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ABSTRACT
REPRESENTATIVE VOLUME ELEMENT (RVE) FINITE-ELEMENT ANALYSIS
(FEA) OF AL METAL-MATRIX COMPOSITES

by

Yuzhe Cao

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor Chang-Soo Kim

Metal matrix composites reinforced by particles (a.k.a particle reinforced metal matrix
composites, PRMMCs) could be suitable for a large number of applications with their enhanced
mechanical properties. These composites generally consist of a base metal filled with hard/strong
particles of which physical and mechanical properties very different from those of the matrix.
These particles are intended to improve the properties of the base material including wear
resistance, damping properties, and mechanical strength. Aluminum (Al) and its alloys have
attracted most attention as base metal in these metal matrix composites due to their light weight
and inexpensive nature. As for the reinforcements, aluminum Oxide (Al203) is one of the most
commonly used ceramic particles. This study is aimed at developing a finite-element analysis
(FEA) computational model to predict the bulk mechanical behavior of Al2O3 particle reinforced
Al-based metal matrix composites. In our work, the representative volume element (RVE) models
of hierarchical composites have also been created to predict the stress-strain behavior of Mg-Al-
Al203 hierarchical composites. RVE models have been developed to predict the mechanical
properties of different PRMMCs assuming that ceramic particles are fractured during the plastic

deformation of the whole composite.



From the results, it was found that the particle volume fraction plays a critical role
determining various mechanical properties such as Young’s modulus. However, the developed
RVE model showed that the particle size and the particle distributions have little effects on the
mechanical properties of PRMMCs, which could be considered as the limitation of the current
study. For the hierarchical composites, the numerical and experimental results were reasonably in

a good agreement.



© Copyright by Yuzhe Cao, 2016
All Rights Reserved



TABLE OF CONTENTS

CHAPTER 1. INTRODUCTION ..ctiiisiiiiiiiinnieissstnsssiessiesssssssstsssssesssssssssssssssesssssssssssssssessssssessssssssasss 1
L OVERVIEW .ottt ettt et sttt et et s he e s bt e bt e at e e ae e bt et e e a b e eabeeb e e b e e abesatesheeabeebeeabesae neesbeebeenes 1
2. FINITE-ELEMENT ANALYSIS(FEA) w.eutettrteteterteitetestetestestetestet et saesestestesesteseebestentebestesesbeseesestensenestensesens 4
. IMIOTIVATIONS ...ttt ettt ettt ettt b et e et st e s b e s bt et e eae e e bt e bt ea bt eabeesbenbe e beeabesasesbaenbeenbeen sanesaees 6
4. OBJIECTIVES OF RESEARCH .....ccittiitiieitteitt ettt et ettt st e st et e e satesaee bt entesstesaeesaeensesnsesaeesaeenseensesnnenns 6
REFERENCES. ...c..tteutietteettetteitesttestte st et site s bt esbeeseesatesheesbee bt eaee e bt e bt et e e st e eb e e bee b e e st e sabesbeenbeenbesneess saeenseenseenes 8

CHAPTER 2. BACKGROUND .....uttiitiiiiiiinisiisietissstssssessssssssssssssaessssssessssssssssssssssssssssasssssssssssass 10
1. AL-BASED PRIMIMCS ...ttt sttt ettt ettt st b e b st satesbeenbeeeeeaees 9
2. PROCESSING IMETHODS .....utettitteitesttesteeteeitesttestteste s tesatesatesaeessesnsesatesseesseensesasesseenseensesnsesssenseensesnsens 11

2.1 POWAET MELAIIUIGY.....eovieeieeieeieieecee ettt ettt teeteete et et e st et esessere e 11
2.2 Other MELNOUS. ... ..cveeevieeeecteeeeeeee ettt ettt e ettt e et e eteeebeebeeaseesseesseteeseeasesssenes 13
2.2.1 MeChaniCal MIIING .....cooveeeieecieeceeeee ettt ettt et e s e e 13
2.2.2 CASHING ..ttt ettt ettt ettt etttk h e ettt ettt s aeneeaen 14
2.2.3 Pressure INfIIIFALION ..........ccveirieieieeistee ettt sttt sttt te s 16
2.2.8 FrICHION ST PIOCESS ....cveieueeieieitrteiett sttt sttt sttt ettt ettt sttt sttt st e eaeste e sbe s et sae e 17
2.3 Comparison of various processing teChNIQUES..........ccvceevievieieieieieteieese ettt 19
3. MECHANICAL PROPERTIES OF PRIMIMC ..ottt sttt st s e 20
3.1 YOUNG S MOUUIUS......oeeveeiieceieteettetete ettt ettt ettt et te et a et e e taeteets e s e st essessesesasenns 20
3.2 Strengthening MEChaNISMS ........cveuirieirieeeree ettt sttt 21
3.2.1L.0ad Transfer EFfECL.......cvviieeieieeeeteee ettt neaes 21
3.2.2 Hall-Petch Strengtnening.........ccoueieuerieieiirieieteiesee ettt 23
3.2.3 Orowan StreNGthENING .......ccceveieieieieeetce ettt e et e ettt e et e s et e bessaesesseeneas 23
3.2.4 CTE @nd EM MISMALCN........ccueeiieiecieeeeeceee ettt ettt et sae e e eanas 24
REFERENCES. .....ttiutteittettettet et stt st e bt ea bt st e sbeesbe e besaeesheesbe e bt eaeesaeesbe e bt eateeaeeeb e e b e eabeeabesanenbeenbeen sabesnnesaees 25

