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ABSTRACT

M. Sc. Thesis

MECHANICAL AND WEAR BEHAVIOR FOR ALUMINUM ALLOY
REINFORCED WITH DUAL NANOPARTICULATE (TiO2 + SiO2).

Mustafa Khudhair Mohsin AlI-GBURI

Karabiik University
Institute of Graduate Programs

The Department of Metallurgical and Materials Engineering

Thesis Advisor
Prof. Dr. Hayrettin AHLATCI
Assist. Prof. Dr. Ali Mundher Mustafa ALDULAIMI

August 2022, 93 pages

This thesis is devoted to studying the influence of adding different weight ratios of
TiO2 and SiO2 nanoparticles powder on the Al6061 alloy's mechanical characteristics
and wear resistance. Composite materials containing different ratios of TiO2 : SiO2
(0.1:0, 0:0.1,0.1:0.1, 0.3:0, 0:0.3, 0.3:0.3, 0.5:0, 0:0.5, 0.5:0.5, 0.1:0.3, 0.1:0.5,
0.3:0.1, 0.3:0.5, 0.5:0.1, 0.5:0.3) were cast by the stirring method. The microstructure
and phases are achieved through optical microscopy, SEM, and X-ray diffraction.
The results displayed homogeneity in the base alloy's microstructure, where the
reinforcing particles are distributed. The tensile and hardness Test conducted the
mechanical properties. The ultimate tensile strength and yield strength increased by

adding both TiO2 and SiO2 nanoparticles of more than0.5 wt%,the tensile strength



became 151.12MPa and the yield strength 76.87MPa. But the elongation decreased,
and elongation became 9.61% compared to 31.39% in the base alloy. The hardness
test results displayed that the hybrid composite having 0.5 wt% for both TiO2 and
SiO2 nanoparticles had higher hardness than other composites and base alloys; the
amount of hardness in 0.5%wt hybrid composite became 77.35HV compared to
68.88HV in the base alloy. The wear rate measurement by the pin on the disc device
for both the basic alloy and the hybrid composite. The wear results showed a
decrease in the wear rate at 0.5 wt% of both TiO2 and SiO2 nanoparticles containing
composites as compared to the other composites and the base alloy samples,And it
was worth0.82*107-8 gm/cm compared to 1.82*10”-8gm/cm in the base alloy.

Key Words: Nanoparticles, Wear, Tensile, Hardness, TiOz, SiOz.

Science Code : 91512



OZET

CIFT NANOPARTIKUL (TiO2 + SiO2 ) iILE GUCLENDIRILMIS
ALUMINYUM ALASIMI iCiIN MEKANIK VE ASINMA DAVRANISI.

Mustafa Khudhair Mohsin AlI-GBURI

Karabiik Universitesi

Lisansiistii Egitim Enstitiisii
Metalurji ve Malzeme Miihendisligi Anabilim Dah

Tez Damsmanlarn
Prof. Dr. Hayrettin AHLATCI
Assist. Prof. Dr. Ali Mundher Mustafa ALDULAIMI

Agustos 2022, 93 Sayfa

Bu makale, farkli agirlik oranlarinda TiO2 ve SiO2 nanopargacik tozu eklenmesinin
Al6061 alagiminin mekanik 6zellikleri ve korozyon direnci iizerindeki etkisini
incelemeye ayrilmistir. Farkli TiO2 oranlart iceren kompozit malzemeler: SiO2
(0.1:0, 0.1:0.1, 0:0.1, 0.3:0, 0:0.3, 0.3:0.3, 0.5:0, 0:0.5, 0.5:0.5, 0.1:0.3, 0.1:0.5,
0.3:0.1, 0.3:0.5, 0.5:0.1, 0.5:0.3) karistirma yontemiyle dokiilmiistiir. Mikro yap1 ve
fazlar, optik mikroskopi, SEM ve X-1s1n1 kirmnimi yoluyla elde edilir. Sonuglar, temel
alasimin mikro yapisindaki takviye edici pargaciklarin dagiliminda biiyiik olciide
homojenlik elde edildigini gosterdi. Cekme ve sertlik testi mekanik o6zellikleri
gerceklestirdi. Nihai ¢ekme mukavemeti ve akma mukavemeti, agirlikca %0.5'e
kadar hem TiO2 hem de SiO2 nanopargaciklarinin eklenmesiyle artti, gerilme
mukavemeti 151.12MPa ve akma mukavemeti 76.87MPa oldu. Ancak uzama azald1
ve uzama, baz alasimdaki %31.39'a kiyasla 9%9.61 oldu. Sertlik testi sonuglari,

agirlikga %0.5 hem TiO2 hem de SiO2 nanopargaciklari i¢eren hibrit kompozitin

Vi



diger kompozitlere ve baz alasimlara gore daha yiiksek sertlige sahip oldugunu
gostermistir; agirlikca %0.5 hibrit kompozitteki sertlik miktari, baz alagimdaki
68.88HV'ye kiyasla 77.35HV oldu. Hem temel alasim hem de hibrit kompozit i¢in
disk cihazi iizerindeki pim ile asinma orani Slgiimii. Asinma sonuglari, kompozit
iceren hem TiO2 hem de SiO2 nanopargaciklarinin agirlikca %0.5'inde, diger
kompozitlere ve baz alasim numunelerine kiyasla asinma oraninda bir azalma
oldugunu gosterdi ve bu deger, diger kompozitlere ve baz alasim numunelerine gore

0,82*10"-8 gm/cm degerindeydi. Baz alasimda 1.82*10”-8gm/cm.

Anahtar Kelimeler: Nanopartikiiller, Asinma, Cekme, Sertlik, TiOz2, SiOz.

Bilim Kodu: 91512

vii



ACKNOWLEDGMENT

In the beginning, 1 want to thank God for all the blessings He has given me. Then
want to thank those who gave their lives for me, my father and mother, and the
candle that lights my way in the darkness of life, my wife and children. | want to
thank my advisor, Prof. Dr Hayrettin AHLATCI, and all thanks and appreciation to
my teacher, brother, and friend, Dr Ali Mundher Mustafa, for his outstanding efforts,
interest, and assistance in preparing this master’s thesis. I thank my sisters, relatives,
friends, and colleagues at university and work. | hope that I have made a small
contribution to the development of this scientific sector.l dedicate this work to the

souls of my four uncles and aunts, who | lost during the horrific COVID-19.

viii



CONTENTS

Page
APPROWVAL ..ottt ettt ettt ne bt neans ii
AB ST RA T .. e e e e e e nrree e \Y
OZET ..ottt ettt sttt bttt vi
ACKNOWLEDGMENT ...ttt Viil
CONTENTS .ottt ettt sttt ettt sttt et esenbesbeaeneanenes iX
LIST OF FIGURES ...ttt e e e e e e nnnna e X1l
LIST OF TABLES ..ottt XV
SYMBOLS AND ABBREVITIONS INDEX .....coiiieiiie e XVI
PART ONE .ottt e e ae e et e e e nne e e ane e e anseeeanneas 17
INTRODUCTION ...ttt ettt ene s 17
1.1. ALUMINUM'S CHARACTERISTICS ......ooiieiee e 18
1.2, ALUMINUM ALLOYS ...ttt 19
1.2.1. Wrought AHOY FamMIlIES .......cccooiiiiiieecc e, 20
1.2.2. Cast AHOY FaMIlIES .......c.ccveiiieiice e 21
1.3. COMPOSITE MATERIALS ...t 21
1.3.1. Metal Matrix COMPOSITES ........ccveiieiieiiiie e 23
1.3.2. Composites Based On An Aluminum Matrix (AMC)........ccccevvvrvvnennn. 25
e I VAT SRS 26
LITERATURE REVIEW.... ..ottt 26
2.1. PRODUCTION ROUTES FOR NANOCOMPOSITES BASED ON
ALUMINUM MATRIEX ..ot 26
2.1.1. Processes In A LiQuid State..........ccooeiiiiriiinieieiese e, 26
2.1.2. RoUteS IN SOl STALe .....cveiiiiieiceee e 28
2.1.3. Semisolid State Methods ..........cccveieriieriee e, 28
2.1.4. Hybrid And Other Methods..........coeoiieiiiiiii e 28
2.2. MECHANICAL BEHAVIOR OF AI-NANOCOMPOSITES..........cccouveeee. 29
2.2.1. The Static Mechanical Properties At Room Temperature...................... 29



2.2.2. Mechanical Properties At High-Temperature .........ccccccoeeevvevveriesvennnn, 33

2.3. WEAR .ot a e raa e 34
2.3.1. Wear In Aluminum MatriX COMPOSItES .........cccverveieereeriesiesieeieseenneans 37
2AWETTABILITY oottt e e s e e seeeannes 39
PART THREE . .......i oottt st 41
MATERIAL AND DEVICES.......c.oo oottt 41
3L MATERIALS ...ttt 41
3.2. MAIN DEVICES ...ttt 44
3.2.1. Stir Casting FUMACE .......couviieiieie et 45
3.2.2. Sensitive Balance (Type Denver INStrument)...........cccoceeverenineniennennn. 45
3.2.3. Stainless Steel MouUld ..o 46
3.2.4. CONVECTION OVEN ....oviiiieieeiie ettt e ste e sre e nre s 48
3.2.5. TUNING MACHINE .....cveiiiiicic e 48
3.2.6. Grinder AndPolishing Machine Model DAP-5...........ccccociiiiiiiieien, 49
3.2.7. Microstructure EXamination DeVICE...........ccvuuieieienene e 50
3.2.8. Tensile TeSt MaChINe .........ccviiiiiie e 51
3.2.9. Wear Test Equipment(Pin ON DISC) ......ccccveiiieieerieiie e 51
3.2.10. X-Ray Diffraction TeSt DEVICE ........cccceririririiieiesie e 52
3.2.11. Scanning Electron Microscopy (SEM)DeVICe ..........ccceevvveieeieiiennnnn 53
3.2.12. Hardness TeSt DEVICE ......ccueieeieeieiiesieeiestee e et neees 54
e I L 1 SRS 56
METHODOLOGY ..ottt sttt st ene s 56
4.1. PREPARATION OF COMPOSITE.......ccooie et 56
4.2. TESTS AND EXAMINATIONS ..ottt 57
4.2.1. TheOptical Microstructure EXamination .............ccocererereneneniesenieennns 57
4.2.2. TeSt Of HardNESS ....c.eovviiiiiiiiiieieieiese e 58
4.2.3. TENSHE TEST ...eeeieeiecie e et nee s 59
4.2.4. X-Ray DIffraCtion.........ccoveiiiiiiieiie s 61
A.2.5. SEM TESE ..ottt 63
B.2.6. WEAITESL. ...ttt et nnee s 64



