ) pn ) sl

i

XVviil



Mg/Y205 0 &S ya i 2 sal Cilall (5 ) s Rl )3 5 ¢ B e panall b

3020 (s3a b Jen pladiuly aladiuly Al jall uai %o vol Vs v- 0, Ty pelaill o A3 5liia e a2
ida LanS LS el pedsl o Ve v () Qe BV 53 Ailney m/s.) GYSU A Ao puy s
oo pall 33 (a3 M (55 S e 5 3l pall Aa i 3ol % Cu Vot o sl Aaslia (B
Gl g Faitl¥ 5 30uSY 5 (50 238 (SEM) (25 58 el i guall posall .Cur 553 (83305

.JJQHQ@\SQ\JLV\

XiX



CHAPTER 1

INTRODUCTION

The development of metal matrix composites (MMCs) has been one of the major
innovations in materials which are rapidly replacing conventional materials in various
applications such as automotive, aerospace, defense, sports, appliance and other
industries. When compared to monolithic metallic materials, MMCs offer better physical,
mechanical, thermal and tribological properties such as low density, high specific
strength, high specific modulus, better fatigue resistance, improved wear resistance etc
[1-3]. Generally, MMCs are defined as matrix materials (either metals or metallic alloys)
that are reinforced with metals, ceramics, refractory metal, inter-metallic or
semiconductor to combine the properties of reinforcing material with that of the matrix
materials such that the resultant properties of the composite material are better than the
properties of unreinforced materials. These MMCs are further divided into three main
categories based on the shape of their reinforcement such as particles, fibers or whiskers.
Among these three types of MMCs, particulate reinforced composites are of significant
interest because (a) they exhibit isotropic properties, (b) can be successfully fabricated by

using conventional metallurgical process, (c) can be machined using conventional



methods and (d) low cost. The most commonly used particulate reinforcement for MMCs
are ceramics such as silicon carbide and alumina because of their high strength, hardness
and low cost. Depending upon the application, the end properties of these materials can
be tailored based on some key factors such as type of processing, matrix constitution,
type, size, amount, morphology, distribution and orientation of reinforcement, nature of
matrix-reinforcement interface and heat treatment procedure. Among all these factors,
compatibility of reinforcement with that of metallic matrix is of greater importance in

realizing the best properties from the resultant composite [4-6].

From past few decades, MMCs with lightweight matrix materials are showing
considerable interest because of their superior mechanical and tribological properties in
many engineering applications [7-8]. As shown by many researchers, use of ceramic
particulates such as SiC, Al,O3 as reinforcement reduced wear and friction of aluminum
based MMCs both at room and elevated temperatures making them strong candidate
material for a number of tribological applications such as piston, cylinder liners, engine
blocks, brakes, power transfer system elements etc., in automobile industry [9-11].
However, continuous attempt by aerospace and automobile industries to push
performance limits, constantly presents the crucial issue of weight reduction. In this
connection, magnesium is 35% lighter than aluminum and is attracting more attention as
the lightest structural material because of its low density and high specific strength and
stiffness, which make them strongest applicant and an alternative to aluminum in many
tribological applications in near future. However, pure magnesium cannot be directly
used for tribological applications due to their low thermal stability and poor resistance to

wear. To overcome these difficulties significant research work has been done over the



last few decades to improve the performance of magnesium beyond traditional alloying
using discontinuous reinforcement. Recently, magnesium based composites with nano-
sized particulate reinforcements are receiving high attention due to their improved
mechanical properties [12-14]. However, the study on the tribological properties of
magnesium based MMCs with nano-particles as reinforcement are very less in the open

literature.

Accordingly, the primary aim of the present study was to investigate the tribological
behavior of magnesium based nanocomposites containing nano-size Al;O;, CNT, (Y204
+ Cu) and (Y,0s + Ni) particulate reinforcements. The effects of load, sliding speed and
particulate content on the wear performance are investigated using a laboratory pin-on-
disc wear tester designed and fabricated in Mechanical Engineering Department at

KFUPM.

In the present work, Chapter 2 discusses the magnesium based metal matrix composites
and their tribological behavior, and Chapter 3 describes experimental procedure used in
the present study. Wear data obtained from the wear testing are presented in Chapter 4.
And the wear mechanisms as identified by SEM and EDX analysis and their comparison
with the obtained results are discussed in Chapter 5. Finally, the thesis ends with the main

conclusions and recommendations for future work in chapter 6.



CHAPTER 2

LITERATURE REVIEW

The main motivation behind the development of composites is the utilization of
advantageous properties of constituent materials to meet specific demands in many
applications. The term “composite” is defined as the combination of two or more
materials in which one of the material is termed as the reinforcing phase, which is in the
form of fibers, whiskers, or particles, and is embedded in the other material termed as
matrix phase (present in greater quantity in the composite) [15]. Typically, these
materials have the ability to combine the properties of reinforcing phase with that of the
matrix such that the resultant properties of the composite materials are better than the
properties of monolithic counterparts. As a result of this, composite materials have the
capability to serve a wide spectrum of applications [5, 16]. Composites can be broadly
classified into three categories based on their matrix material namely: Metal Matrix
Composites (MMCs), Polymer Matrix Composites (PMCs), and Ceramic Matrix
Composites (CMCs). Among these three different types of composites, MMCs are one of
the promising candidates for use in applications which require high strength and stiffness,

particularly at elevated temperatures and for wear resistance applications [17].

4



2.1 Metal Matrix Composites and Nanocomposites

Metal matrix composite materials have been subject of scientific investigation and
applied research from past few decades in the field of material science. These MMCs
consists of two or more components namely: Matrix material (metal or metallic alloy)
and Reinforcement (ceramics, metallic or refractory metal). Generally, the matrix is a
“soft” phase (with excellent ductility, formability and thermal conductivity) in which
“hard” reinforcements (with high stiffness and low thermal expansion) are embedded to
improve its mechanical properties [6, 16, 18-20]. Previous studies on MMCs suggest
particulate based reinforcement with size 1 to 100 microns as the most commonly used
reinforcement due to their availability at competitive cost, well-developed cost effective
fabrication process, ability to be machined using conventional methods and due to their
isotropic nature [19]. Recently, more research in the field of production of
nanocomposites is going on to explore the properties of MMCs when reinforced with
nanoparticles (< 100 nm) instead of micron-sized particles. The challenge in developing
these nanocomposites is to find different ways to create macroscopic components that
benefit from the unique physical and mechanical properties of nanoparticles within them.
The creation of these nanocomposites using nanoparticles as reinforcement has been
investigated from past few years, and the development of these materials have shown

comparable or greater strength and stiffness when compared to its micron sized MMCs

[12-14, 22-23].

Today, increasing demand for the reduction of fuel consumption and environmental

problems has led to intensive research efforts into design and development of lightweight
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