CHAPTER 3. PREVIOUS MODELS. ......cciintiiiiiieiiiniiiisiesissssaessssssssssssssssssssssssssssssssssssssssssss 28

1. EXAMPLES OF PREVIOUS EXPERIMENTAL PRMMOC SYSTEMS ......oiiiiiiiiieiineenieenieeieeieesieesieeieeeene 28
1.1 Khalid Al-Dheylan et al.,2006 [1] .......cccocertrerieerieieerieieitrieeeie sttt 28
1.2 M. Rezayat €t al., 2012 [2] ..cvecveveeeeeeeerieietesieeieetee et ettt ettt te et e ts et et et et e e s s atassaereens 30
1.3 Bharath Vet al., 2014 [3]...coeoeerieirieieeee ettt ettt 31

2. EXAMPLES OF PREVIOUS FEA-PRMMGC SYSTEMS......coctiiieiiiiinieeniteieeie sttt saees 32
2.1 M. Guagliano et al., (2015) [4] ...coveereerereeerieree ettt 33
2.2 Y. Schneider et al., (2011) [B]..ceceeeeeeieieieiesieeteeteeeetee ettt ettt s ettt e sttt e e ena e e e 35
2.3 N. Chawla et al., (2011) [6] ... ceeererrerrererierieerierieie ettt sttt sttt sttt sttt 36

3. EXAMPLES OF PREVIOUS EXPERIMENTS FOR HIERARCHICAL COMPOSITES.....c.coetrtieererieeeresseneenes 38
3.1 Meisam K. Habibi et al.,(2010)[11] ..veoueeeeeeeeeeeieeee et 38

REFERENCES. .....ttitietietteettete st st ettt st s e st e sme e aesaeesaeesaeesat e e e saeeebe e st e st eeeees e e s e e reearesanesreenees saresanesanes 41

CHAPTER 4. MODEL DEVELOPMENTS ...ccicctiertristrrseesesnessseesssssssessesessessssssssssesssnesssassssssasssnes 43

1. STRUCTURE GENERATION ..c..tiutttteuteuteutestetentestestestessesseeseesteeessessessesbeseessesseeseessensensensessensessessesseeneenes 43
1.1 Model geometries generated for the investigation of particle size effect..........ccccecvevieveieninenen 44
1.2 Model geometries generated to study the particle distribution effect...........cccvevveveveviervrvcnnnn, 44
1.3 Model geometries generated to investigate the volume fraction effect..........ccccoceeevieneieninenn 45