PART FIVE. ... 66
RESULTS AND DISCUSSIONS .......oooiiiiiiiiirc e 66
5.1. MICROSTRUCTURE FOR OPTICAL ANDMICROSCANING (SEM) .... 66
5.2. X-RAY DIFFRACTION INSPECTION......ccoiiiiiiiieiiiee e 70
5.3. HARDNESS TEST RESULTS ..o 74
5.4. TENSILE TEST RESULTS .....oiiiiiie e 75
5.5, WEAR TEST RESULTS ....ooiiiiii s 78
PART SEX 84
CONCLUSIONS AND RECOMMENDATIONS ......coiiiiiiiieieeeeeeseee e 84
6.1. CONCLUSIONS ..ot 84
6.2. RECOMMENDATIONS ..o 85
REFERENGCES ... ..o 86
RESUME ...ttt e b ne e 93

Xi



LIST OF FIGURES

Page
Figure 1.1. Classifies cOMpPOSIteS. [16]. ...ccvvervririeiiieiiiiesieeieeie e 22
Figure 1.2. Shows the properties of the COmpoSIte's Parts. ........cccocevervrerieiiniiennenn 24
Figure 1.3. Composite metals of various types [18]. ......cccccevrreriniieniiinireeee 25
Figure 2.1. Stirring casting furnace which is used for purposes MMC [23].............. 27

Figure 2.2. The stress-strain curves of hybrid nanocomposites by casting tensile
under tensile Strength [31].....coviiiiiieieeee e 30
Figure 2.3. YS (a) and UTS (b) for asl-based nanocomposites with varied
manufacturing processes and reinforcement. ............ccccceeveieiv s, 31
Figure 2.4. The function of volume % for al-based nanocomposites manufactured
using various methods and reinforCements. ...........cooveieierenc i 32
Figure 2.5. Adhesive wear results from high contact stresses (a) the intensity of
welded and (b) two surfaces that wear debris. [48]. ......ccovveviiieieciiiecee 35
Figure 2.6. Two-body erosion (a) and triple-body erosion (b) are two types of
abrasive wear that involve ceramic particles and cause debris to get stuck
between surfaces that slide. [48]. .......ooviriiii e 36
Figure 2.7. The wear resistance of aluminum alloy matrix composites gets better as
the size of the particles gets more extensive and more particles are added ....... 38
Figure 2.8. Wear resistance increases with the growing fracture size of SiO2 [54]. . 38
Figure 2.9. The surface forces act at the point where a liquid and a solid meet [58]. 40
Figure 2.10. (a): System that doesn't get wet. (b) The humidification system is based

on the contact angle [58]......covvoiiiieii e 40
Figure 3.1. AL 6061 AllOY. .....ccoveieieiiieiece e 42
Figure 3.2. Appearance of (a) TiO2 and (b) SiO2 nanoparticales. ...........c.ccccvvvennee. 43
Figure 3.3. Pure magnesium (IMQ) ..o 44
Figure 3.4. Stir casting furnace [23].......ccceiieiiieiie e 45
Figure 3.5. Sensitive DAlaNCE. .........ccccviiiiiiie e e 46

Xii



Figure 3.6. Stainless steel Mould............ccoooveiiiiiii e 47
Figure 3.7. Stainless steel MOuld............cccooveiiiiiiicie e 47
Figure 3.8. CONVECLION OVEN. .....c.eeiieeiecie ittt ne e 48
Figure 3.9. Turning MacChine. .........cooiiiiiieii e e 49
Figure 3.10. Grinder and polishing machine.............ccccooiiiiiiiiniee 50
Figure 3.11. Optical MICIOSIIUCIUIE. ........coveiiiiieieece e 50
Figure 3.12. Tensile teSt AEVICE.........ccviieiieie e 51
Figure 3.13. Pin ON diSC UBVICE. ...oiveeiiiie ettt 52
Figure 3.14. X-ray diffraction teSt eVICE. ........cccooeiiririiireeeee s 53
FIgUre 3.15. SEM JEVICE.......ecuicieitieie ettt sttt ee e 54
Figure 3.16. Vickers digital hardness deViCe. .........ccceveieeieeiieiiese e 55
Figure 4.1. Standard tensile teSt SPECIMEN. ....c.eeiviriiiiriiiiiireee s 59
Figure 4.2. Samples after tensSile teSt. .......cccviiiiiiii e 60
Figure 4.3. X-ray diffraction analysis for tio, nanoparticles powder. ..............c........ 62
Figure 4.4. X-ray diffraction analysis for sio, nanoparticles powder. ....................... 63
Figure 5.1. The base alloy Microstructure.40X...........ccooiiiieeeiene e 66
Figure 5.2. (A) Base Alloy+ 0.1%Ti0,, (B) Base Alloy+ 0.1%Sio2, (C) Base
Alloy+0.1% (Ti0z, S102). 40X .....vvrvereeeeeeeeeeeesiesessees e eseiesees s 67
Figure 5.3 (A) Base Alloy+0.3%Tio,, (B) Base Alloy+0.3%Si02, (C) Base
Alloy+0.3% (Ti0z2, SI02).40X .....cciiiiiiirieieesee e 67
Figure 5.4. (A) Base Alloy+0.5%Ti0,,(B) Base Alloy+0.5%Sio02, (C) Base
Alloy+0.5% (Ti0z2, SI02).40X .....cciieiieieiee e 67

Figure 5.5 (A) Hybrid Composite 0.1%Tio,+ 0.5%Si02,(B) 0.1%Tio,+ 0.3%Si02,
(C) 0.3%Tio,+ 0.1%Si02, (D) 0.3%Tio,+ 0.5%Sio02, (E) 0.5%Tio,+

0.3%8Si02,(F) 0.5%Ti02+ 0.1%S102.40X .......ccoiiieiiinieieesereee e 68
Figure 5.6. SEM for the base alloy. .........ccovoviiiiiicc e, 68
Figure 5.7. SEM For (A) Base Alloy+0.1%Tio,, (B) Base Alloy+0.1%Sio2, (C) Base

ANOY+0.1% (Ti02, SI02)...ueieiiiiiieieisie ettt 69
Figure 5.8. SEM For (A) Base Alloy+ 0.3%Tio0,, (B) Base Alloy+0.3%Si02, (C)

Base Alloy+0.3% (Ti02, SI02). ..cc.eiiiiiiiieieie et 69
Figure 5.9. SEM For (A) Base Alloy+0.5%Ti0,,(B) Base Alloy+0.5%Si02, (C) Base

AOY+0.5% (Ti02, SI02). .c.uiiiiieiiiieiee s 70

Xiii



Page

Figure 5.10.X-Ray diffraction for the al-6061 alloy. ..........ccccevveviniiniiiiieseee, 71
Figure 5.11.0.5% Tio,compositex-ray diffraction analysis. .........ccccoceeerivnienivninennenn 71
Figure 5.12.0.5% Sio,compositex-ray diffraction analysis. ............c.ccocvniiiiiiennnn 72
Figure 5.13.0.5% hybrid compositex-ray diffraction analysis. ...........c.cc.ccoorninnnn. 73
Figure 5.14. The relationship between hardness and reinforcementweight %. ......... 74
Figure 5.15. Stress-strain curve for al, 0.1tio,, 0.1si02, 0.1 hybrid. ..........cocoveneeneen. 75
Figure 5.16. Stress-strain curve for 0.3tio2, 0.3si02, 0.3 hybrid...........ccccoovvvivennn. 76
Figure 5.17. Stress-strain curve for 0.5ti02, 0.5si02, 0.5 hybrid...........cc.ccooviviiennn. 76
Figure 5.18.Effect of addingweight % reinforcement on ultimate strength............... 77
Figure 5.19. Effect of adding weight % reinforcement on yield strength.................. 77
Figure 5.20. Effect of adding weight % reinforcement on elongation....................... 78

Figure 5.21. Effect of adding weight % reinforcement on wear rate at load 5n time

5min and sliding Speed 2.8 M/SEC. ......ccvviveiiiiieiieie e 79
Figure 5.22Effect of adding weight % reinforcement on wear rate at load 10n time
10min and sliding SPeed 2.8 M/SEC. .....cooiviiiiiiiiieieeee e, 80
Figure 5.23. Effect of adding weight % reinforcement on wear rate at load 15n time
15min and sliding SPeed 2.8 M/SEC. ......ccvviveiieieiie e 80
Figure 5.24. Effect of increasing the load on wear rate. ..........ccccccovevevieeviciieieenenn, 81
Figure 5.25. The microstructure of al-6061 after wear test. 10X..........ccocvrvvrvrvennne 82
Figure 5.26 (A) Al-6061+0.1%Tio,, (B) Al-6061+0.1%Si0,, (C) Al-6061+0.1%
(Tio,,Sio2) at load 5n time 5min and sliding speed 2.8 M/Sec. 10X ............... 82
Figure 5.27. (A) Al-6061+0.3%Tio, (B) Al-6061+0.3%Si0,, (C) Al-6061+0.3%
(Tio,,Sio2) at load 10n time 10min and sliding speed 2.8 M/Sec. 10X ............ 83
Figure 5.28. (A) Al-6061+0.5%Tio0,, (B) Al-6061+0.5%Si0,, (C) Al-6061+0.5%
(Tioz,Si02) at load 15n time 15min and sliding speed 2.8 M/Sec. 10X ............ 83

Xiv



LIST OF TABLES

Page

Table 4.1. Al 6061 alloy chemical analysis. ..........cccccveviiiiiieni i 56
Table 4.2. Characteristic of Nanoparticles powder (TiOand SiO2). .........ccccvveenene 57
Table 4.3. Hardness rate for SamMPIES. ........cccoeiiiiiiiiiiec e 59
Table 4.4.Yield strength (YS) MPa, Ultimate tensile strength(UTS) MPa, and

elongation (E) % of base alloy and compOSItes .........cccervveriiriiieiieniieneeneene 60
Table 4.5. Result of XRD examination for TiO, nanoparticles powder.................... 62
Table 4.6. Result of XRD examination for SiO, nanoparticles powder. ................... 63
Table 4.7. Wear rate level and parameters. .........ccooeiveveiieeieese e 65
Table 4.8. Values of wear COTFICIENT. ........cccooveiiiiiiierecc e 65
Table 5.1. Result of XRD examination for AI-6061 alloy. ...........ccccooviiiiiiinienen, 71
Table 5.2. Result of XRD examination for composite 0.5% TiOg. .......ccccecvrvriennne. 72
Table 5.3. Result of XRD examination for composite 0.5% SiO;.........cc.cceevvvrnennee. 73
Table 5.4. The result for the XRD examination of 0.5% hybrid composite. ............. 73

XV



SYMBOLS AND ABBREVITIONS INDEX

SYMBOLS
YS :Yielding Strength
UTS : Ultimate Tensile Strength

Ysv : Solid-Vapor Surface Energies
Ysv : Solid-Liquid Surface Energies

Yuv : Liquid-Vapour Surface Energies

HV : Hardness Of Vickers
P : Load

Dav : Length Of Diagonal
SD : Slidingdistance

r : The distance between the specimen’s and the disc's respective centers
n : Disc Rotational Speeds

t : Time

V  :Velocity

AW : Weight of the specimen before and after the test, and its difference (g)
SD : Sliding Distance (cm)

ABBREVIATIONS

MMCs : Metal Matrix Composites
AMC : Aluminum Matrix Composites
MMNCs : Metal Matrix Nanocomposites
PM :Powder Metallurgy

SEM : Scanning Electron Microscopy
EDS : Energy Dispersive Spectrometry
XRD : X-Ray Diffraction

XVi



PART ONE
INTRODUCTION

The second most abundant metallic element on this planet is aluminum. It became a
competitive engineering subject in the late 19th century.The difficulty of obtaining

aluminum from its ore was the reason it was not employed sooner.

Aluminum and its alloys have several uses, ranging from very ductile soft packing
sheets to the most difficult technical applications.One of the most versatile materials
is aluminum and its alloys.Currently, available metallic materials are affordable and
visually pleasing. In terms of structural metals, aluminum alloys are only second to

steel in terms of use [1, 2].

The density of aluminum is just 2.7 g/cm?, about one-third that of steel (7.83 g/cm?).
Combining this low weight with specific aluminum alloys' great strength (more
excellent than that of structural steel)makes it possible to create sturdy, lightweight
structures that are especially helpful for moving objects like spacecraft, airplanes,

and many kinds of land and sea vehicles[3].

The type of oxidation that makes steel rust is not capable of harming aluminum.A
layer of aluminum oxide about ten-millionths of an inch thick forms when oxygen
interacts with the exposed metal surface, preventing further oxidation of the metal. In
contrast to the rust that develops on iron, the aluminium oxide layer doesn't peel off
to reveal a fresh surface that may also become oxidized. If the protective covering on
the metal is damaged, It will instantly shut itself again.The colourless oxide layer is
thin and securely attached to the metal underneath it. Aluminum is resistant to rust,

corrosion, and flaking, unlike iron and steel [4].
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Aluminum, when alloyed and handled correctly, can withstand corrosion from salt,
water, and a host of other environmental factors, in addition to a wide range of
physicochemical and chemical agents. Aluminum may be very reflective. Although
anodized and dark anodized surfaces may absorb or reflect the light, electromagnetic
waves ,radiant heat, and radiant energy, they are more effective in reflecting radiant
energy. Because it is highly reflective over an extensive range of wavelengths,

aluminum that has been polished is suitable for several functional applications.

1.1.  ALUMINUM'S CHARACTERISTICS

Aluminum has a variety of unique qualities that have led to its extensive usage in a
variety of applications and industrial processes, including:
* Due to its lower density than steel, aluminum is a lightweight metal.
+ Alloys made of aluminum has a large strength to weight ratio.
* Due to its ability to maintain its strength at low temperatures, aluminum is
frequently employed in cooling applications.
» Aluminum has a high wear resistance under typical operating conditions and
does not develop coloured salts that stain neighbouring surfaces or taint things
with which it comes in touch.
* Aluminum has a high degree of reflectivity and is a strong conductor of heat and
electricity.
* Due to the absence of ferromagnetism, aluminum is a good substance to utilize
in the electrical, electronic sectors.
* Because it does not show pyrophoric behaviour, it is a valuable material for
applications involving the manipulation or Contact with flammable or explosive
substances.
* Aluminum is safe for human consumption and is thus often used for food and
beverage packaging. The natural finish of aluminum, which may seem glossy and
smooth or brilliant and shining, is pleasing to the eye. It may be whatever colour

or texture you choose.
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* Aluminum is a recyclable material. The recycling market for aluminum is well-
established and has a high scrap value, resulting in environmental and economic
advantages.

« Simple to construct. All conventional metalworking and joining procedures may

be used to shape and produce aluminum.

1.2. ALUMINUM ALLOYS

Its composition and microstructure influence aluminium alloy's mechanical, physical,
and chemical properties. When pure aluminum is mixed with certain additional
elements, its qualities and utility are significantly enhanced. As a result, most
aluminum applications require alloys with one or more elemental additions. Copper,
manganese, and silicon's most frequent alloying ingredients for aluminum are zinc
and magnesium. For grain refinement and to produce special traits, additional
components are added in smaller amounts. These elements are present in the alloy
composition. In total number might be as high as 10%. (unless otherwise specified,
percentages are expressed in weight%). Details of impurity are prevalent in
aluminum alloys, although their overall proportion is generally less than 0.15 %. Cast
composition and wrought composition are the two categories that make the most

sense when dividing aluminum alloys into categories.
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1.2.1. Wrought Alloy Families

The following is an example of a four-digit approach for generating a list of wrought

alloy composition families:
«1xxx: Pure composition under strict control, employed mainly in the electrical
and chemical sectors.
» 2xxx: The main component used to make these alloys is copper during the
alloying process; nevertheless, the presence of other factors, such as magnesium,
may be indicated. The remarkable strength of alloys in the 2xxx series, which can
reach yield strengths of up to 455 MPa, has made them very popular in the
aviation industry.
* 3xxx: Manganese-based alloys are used as universal in different products, such
as those for architecture.
* 4xxx: Alloys in which silicon serves as the primary component of the alloying
process; these alloys are often used in the production of welding rods and brazing
sheets.
» 5xxx: These alloys include magnesium as their principal alloying component,
and they are employed in the construction of objects associated with the sea, such
as boat hulls and gangplanks.
« 6xxx: With silicon and magnesium as the primary alloying elements, silicon and
magnesium-based alloys are commonly used in design casting and automobile
components.
«7xxx: Alloys based on zinc are employed in the construction of aircraft structural
components in addition to other high-strength applications.
* Alloys with the number 8xxx that are used to characterize different TiN, lithium,
and iron compositions could make up a significant portion of the 8xxx series
alloys, depending on the specific alloy.

* Oxxx: This number has been set aside for use at a later time.
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1.2.2. Cast Alloy Families

The definition of casting compositions uses a three-digit method, followed by a
decimal number. In each given situation, the decimal indicates the constraints that
apply to casting alloys. After melting and processing, the decimals indicate the
nuggets with the compositions. one and. Two should provide chemistries suitable for
casting, as specified by the specifications. Casting compositions may be made using

alloys from the following families:

« 1xx.x: Compositions that are unalloyed (pure). Under strict control, notably for
making rotors.

« 2xx.x: alloys where copper serves as the main alloying component. There may
be mention of other alloying elements.

+ 3xx.x: alloys where a primary alloying component is a silicon. Different alloying
elements like copper and magnesium are listed. Nearly 90% of all shaped castings
are from the 3xx.x series.

* 4xx.x: The main alloying ingredient in these alloys is silicon.

* 5xx.x: The primary alloying agent is magnesiumin these alloys.

* 6xx.X: NO use at the moment.

 7xx.X: The major alloying component is zinc in these alloys. Additional alloying
components you can pick between copper and magnesium.

* 8xx.x: The primary component of an alloy is TiNin these alloys.

* Oxx.x: Unused.

1.3. COMPOSITE MATERIALS

Light alloys have been used to make structural components in recent years due to a
rising need for low-weight, high-performance structural materials for use in different
industrial applications, as well as the urgent need to minimize emissions and fuel

consumption in air and road transport. Due to their great moldability, outstanding
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mechanical characteristics, and high thermal conductivity, a few of these elements,
such aluminum-magnesium composites, are highly appealing for the fabrication of
complex-shaped components. Despite this, the mechanical characteristics of these
alloys deteriorate at temperatures below 200 °C, significantly restricting their usage
is crucial aerospace and automotive components [6, 7]. A solid reinforcing phase,
such as carbon or ceramic, must be added to produce Matrix Metal Compounds. It
was created to combine the metal matrix's high strength, flexibility, and toughness
with the reinforcing material's toughness [8]. The fact that reinforcement with
particles retains the behaviour of the characteristics and allows for a considerable
augmentation of mechanical properties in the most straightforward manufacturing
techniques with the potential of applying secondary processes is one of the
advantages of reinforcement with particles (forming, machining, welding )[8,10,
11,12, 13].

Composites are multiphase materials created by combining several elements to get
qualities the individual components cannot achieve on their own [14]. The matrix
(polymers, metals, or ceramics) is embedded in the composite material, and
reinforcement (fibres, particles, flakes, and fillers) is embedded in it [15]. Figure(1.1)

classifies composites.

Composites
I Matrix I Reinforcement
| | L _},_ J ]
|| - - Chemical
Polymer Shape Orientation nat
[
Ceramix Continuous Oxides
|
Metal Short Fibers Carbides |
e |
Whsikers Nitrides |
|
Particulate

Figure 1.1. Classifies composites [16].
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1.3.1. Metal Matrix Composites

Composites with a metal matrix, or MMCs, have at least two physically and
chemically different phases that make up their composition. These phases are
dispersed throughout the composite in such a manner that it has qualities neither of
the steps could provide on its own. In most cases, one of the two phases is a fibre or
particle phase that is dispersed across a metallic matrix.Other examples include: For
instance, cutting tools and inserts for oil drilling, the aerospace and automotive
sectors and heat control may use SiOznanoparticle enhanced Al nanocomposite
[17].These are some of the benefits of MMC:s:

« It saved a lot of weight because it was more vital for how much it weighed.
* Higher stability at high temperatures, creep resistance (compare SiO2/Al to Al,
for example).

* Improved cyclic fatigue characteristics by a lot.

Because MMCs have good properties, they can be used to solve many engineering
problems with materials. Figure (1.2) shows materials with composite properties.
The automotive, marine and aerospace industries have been used to make parts like

robotic arms, electrical contacts, nozzles, cutting tools, and other things [18].
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Figure 1.2. Shows the properties of the composite's parts.

As the "matrix," all matrix metal compounds are made of a metal or metal alloy.
Metal or ceramic can be used as reinforcement. In very unusual circumstances, the
composite may be constructed of a metal alloy that has been "reinforced” with a
fibre-reinforced polymer matrix compound. One example of this composite is a
glass-fibre-reinforced epoxy board, and another is an aramid-fibre-reinforced epoxy
[18]. In general, metal matrix composites, often known as MMCs, may be broken

down into three categories:

e MMCs that are reinforced with particles
e MMCs that are reinforced with short fibres or whiskers
e MMCs are supported with continuous fibres or sheets.
Figure 1.3 is a diagram of the three most common Metal matrix composites are

classified as follows:

24



s
=

Whiskers
m Short Fibers

Continuous
Fibers

Sheet
Laminate

Figure 1.3. Composite metals of various types [18].

1.3.2. Composites Based On An Aluminum Matrix (AMC)

Due to its high strength, low density, toughness, plus resistance to corrosion,
aluminum alloys are commonly employed in the aircraft industry. This is one of the
main reasons why. AI-Mg-Cu and Al-Mg-Zn—Cu are unique precipitation-
hardenable composites. Aluminum-lithium alloys can be precipitated to harden.
Lithium increases aluminum's flexibility and density as the principal alloying
element. This adjustment makes sense for the aircraft industry. Al-Li alloys can be
precipitated like Al-Cu-Mg and Al-Zn-Mg-Cu. Al-Li precipitation hardening
sequence, on the other hand, is much more complicated than in typical aluminum
alloys that can be hardened by precipitation. These alloys usually have lithium,

Titanium, copper, silicon, zirconium, and magnesium [19].
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PART TWO

LITERATURE REVIEW

2.1. PRODUCTION ROUTES FOR NANOCOMPOSITES BASED ON
ALUMINUM MATRIX

During manufacturing, the matrix may be in one of three states: melt, solid, or
semisolid. This enables distinction based on the matrix's state. A rundown of the

various manufacturing processes is shown below.

2.1.1. Processes In A Liquid State

Liquid state MMNC processing methods are suitable for producing near-net-shape
components because they can be industrially scalable, inexpensive, and very easy
[20]. This contrasts with other ways, which may be difficult, time-consuming, and
costly. Liquid methods include techniques like an infiltration, stir casting, and

ultrasonic-assisted casting.

Stir casting is among liquid-based technologies that are used the most often in the
manufacturing of MMNCs since it is both simple and economical; it is suitable for
application on large quantities of metals in general and aluminum in particular [21].
In most cases, the motor phase is introduced to the matrix before being mechanically
stirred via the impeller to ensure that it is evenly distributed in the molten state.
Through a process known as stir casting, particles of TiO, and SiO, were
incorporated into aluminum matrices [22]. The basic form of the process is shown in

Figure 2.1.
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Ultrasound-assisted casting: how well ultrasound-assisted casting works to

eliminate particle clusters caused by nanoparticle agglomeration propensity and poor
wettability [24]. This refers to how well ultrasound-assisted casting works. It consists
of ultrasonic melt treatment (typically frequency range of 18-20 kHz) when the
boosting phase is added or after it has been added; The treatment was used to
produce nanocomposites based on Al reinforced with Al,O3, B4C,AIN, CNTs, and
Si0O; [25]. Ultrasonic melt treatment is a type of treatment that uses high-frequency

sound waves to disrupt the molecular structure of the molten metal.

Motor -

Screw
Drive

Stirrer

Furnace

N

Crucible

Molten metal

AR

Bottom pouring // ///
system %

Figure 2.1. Stirring casting furnace which is used for purposes MMC [23].

Intrusion process: The injection of molten aluminum under stress into a porous

structure is part of the leaching process. This technology has been widely adopted to
produce composites with small-size reinforcement, for example, carbon carbide
particles and TiC, foams, Al,C3, Al,O3, AIN, and glass fibres [26].
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2.1.2. Routes In Solid State

Powder metallurgy is the foundation for the solid-state procedures that are used in
the manufacturing of bulk nanocomposites. When considering liquid and semisolid
methods, the matrix and reinforcement wetting difficulties associated with
nanoparticles are clearly and dramatically reduced [27]. The manufacturing of near-
net-shape components is made possible by PM procedures, which are somewhat
analogous to primary liquid and semisolid processing in certain respects. One of the
competitive benefits provided by this processing approach is the ability to
incorporate a greater volume proportion of reinforcement; another competitive
advantage of this processing route is the possibility of creating matrix and
reinforcement systems that are not possible to achieve using conventional liquid

casting methods[28].

2.1.3. Semisolid State Methods

A partly solid mixture (slurry) moulding using relatively tiny grains close to globular
at solid fractions ranging between 20 - 60 % is involved in semisolid casting. In
general, semisolid procedures provide several benefits, the most notable of which
areporosity, non-turbulent filling,low shrinkage, and a lower temperature throughout
the processing stage. They can be separated into two primary categories of

procedures: thixo-processes and rheo-processes (compocasting) [29].

.1.4. Hybrid And Other Methods

Aluminum nanocomposites may be manufactured by combining two or more
techniques mentioned. Before the formation of the nanocomposite, these approaches
often include the employment of processes that involve metal powder (liquid state or

composite moulding methods). The micron or nano-sized metal powders of the
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appropriate weight and size either method may be used to create master powders (1)
Solid nanoparticles are mixed or blended. (2) Using a ball mill for mechanical
alloying fused, in the melted [30]. The selective aluminum alloys of interest are the

result of this preparation.

2.2. MECHANICAL BEHAVIOR OF AI-NANOCOMPOSITES

Mechanical behaviour for Al-based nanocomposites may be broken down into two
primary sections, each offering a different perspective on the mechanical

characteristics possessed by these compounds.

2.2.1. The Static Mechanical Properties At Room Temperature

Incorporating reinforced nanoparticles into alloy clues a general improvement in the
material's mechanical characteristics compared to corresponding non-reinforced
alloys, as in Figure 2.2.The improvement produced with micro-reinforcement at the
same weight % is often superior.Notably, YS has significantly increased. The higher
dislocation density is principally responsible for the differences in values between
nanocomposites and the homogeneous aluminum matrix.Only a minor role in this
process is played by direct loading by nanoparticles. [36]. The presence of
nanoparticles is responsible for an increased work hardening rate, which contributes
to the increased tensile strength [37].0n the other hand, there is often a threshold
size/weight reinforced fraction.Past that point, adding more nanoparticles causes a
decrease in the material's mechanical properties [31, 33]. This behaviour is primarily
caused by the increased presence of nanoparticle agglomerations and a higher degree
of fine porosity [33], both of which decrease the composite's flow pressure.
Additionally, Due to a mismatch in the thermal expansion coefficient between the
matrix and the solid particles, high dislocation density and other defects near the

solid particles might cause decoherence at the particle/matrix interface.
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Figure 2.2. The stress-strain curves of hybrid nanocomposites by casting tensile
under tensile strength [31].

The tensile properties (UTS, YS) as a function of fracture size in strengthening AL-
based nanocomposites have been proven in various research [34, 37, 38]. These
findings are depicted in the graphs displayed in Figures 2.3 and 2.4. the molten stir-
moulding compounds achieved the maximum UTS between (2-3)%V of the
reinforcement. On the other hand, the composites represented a steady directional
increase of the UTS with increasing the volume fraction. This was the case despite
the composites undergoing the main powder grinding before the stir casting. Without
subjecting the material to heat treatment, the highest result of the researched
information, around 303 MPa, may be reached for nanoparticle concentrations of up
to 5% [37]. When different methods of casting are compared, it is frequently found
that composite casting provides higher mechanical qualities than stir casting when
the same matrix, kind of reinforcement, and volume/weight percentage are used [31];
the mechanics of basic stirring are improved by grinding combined support with
metal powder before stir casting [34]. These findings are based on the assumption

that the matrix, type of reinforcement, and volume/weight fraction are the same.
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Figure 2.4. The function of volume % for al-based nanocomposites manufactured
using various methods and reinforcements.

It should be noted that casting at 800 °C increased compressive strength up to 5 %vol
of the nanoparticles strengthening. Still, the maximum compressive strength was
reached while throwing at 850 °C with 1.5 %vol of the nano components. Secondary
operations, such as hot extrusion, may control or alleviate the harmful effects of
porosity [33, 39]. As found in the AlI6061-Al203 composites [33],By raising the
weight fraction of the reinforcement near to 1% in the casting condition, the mixes'
UTS, YS, and hardness were all enhanced,after that eroded as a result of the high
porosity content and the uneven distribution of nanoparticles. Generally, The hot
extrusion procedure enabled a continuous increase in the mechanical properties
further than limiting weight fraction thanks to a decrease in porosity, a more uniform
distribution of nanoparticles, and an improvement in the interconnection between
particles and the matrix microscopic condensation, and a more uniform distribution
of nanoparticles. 1.5 wt % hot extruded nanocomposites demonstrated a near
doubling of Y.S. and UTS compared to the unsupported hot extruded materials.

Adding ceramic nanoparticles often results in grain refinement [34, 40]. Therefore, it
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Is crucial to determine if the strengthening of the nanoparticles is a direct or indirect
impact on the microstructural improvement generated by the nanoparticles.

2.2.2. Mechanical Properties At High-Temperature

Very little information is currently known for those interested in the mechanical
properties of Al-based nanocomposites produced via fluid channels at high
temperatures. [41].This was found to be the case. In particular, the addition of 2 %
vol. Additionally, churning a semisolid sludge with a 30% solid fraction produced
nanocomposites that could maintain 90% of YS under 300 °C (142 MPa) as opposed
to ambient temperature (158 MPa).However, The non - reinforced alloy produced
with the identical casting method showed YS of 79 MPa at 300 °C (60 % of the
room temperature value).The aluminium matrix's creep resistance is improved by
including incoherent, non-shearable second-stage nanoparticles by preventing
climbing or sliding processes from occurring or bearing a heavier load than the
matrix alone. [42, 43], as is the case with fine particles of oxide or carbide [44]. It is
expected that the use of particles of smaller sizes will enhance the creep resistance
due to the shorter inter-particle spacing. At the same time, the more rigid
reinforcement may be able to withstand higher pressure [45]. It was shown that there
is a shift in creep behaviour with the transition from a static to a sliding substructure
model.This happens when the temperature reaches a critical point better than Al-
based composites supplemented with micrometre ceramic particles [46].Because the
disturbances and stresses needed for micrometric reinforcing particles are too tiny to
be considered in the threshold stress computation [47],it is possible to conclude that
nanoparticles are more effective than micrometric particles in stabilizing

disturbances.
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2.3. WEAR

When two surfaces rub against one another, they eventually wear away some of the
material on both of them. This phenomenon is known as wear. Two popular types of

clothing that people wear are:

e Adhesive Wear
e Abrasive Wear

Scouring, galling, and seizing are some other names for adhesive wear. The primary
mechanism behind adhesive wear is a deformation that occurs during shear. In most
cases, significant contact stresses cause local plastic deformation, ultimately creating
adhesive connections between the two surfaces, as in Figure 2.5. Continued use of
the sliding motion will result in a rise in the shear stress inside the bonded area [48];
this will continue until a material's yield strength is significantly exceeded.

As shown in Figure 2.5, the buildup of solid ceramic nanoparticles, like TiO, or
Si0O,, among sliding surfaces leads to the development of abrasive wear.The quantity
of material lost depends on how hard the sliding surface and ceramic particles are
(either in volume or mass).An additional influence in wear is sometimes the
surrounding environment. Fretting, cavitation, erosion, and other problems may
result from it. The contact regions mate when surface asperities are gradually
smoothed down by abrasive wear. As a result, the local contact stress is reduced as a
direct result of the expansion of the contact area. After the surface has been first
worn down by abrasion, the oxidized particles begin to be removed from the surface.
Because it needs the denuded surface's reoxidation to continue removing oxidized
particles, this is often a process that takes place in a constant state. If the contact
pressure is strong enough to shear the particles, the final wear step takes place in the
adhesive mode. This stage takes place in an adhesive way. The action of shearing
causes the development of thin wear debris sheets in the shape of plates. The sheets
may result in a large amount of material loss. However, this is contingent on the

applied stress [48].
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Figure 2.5. Adhesive wear results from high contact stresses (a) the intensity of
welded and (b) two surfaces that wear debris. [48].

It is essential to keep in mind that wear is, in the vast majority of cases, a feature of
the system. Consider the many different variables at play here, including the matrix,
the reinforcement fibres or particles, the orientation of the threads with the direction
of wear,the volume fraction, the reinforcement interfaces,and the size,and
morphology, of the compound. At the microscopic level, they are the intrinsic
variables. The circumstances of the test or the operation might also impact the wear
behaviour. These factors contain the nature of the abrasive or counter surface, the
force used, the pace at which it is applied, the geometry,the contact area, and the
surroundings (dryor lubrication). These are considered to be outside factors. The
inset describes two effective methods for determining whether or not corrosion has
occurred. When the circumstances are appropriate, incorporating ceramic particles
into a metal matrix may increase the material's resistance to wear. On the other hand,

one must be aware that the inclusion of ceramic particles may lower the wear
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resistance if the circumstances are not optimal. This is something that must be taken
into consideration. For instance, It is possible to remove ceramic particles from the
matrix, causing three abrasive materials to erode into the body, causing a corrosive
process,as shown in figure 2.6. (b). Another thing to remember is that the size of the
fracture or the size of the reinforcement becoming massive causes the fracture to get
larger. It is anticipated that the material's hardness would be significantly diminished.
The particles will fracture if the hardness of the fracture is not enough. Contributing
to erosion. This challenge aims to increase wear resistance without sacrificing the
product's durability [49].

Surface
2-Body Abrasive Wear ~ Gouge

Wear

" _“Debris

Abrasive_______,

(b)

Figure 2.6. Two-body erosion (a) and triple-body erosion (b) are two types of
abrasive wear that involve ceramic particles and cause debris to get stuck between
surfaces that slide. [48].
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2.3.1. Wear In Aluminum Matrix Composites

MMC wear is now in its abrasive phase; the amount of wear is influenced by the
applied load, velocity, volume, volume %, and binding strength of the reinforcement
to the matrix. [50 , 51]. When ceramic particles, like alumina, are added to aluminum
alloys, the wear rate decreases significantly [52]. The size of the reinforcement
particle and the amount of reinforcement in the material determine how much the
wear rate slows down. Most of the time, According to Fig. 2.7, the alloy with the
largest size of particles and volume fraction has the best wear resistance.Figure 2.8
displays how SiO, particles can affect wear resistance [53]. The composite performs

better than the unreinforced alloy under a higher load.

The surface of unreinforced aluminum alloys worn down usually has long,
continuous grooves. This is because abrasive particles have been ploughing the
surface. On the other hand, there is much less surface pushing on the surface of
composites [51]. Composites' rate of wear lowers as the reinforcing volume fraction
increases.When particle size increases, the wear rate usually goes down. This may be
because particle strength is better for smaller particles than interface strength.So, The
more significant parts can carry the loadon the surface and remain in the matrix for

longeruntil they break into smaller pieces.

The fracture toughness of reinforcement is just as important as how hard it is. As the
stress increases, the reinforcement's ability to break becomes an important parameter.
How much the support will break depends on how hard it is to die. So, the toughness

of the particles that make up the reinforcement is what controls wear as stress goes

up.
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Figure 2.7. The wear resistance of aluminum alloy matrix composites gets better as
the size of the particles gets more extensive and more particles are added [52].
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Figure 2.8. Wear resistance increases with the growing fracture size of SiO, [54].
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Most of the time, By using a lubricant or reinforcement with lubricating
characteristics, you can also improve wear performance.Carbon from aluminum
graphite particles can lower the friction coefficient against dry steel [55]. On the
other hand, microcrystalline carbon didn't do much of anything. This makes sense
because graphite flakes easily break and work as a lubricant. The wear rate can be
significantly affected by the surrounding environment.

24 WETTABILITY

Wettability means that On a solid surface, a liquid can disperse. It measures how
close a solid and a liquid are to each other. The melt must wet the solid ceramic
phase for solid ceramic particles to be successfully poured into a mould [56]. For
MMC's composites to be processed, The liquid metal must wet the ceramic phase.For
the infiltration and hardening of the material to occur, Contact between the liquid
matrix, metal, or alloy and the reinforcing material (fibres, particles)is required. The
amount of wetness in the metal on the reinforcing material will determine the
percentage of liquid metal that goes into the moulding.The contact angle shows how
moist a character is, which is created when a drop of liquid sits on a solid
surface.This is shown in Figure 2.9. Following equation demonstrates the

relationship between the surface force vectors:

YSWYSL =Y YLV Cos 6 (2.1)

The solid-liquid, solid-vapour and liquid-vapour interfaces surface energies are Yy,

Ysu, and Yiv.Young's equation is the connection in Eq. (2.1), and Gibbs later

validated it using thermodynamics. [57].

Because many manufacturing processes include a liquid phase of metal that comes

into touch with solid ceramics at some point throughout the process [59], The

wettability behaviour of molten metals on a solid substrate has become more
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important in developing metal-ceramic composites. Figure 2.9 shows how the
contact angle between the molten metal and the ceramic affects the degree of
wettability. When the angle is less than ninety degrees, wetting will occur. Suppose
that intermolecular cohesion is stronger than liquid molecules on a solid's surface. In
this scenario, the liquid will not wet the liquid, according to Fig. 2.10a. In the
example, there is better adhesion between the ceramic wall and the liquid particles
shown in Fig. 2.10b.This leads to increased capillarity and, thus, superior wettability.
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Figure 2.9. The surface forces act at the point where a liquid and a solid meet [58].

; iy
Liquid o
q ) / Liquid (_,\\ Y
51 { 5V sL J SV

Solid - Solid |
0>90° 8<90°
Non-Wetting Wetting
a b
0
r," !
Vapor
h
' ........ C RTINS
0SSOSR 70ie: MU I tototesetetototetototes Sate% Kot
' % Liquid

Figure 2.10. (a): System that doesn't get wet. (b) The humidification system is based
on the contact angle [58].
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PART THREE

MATERIAL AND DEVICES

Through this work, the researcher will add different weight ratio of TiO, and SiO,
nanoparticlesand study their effect on themechanical properties and wear resistance
of aluminum alloys and compare them. Composite materials containing different
proportions of TiO2 and SiO2 was cast by stirring method. The microstructure and
phases will be verified through the use of optical microscopy, SEM and X-ray
diffraction. The tensile and hardness test is used to study the effect of adding
reinforcement on the mechanical properties. It will study the wear rate using a wear
test pin on a disk device for both the basic Al alloy and the hybrid composite under
different loads (5, 10, 15) N and at a sliding speed of (2.8) m/sec using different
times (5, 10 and 15) min.

3.1. MATERIALS

Al6061 alloy used in this work as the matrix material was purchased from local
markets produced by a Liande metal supplier. And it is in the form of plates, where
we cut it into a small cat as in the figure (3.1) so that we can put it in the pudding and

melt it in the stirring furnace.
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Figure 3.1. Al 6061 alloy.

The two tipnanoparticles (TiO, and SiO,;) used in the studyas the hybrid
reinforcements were purchased from local markets and produced by Hongwu
Nanomaterial Group Ltd. As shown in Figure (3.2), the purity of TiO2 is 99.9 %, its

particle size is 30 - 50 nm, the purity of SiO2 is 99.8 %, and its particle size is 20-30
nm.
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(b)
Figure 3.2. Appearance of (a) TiO, and (b) SiO, nanoparticales.

The pure magnesium (Mg) element, also purchased from the local markets, is in the
form of a strip, It was used to improve the alloy's wettability as in the Figure. (3.3).
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Figure 3.3. Pure magnesium (Mg)

3.2. MAIN DEVICES

Several tools and devices were used in this studyfor preparation and characterization
of the composite . In the section, the information abut these test instruments is given
below. Note that all the devices used by the researcher are in the Department of
Production and Metallurgy Engineering , Nanotechnology laboratories and the
Advanced Materials Research Center at the University of Technology, Baghdad.
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3.2.1. Stir Casting Furnace

This furnace was used to melt aluminum alloy and melt the added magnesium, then
mix the resulting molten with nanopowders that are added in different weight ratios,
according to Figure (3.4).

Figure 3.4. Stir casting furnace [23].

3.2.2. Sensitive Balance (Type Denver Instrument)

Sensitive Balance was Use to calculate the weight of the aluminum alloy, the pure

magnesium element, and the Nanopowders, as shown in Figure (3.5).
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Figure 3.5. Sensitive balance.

3.2.3. Stainless Steel Mould

For the purpose of obtaining samples, the molten metal is poured into the mould. In
the cylindrical shape with main dimensions (diameter = 15 mm and height = 150

mm) to conduct tests on them, as in Figures (3.6) and (3.7).

46



Figure 3.6. Stainless steel mould.

Figure 3.7. Stainless steel mould.

47



3.2.4. Convection Oven

This furnace is used for heating magnesium and Nanopowder before adding it to the
molten aluminum, in addition to heating the mould before pouring the molten into it,

as in Figure (3.8).

Figure 3.8. Convection oven.

3.2.5. Turning Machine

Machine-type Knuth tools are used to cut, run and prepare samples for subsequent

examinations, as shown in Fig. (3.9).
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Figure 3.9. Turning Machine.

3.2.6. Grinder AndPolishing Machine Model DAP-5

We used this device to clean the samples using different SiC papers and water,
polishing them and preparing them for wear, Optical microstructure, and X-ray

scanning, as seen in the following Figure (3.10).
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Figure 3.10. Grinder and polishing machine.

3.2.7. Microstructure Examination Device

The prepared samples were examined using a metallographic microscope with the
help of a digital optical camera model (A. Kruss Opronic), as shown in Figure (3.11)

to study the microstructure.

Figure 13.11. Optical microstructure.
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3.2.8. Tensile Test Machine

The tensile testing was conducted using an Instron machine (DWD-200E), as seen in
Figure (3.12).

Figure 3.12. Tensile test device.

3.2.9. Wear Test Equipment(Pin On Disc)

A wear device (pin to disc) local industry in Iraq performs the wear test., Figure
(3.13). This device consists of a disk rotating, a sample holder, And motor that

rotates at a constant speed of (490 rpm), and the disk has a roughness of 1.9 um and a
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H.V = 217.the sample is then subjected to loads that are perpendicular to it.

Atmospheric pressure and room temperature were used for the testing of dry wear.

Figure 3.13. Pin on disc device.

3.2.10. X-Ray Diffraction Test Device

The X-ray diffraction test was started to detect the phases created by the primary
matrix alloy and the composites. The brand of the test machine is Shimadzu-
6000XRD as indicated in Figure (3.14).
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Figure 3.14. X-ray diffraction test device.

3.2.11. Scanning Electron Microscopy (SEM)Device

A VEGA 3 L.M. type electron microscope produced by TESCAN, a Czech Republic
company, contained in an Energy Dispersive Spectrometry (EDS) detector (MAX3
model from Oxford British company) was used to obtain the exact chemical

composition associated with SEM as seen in Figure (3.15).
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Figure 3.15. SEM device.

3.2.12. Hardness Test Device

Vickers digital hardness instrument TH714 was used for the testing, as seen in Figure
(3.16).
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Figure 3.16. Vickers digital hardness device.
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PART FOUR

METHODOLOGY
4.1. PREPARATION OF COMPOSITE

We have used 6061 aluminum alloyas the matrix material manufactured by Hongwu
Nanomaterial Group Ltd. The findings of our chemical investigation of the alloy are
shown in Table (4.1) below.

An electric furnace heated to 800 C° was used to melt the Al 6061 alloy, which was
then poured into a 300 C°-heated steel mold, cylindrical shape with dimensions of

(diameter = 15 mm and height=150 mm), Figure (3.6) in part (3) showed the mould.

Table 4.1. Al 6061 alloy chemical analysis.
AI’Si‘Cu‘Mg‘Zn‘Mn‘Ti‘Cr‘Zr‘Fe

97.5 ‘ 0.674 ‘ 0.227 ‘ 0.879 ‘ 0.015 ‘ 0.15 ‘ 0.0541 ‘ 0.133 ‘ 0.002 ‘ 0.704

The production of composites was based on the stir casting method, wherein an
electric furnace heated to 800 °C melted the matrix alloy.The melt was maintained at
this temperature for 15 minutes to homogenise the chemical composition.Then, Mg
(1 wt %) was added to increase wettability, and reinforcments (silicon dioxide and
titanium dioxide) were gradually added to the melting alloy using stirring.
mechanical, weight fractions of the addedTiO,:SiO, particles were 0.1:0, 0:0.1,
0.1:0.1, 0.3:0, 0:0.3, 0.3:0.3, 0.5:0, 0:0.5, 0.5:0.5, 0.1:0.3, 0.1:0.5, 0.3 :0.1, 0.3:0.5,
0.5:0.1 and 0.5:0.3 wt%, which were preserved with aluminum foil and heated up to
300°C for 1 hour (to help improve the wettability and solubility to reduce moisture)
after melting inside the vortex by an electric motor at a speed of rotation ( 750 rpm)
for excellent dispersion of the arms within the melt. To create the composite material

reinfoced by SiO, and/or TiO, nanoparticles, the molten mixture is then put into a
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heated mold, whose properties will be mentioned in Table (4.2). The process was
repeated for all the above additions.

Table 4.2. Characteristic of Nanoparticles powder (TiO, and SiO,).

Characteristic Nano TiO, Nano SiO2

Manufacturer Hongwu International | Hongwu International
Group Ltd, Group Ltd,

Appearance White powder White powder

Purity 99.9%, 99.8%

Grain size (nm) 30-50 nm 20-30 nm

Bulk density (g/cm3) 4.23 2.66

Melting point (°C) 1843 1782

4.2. TESTS AND EXAMINATIONS

4.2.1. The Optical Microstructure Examination

6061 aluminum alloys and samples of SiO, and/or TiO, composites dietilled were
cut to dimensions (15 x 10 mm). To remove the oxide and/or heterogenic layer,
samples were prepared using a grinding machine with fine carbide paper (400, 600,
800, 1000, 1200). The pieces were then polished with a polishing cloth and alumina

(5 wm) to remove the grinding damage.

After polishing and grinding were completed, After cleaning the samples with the
water and alcohol, the surfaces were exposed to an etching solution (3%H.F and 97
% water) for 10 seconds to reveal the grains and features.It was then washed with
water and alcohol before drying with hot air.Samples were tested using a
metallographic microscope with the help of a digital optical camera model (A. Kruss

Opronic).
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4.2.2. Test Of Hardness

Vickers digital hardness tests on the primary Al 6061 alloy and the composites were
performed using the TH714 model of the Vickers hardness tester, prepared for
microstructural testing without etching. For a period of rest, a load of (200 g) is used
(15 seconds). The average hardness value was calculated using three measurements

for each sample. Here is the equation for calculating Vickers hardness in HV0.2[63]:

HV=1.8544 * P/(dav)? (4.1)

HV: Vickers hardness f(kg/mmz2)

P: applied load (kg.f)

dav: diagonal length (mm)

The hardness tested Al 6061 alloy and composites results are displayed in the table
(4.3).
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Table 4.3. Hardness rate for samples.

4.2.3. Tensile Test

The tensile test was performed on the samples after they had been produced under
the (ASTM EB8) standard, as illustrated in Figure (4.1). The tensile test was carried
out using the Instron apparatus (DWD-200E). Table (4.4) shows the test findings up

to the fracture stage, as seen in Figure (4.2).

25 mm _l L 36 mm

Figure 4.1. Standard tensile test specimen.
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Figure 4.2. Samples after tensile test.

Table 4.4.Yield strength (YS) MPa, Ultimate tensile strength (UTS) MPa, and
elongation (E) % of base alloy and composites
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4.2.4. X-Ray Diffraction

In order to determine the resultant phases of Basel alloys and composites, an X-ray
diffraction test was conducted using an apparatus of type (Shimadzu- 6000XRD)
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under the conditions of a copper target (current = 30 mA). (voltage = 40 kV) and a
small range (20-80) degrees.The results of the analysis of the nanoparticles powder

for each TiO, and SiO, were as shown in the following figures and tables:
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Figure 4.3. X-ray diffraction analysis for tio, nanoparticles powder.

O standard © measured (h k1 Int standard
27.446° 27.38 (110) 100
36.085° 35.90 (101 50
41.225° 41.13 111 25
54.322° 53.80 (211) 60
56.640° 56.94 (2 20) 20

Table 4.5. Result of XRD examination for TiO, nanoparticles powder.
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Figure 4.4. X-ray diffraction analysis for SiO, nanoparticles powder.

O standard O measured (h kI Int standard
20.860° 20.90 (100) 16
26.639° 26.59 (101) 100
50.138° 51.98 (112) 13

Table 4.6. Result of XRD examination for SiO, nanoparticles powder.

4.2.5. SEM Test

A scanning electron microscope (VEGA 3 L.M.) was produced by TESCAN, a
company in the Czech Republic; It was used to study the topography of the
reinforcements and samples. Energy dispersal spectrometry (EDS) detector (MAX3
model from Oxford British company) was used to obtain the exact chemical
composition associated with SEM.
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4.2.6. Wear Test

After obtaining samples with dimensions (15 mm) diameter and (150 mm)high from
the base metal and composites, they were shaped in a lathe machine to get samples
for wear test with dimensions (10 mm) diameter and (20 mm) high and then prepared
by continuously milling SiC paper (400, 600, 800, and 1000), Diamond paste is then
used for polishing. Before being dried in hot air, the samples are washed with water
and alcohol.The wear device's wear test is carried out by the domestic industry (pin
to disc), as mentioned in the third part. This device consists of a disk rotating and a
sample holder;the device has a motor that rotates at a constant speed of (490 rpm),
and the disk made of carburized steel has a roughness of 1.9 pm and an H.V= 217.
the sample is then subjected to loads that are perpendicular to it. Atmospheric

pressure and room temperature were used for the testing of dry wear.

The following information has been used to determine sliding distance [64] :

SD = 2nrnt (4.2)
SD: Slidingdistance (cm)

r: The distance between the specimen’s and the disc's respective centres (cm)

n: The disc's rotational speed (490 r.p.m)

t: Time ( min).

The Following Equation Determines The Sliding Speed [64]:

V= 27rn/1000 x60 (4.3)

V : Velocity (m/sec)

The weighting technique measures the wear rate. Weighting the samples before and
after the tests with a digital balance with an accuracy of up to (+0.0001 g) allows for
calculating changes in the relative mass. Loads of (5N,10 N and 15 N) were used
with speeds of sliding (2.8 m / sec) and times of (5, 10 and 15) min. After each test,
the disc was polished and cleaned.The following methods were used to gauge the

rate of wear [64]:
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Wear rate = Aw/ SD (g/cm)

AW: The Specimen's Weight Before And After The Test (g)

SD: Distance Of Sliding (cm)

The experiment's foundation was chosen using the wear and tear metrics, and
composite alloys were: load (N) and time (min). Each variable has three levels listed
in Table (4.5) and a constant sliding velocity (m/s), and this process are repeated for

all samples.The results of the wear test as Coefficient of wear in g/N*cm are

displayed in Table (4.8).

Table 4.7. Wear rate level and parameters.

Level Time(min) Speed(m/s) Load(N)
1 5 2.827 5
2 10 2.827 10
3 15 2.827 15

Table 4.8. Values of wear coefficient.

0 : : :

WearCoefficient % Weight Fraction of TiO,
/N*cm)x1078

(g/N=em) 0 0.1 0.3 0.5

o 0 0.174 0.178 0.1987 0.117

>

G

S 0.1 0.111 0.089 0.103 0.036

* 0.3 0.103 0,158 0.164 0.158

S

(<5}

i 0.5 0.081 0.089 0.102 0.049

65




PART FIVE

RESULTS AND DISCUSSIONS

5.1. MICROSTRUCTURE FOR OPTICAL ANDMICROSCANING (SEM)

The uniform dispersion of the reinforcing particles is the most critical component for
achieving a homogenous quality in discontinuous reinforced composite materials.
The microstructure in the sample matrix is virtually spherical, as seen in Figures (5.1
to 5.9), and its distribution is relatively uniform. The interface layer among the
matrix and the reinforcement particles should promote hydration because the Contact
concerning the reinforcement particles and Al-melt. In matrix metallic compounds
(MMCs), Because of the strong bonding that permits the transfer and distribution of
the load from the matrix to the reinforcement, the interfacial Contact among the

matrix metal and the reinforcement is important [65].

Figure 5.1. Thebase alloy microstructure.40X
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Figure 5.2. (A) Base Alloy+ 0.1%TiO,, (B) Base Alloy+ 0.1%SiO,, (C) Base
Alloy+0.1% (TiO,, SiO»). 40X

(@) (b ©

Figure 5.3 (A) Base Alloy+0.3%TiO,, (B) Base Alloy+0.3%SiO2, (C) Base
Alloy+0.3% (TiO,, Si02).40X

(@) (b) (©

Figure 5.4. (A) Base Alloy+0.5%TiO,,(B) Base Alloy+0.5%SiO,, (C) Base
Alloy+0.5% (TiO,, Si0,).40X
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Figure 5.5 (A) Hybrid Composite 0.1%TiO,+ 0.5%Si0,,(B) 0.1%TiO,+ 0.3%Si0,,
(C) 0.3%TiO,+ 0.1%Si0,, (D) 0.3%TiO,+ 0.5%Si0;, (E) 0.5%TiO,+ 0.3%SiOx,(F)
0.5%TiO,+ 0.1%Si0,.40X

SEM HV! 30,00 KV

o0 pm

Figure 5.6. SEM for the base alloy.
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Figure 5.7. SEM For (A) Base Alloy+0.1%TiO,, (B) Base Alloy+0.1%SiO,, (C)
Base Alloy+0.1% (TiO, SiO,).
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Figure 5.8. SEM For (A) Base Alloy+ 0.3%TiO,, (B) Base Alloy+0.3%SiO,, (C)
Base Alloy+0.3% (TiO,, SiO»).
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Figure 25.9. SEM For (A) Base Alloy+0.5%TiO,,(B) Base Alloy+0.5%SiO,, (C)
Base Alloy+0.5% (TiO, SiO,).

5.2. X-RAY DIFFRACTION INSPECTION

The graphs were created using an investigation of the base aluminum alloy
reinforced with 0.5 wt% TiO, and SiO,. In that order, the reinforcing materials were
first added individually and then added together (hybrid). Figures (5.10 to
5.15)display the data of the phase analysis of the generated phases. The a-Al phase
and compounds (TiO,, SiO;) were deposited, which canbeObserved in the tables
attached to the drawings.This helped the composite material's yield strength and

stiffness values rise.
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Figure 5.10.X-Ray diffraction for the al-6061 alloy.

Table 5.1. Result of XRD examination for Al-6061 alloy.

O standard

O measured

(h k 1)

Int standard

38.472°

38.50

(111)

100

44.738°

44.70

(200)

47
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65.08

(220)

22
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24
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Figure 5.11. 0.5% TiO, compositex-ray diffraction analysis.
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Table 5.2. Result of XRD examination for composite 0.5% TiO,.

O standard O measured (h k1 Int standard
27.446° 27.43 (110) 100
36.085° 36.12 (101) 50
38.472° 38.53 (111) 100
41.225° 40.18 (111 25
44.738° 44.77 (200) 47
54.322° 54.24 (21 1) 60
56.640° 55.26 (2 20) 20
65.133° 65.7 (220) 22
78.227° 78.28 (311) 24
82.435° 82.47 (222) 17
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Figure 35.12. 0.5% SiO, compositex-ray diffraction analysis.
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Table 5.3. Result of XRD examination for composite 0.5% SiO,.

R D e P LV,
T

A~

o

et SNAA s N
T

O standard O measured (h k1 Int standard
20.860° 21.13 (100) 16
26.639° 26.51 (101) 100
38.472° 38.42 (111) 100
44.738° 44.62 (200) 47
50.138° 49.86 (112) 13
65.133° 65 (220) 22
78.227° 78.15 (311) 24
82.435° 82.36 (222) 17
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Figure 5.13. 0.5% hybrid compositex-ray diffraction analysis.

Table 5.4. The result for the XRD examination of 0.5% hybrid composite.

O standard © measured (h k1 Int standard
20.860° 20.85 (100) 16
26.639° 26.93 (101) 100
27.446° 27.22 (110) 100
36.085° 35.99 (101 50
38.472° 38.48 (1112) 100
41.225° 40.31 (111) 25
44.738° 44.64 (200) 47
50.138° 49.88 (112) 13
54.322° 54.18 (21 1) 60
56.640° 56.67 (2 20) 20
65.133° 65.11 (220) 22
78.227° 78.19 (311) 24
82.435° 82.39 (222) 17




5.3. HARDNESS TEST RESULTS

It was discovered that the hardness of composite materials increases as the weight
fractions of the reinforcing particles increases.as a result of the rise in the resistance
to the dislocation movement. This caused a significant impediment to the direction of
the turbulence, and the result showed that the hybrid composite exhibited higher
stiffness than the single composite materials [66].

As more ceramic particles are added to the composite, the compound becomes harder
owing to the harder reinforcing particles, which enhance the resistance to localized
plastic deformation by preventing turbulent movement. [67] [68], the reduction in the
antiparticle space among the TiO, particle and the solid SiO, increases the
accumulation of disturbances. One of the significant advantages of the dispersion
strengthening effect is that it is maintained even at high temperatures and for long
periods. The hardness of titanium dioxide composite reinforcement is higher than
that of silicon dioxide composite reinforcement because TiO, has higher hardness
when compared to SiO and base alloys [69]. Figure (5.14) The relationship between

stiffness and reinforcements.
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Figure 5.14. The relationship between hardness and reinforcement weight %.
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5.4. TENSILE TEST RESULTS

The base alloys' tensile strength and composites have been performed at constant
stress. According to the results, depending on the type of hardened filler particles
applied to the composite and their perfect bonding, the tensile value and vyield
strength of the composite are more extensive than those of the primary alloys (non-
reinforced), showing the matrix and particles, in addition to according to X-ray, the
nanoparticle purification improves the strength of the composites, alien presence of
the compounds TiO; and SiO,. The distribution of these materials within the base
alloy and the differences in the thermal expansion coefficients of the matrix and the
ceramic particles increase the dislocation density in the mixture [70].in order the
dislocations to pass through the matrix phase's dispersed particle population. These
particles act as barriers against the deformation of the base alloy because of the
effective cohesion among the filler particles and the basic alloy caused by the high
resistance of the interfacial bond, enabling the load to move between the base alloy
and the reinforcement particles (SiO,and TiO;).Since the ceramic particles make the
material more brittle, it is clear that the elongation reduces [70]. The stress-strain
curve of Al, 0.1TiO,, 0.1Si0O,, and 0.1 hybrids is shown in Figure (5.15) below.

S0

00

40

stress Mpa

20
02 109 02 04 06 08 1 12 14 16 1f

strain

A —Ti02 Si02 === hybrid

Figure 5.15. Stress-strain curve for al, 0.1TiO,, 0.1SiO, 0.1 hybrid.
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Figure 5.16. Stress-strain curve for 0.3 TiO, 0.3 SiO,, 0.3 hybrid.
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Figure 45.17. Stress-strain curve for 0.5 TiO,, 0.5 SiO,, 0.5 hybrid.

The effects of wt.% reinforcement on the yield strength, elongation, and ultimate
tensile strength of the aluminum matrix and composites are illustrated in figures 5.18

t0 5.20.
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Figure 5.19. Effect of adding weight % reinforcement on yield strength.
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Figure 5.20. Effect of adding weight % reinforcement on elongation.

The stress localization at the acute angles of the particles was considered the
dominant source of the fracture initiation method in those compounds. Thus, The
matrix's ductile fracture is caused by the binding mechanism's failure, which results
in the Creation of the grooves seen on the specimen surface [71]. The SiO; particles
and the aluminum alloy matrix have a weaker connection due to particle aggregation.
Compared to a matrix of elastically and plastically deformed aluminum alloy
particles, larger particles transmit loads more effectively. A crack may form as a
result of this. Cracking is also caused by the presence of porosity. In light of this, it is

evident that MMC fracture samples have brittle fractures [72].

5.5. WEAR TEST RESULTS

Dry wear tests were performed on the base alloy, and hybrid composites. The
samples’ weight loss is analyzed by discovering the final and initial weight
differences. All tested models' measured weight loss values were converted into wear
rate.
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Studying how SiO, and TiO, affect the stability of sliding velocity and changes in
load and time was done using weight loss data from the alloy sample and then
calculate the wear value of the base alloy, unformed reinforced composites, and

hybrid composite materials.

The effect of the additional weight%going on the wear rate of the base alloys and
compounds was studied at the different loads (15, 10, and 5 N) and constant sliding
speeds (2.8 m/sec) with the different times (15, 10, and 5 minutes). Figures (5.21 to
5.23) show the effect of adding weight % reinforcement on wear rate. In both base
alloys and composites, the rate of wear is negatively correlated with the weight %
increase of the reinforcing particles.The reason is that increasing the ratio of TiO,
and SiO; reduced the wear rate, because of plastic deformation, which causes the
wear rate to be inversely proportionate to the hardness.
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Figure 5.21. Effect of adding weight % reinforcement on wear rate at load 5N time
5min and sliding speed 2.8 m/sec.
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Figure 5.22 Effect of adding weight % reinforcement on wear rate at load 10N time
10min and sliding speed 2.8 m/sec.
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Figure 5.23. Effect of adding weight % reinforcement on wear rate at load 15N time
15min and sliding speed 2.8 m/sec.
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Figure 5.24. Effect of increasing the load on wear rate.

Using optical microscopy on samples of the base alloy and compounds after wear
tests, Figures (5.25 -5.27) show the load's effect on these samples. The worn surfaces
consist mainly of longitudinal grooves and partially irregular pits. By examining the
microstructure, it can be concluded that adhesive wear may be seen on the surface of
most abrasive materials. According to the figures the load has increased, The surface
of the base and composite samples show an increase in wear residue. We noticed that
the sloping tracks are close and not deep when the loads are low and that due to the
heat generated, An oxide layer covers some places. which indicates the presence of
oxidative corrosion. The width of the wear lines increases and turn out to groove
with increasing loads, the surface of the models was covered with both little and
huge cracks. In addition, some titanium oxide or silicon oxide particles leave the
ground and move as a third form between the piece and hard disk as they continue to
slide. The deformation of the sample surface increases with a higher load. Some
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particles may be pushed up due to their hardness within a soft matrix, causing more
significant distortion of the sample surface [73, 74, 75].
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Figure 5.26 (A) Al-6061+0.1%TiO,, (B) Al-6061+0.1%SiO,, (C) Al-6061+0.1%
(Ti0,,Si02) at load 5n time 5min and sliding speed 2.8 M/Sec.10x
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Figure 5.27. (A) Al-6061+0.3%TiO,, (B) Al-6061+0.3%SiO;, (C) Al-6061+0.3%
(TiO,,Si02)at load 10n time 10min and sliding speed 2.8 M/Sec.10x
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Figure 5.28. (A) Al-6061+0.5%TiO,, (B) Al-6061+0.5%SiO,, (C) Al-6061+0.5%
(Ti0,,Si02) at load 15n time 15min and sliding speed 2.8 M/Sec.10x
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PART SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS

The researcher reached essential conclusions in this research, which are as follows:

A homogeneous reinforced particle distribution in the Al 6061 matrix was
obtained from a stir casting process.

With an increase in the weight of titanium dioxide and silica, the hardness of
the base compound alloy and the hybrid composites increases. The amount of
hardness when 0.5wt% of the hybrid composite was added became 77.35HV
compared to 68.88HV in the base alloy.

With the increase of the additions of TiO, and SiO,, the yield strength and
ultimate tensile strength of the single and hybrid composites increased. When
0.5 hybrid compound was added, the tensile strength became 151.12 MPa,as
317% and the yield strength became 76.87 MPa as 120% with respect that
with the base alloy.

elongation decreasedwith the increase of TiO, and SiO, additions. When
adding 0.5wt% hybrid composite, the amount of elongation became 9.61%
compared to 31.39% in the base alloy.

The wear rate of the hybrid composite with 0.5% TiO, and 0.5% SiO, shows
a lower wear rate. And it was worth0.82x10 *gm/cm compared to 1.82x10
gm/cm in the base alloy.

6- Compared to the sliding time and speed, the applied load is the most

significant factor affecting the wear rate, as studies have shown.
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6.2. RECOMMENDATIONS

After conducting all theoretical and practical experiments on alloys (Al 6061) and

composite materials, the researcher suggests the following recommendations:

e Studying effect of adding ZrO, + graphite on the properties of the hybrid
nanocomposite.

e Optimize the load, slip speed and distance effect on Hybrid nanocomposite.

e Study the development of variousSiO,and TiO, nanoparticles on impact and
corrosion resistance.

e Studying the effect of adding (SiO,andTiO;) nanoparticles to aluminum

alloys produced by recasting on microstructure and properties.
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