1.4 Model geometries generated for hierarchical COMPOSITES.........ccoveoererieererrireceeeee 46

2. IMIESH GENERATION . ...cttteittesttesteesteesseesseeessseessesessseassessssessssessssessssessssessssesssessssesssssesssssssesssessssessns 47
3. MATERIAL PROPERTIES ....uttiiitteiteeeiteesteesteestteesseesteessseessseesssessseessseessseesssesssssssssesnsessnsessnsesssessssenns 46
3.1 Materials properties of AI6061 alloy and Al2O3......c.ccueeveeeeieierieieiieieiecieseeee ettt 50
3.2 Materials properties of Al6061 alloy with different grain Sizes.........c.ccvevveveverieenceveneereee, 51
3.3 Materials properties of pure Al and PUrE M ......cvecvevieevieieeieieieieieietee et 52
4. BOUNDARY CONDITIONS AND INTERFACE CONDITIONS......ceciteitieeiteesreenteessseesseessesesseessessnseessses 54
5. FRACTURE OF CERAMIC PARTICULATES ...vtttittieiteesieesiteesiteeseeesieeesseesssesssseesssessssesssssssssssssessssasssseses 56
REFERENCES......ciiittieitteeitteeiteeeteesite e sttt e steasteeessaesseeaseaasseesassaasseessseanseeasaeanseesnseeanseessseeasseessseans snseesnseesns 60
CHAPTER 5. RESULTS AND DISCUSSIONS......ttiicrrerricnnessesneesessseesessssesssssssessessssssssssnssssssnnes 62
1. THEORETICAL RESULTS OF PARTICLE REINFORCEMENT METAL MATRIX COMPOSITES (PRMMC)
IMIODELS......vcveveeeteteteeeeteseteeess st aesesasaesesesssasassess s st esssessssessses sesstesesast st tesenssesseseessaeseseessaesesernsessssesnsanans et ses st et sessees 62
2. VERIFICATION OF RVE MODELS’ RELIABLITY ..uttiiiieiieiniiienitesiteessteesseesaeessasessessssesssseesssesssesssseesns 63
3. COMPUTATIONAL RESULTS OF RVE MODELS OF PRMMC ......ccoviiiieeeeceeeee e 68
3.1 Impacts of particle VOIUME fraCtiONS..........ccveveieieieieieciece ettt eteet ettt e e e s aeaeens 68
3.2 IMPACES OF PAFTICIE SIZE ...ttt sttt 74
3.3 Impacts of particle diStriDULION.............ccivvieicicieececee ettt 79
3.4 IMpacts Of MALIIX GraIN SIZE.......ccveuirieiriiieerieeeee ettt sttt 83
3.5 Impacts of degrees of DONAING .......cvovvevieceieeciceeeeee et 87
4. COMPARISON BETWEEN FEA AND EXPERIMENTAL RESULTS OF PRMMC .......cccooviiiveiecieecieee, 91
4.1 Comparison between FEA and Al-DheYIa...........covevveiieviiciiieicieietieeeesese et 92
4.2 Comparison between theoretical models, FEA and B. G. Park et al..........cccoevveveievievieverennnee 94
5. RESULTS OF HIERARCHICAL COMPOSITES ...cccttteitteiieeniueesteesueesseeeseesssesssseesosessssessssesssesssesssssessseses 98
5.1 FEA results of hierarchical MOGEIS..........cveoveeieeieeeeceeeee ettt 98
5.2 Comparison between FEA and Mei K. Habibi ........c.cccoovveeiieieieicieeeeeeceeeeeiee 99
REFERENCES. ... .eeitteiteeetteitteesteesstteesteesteeesteessteeasseesaseesssaaasseessseasseesaeaseesaseeaseesasaesnsessssessssees senseesnses 103
CHAPTER 6. SUMMARY ...ceeeiicneeeiicseeesecsnesseesseessesssnessessssessessssessssssssssssssssssssssesssssssesssssssasssns 105
I I 1V T 7 I T N S 106
P2 o [N] 5 1€ S OSSPSR 106
3. FUTURE WORKS ...utiiitieeteesteeetee sttt esteestaeassaessasaseesssessasaesssesssssansssesssessessnseessessnsessssessssesnssesssssannens 107

vi



LIST OF FIGURES

FIG. 2.1 HOT PRESSING AND EXTRUSION SETUP [3]. ...eeutiieieriertinrenienrisieeie et etete s sre s sre st e e neennes 13

FIG. 2.2 MODULUS INCREASE AS A FUNCTION OF FIBER VOLUME FRACTION V; FOR ALUMINA FIBER-REINFORCED
ALUMINUM LITHIUM ALLOY MATRIX [16]..ccueeiiiiiiiiiiiieiieeiieete ettt 21

FIG. 2.3 YOUNG’S MODULUS INCREASE IN AN ALUMINUM COMPOSITE WITH SIC PARTICLE REINFORCEMENT VOLUME
133 N0 4 (0) N 1 3 PP P PPN 22

FIG. 3.1 MICROSTRUCTURE OF 6061 AL ALLOY REINFORCED WITH 10% (LEFT), 20% (MIDDLE), AND 30% (RIGHT)
AL O3 PARTICLES [1]1eieetteitieeite ittt sttt ettt et st s bt e st e s bt e sate e sabesneeeabneeaneeeas 28

FIG. 3.2 MECHANICAL PROPERTIES OF THE AL—AL>O3 COMPOSITE AS A FUNCTION OF AL>O3 CONTENT [2]. 30
F1G. 3.3 GRAPH SHOWING THE VARIATIONS IN HARDNESS OF AL 6061 BEFORE AND AFTER ADDITION OF DIFFERENT

VOLUME FRACTION OF AL>O3 PARTICULATES [3]. c.eeiiitieeiieiiienteesiiee sttt et 31
FIG. 3.4 MESH OF THE COMPOSITE MATERIAL, PARTICULAR OF THE PARTICLE[4]. ...cccvevieienieeienieneeneeeeens 33
FIG. 3.5 TENSILE STRESS-STRAIN CURVES OBTAINED NUMERICALLY AND EXPERIMENTALLY[4] ....cccceeueenee. 34
FIG. 3.6 EXAMPLES OF THE 2D RVE CONTAINING 64 IDENTICAL PARTICLES AND 25% REINFORCEMENT VOLUME
CONTENT WITH MESH SEED: (A) 12, (B) 24 AND (C) 48. [5]. e vterrterritenienieeerieesiee sttt sie st e ssveeevee s 35
FIG. 3.7 STRESS—STRAIN RELATIONSHIPS OF DIFFERENT MICROMECHANICAL MODELS CONTAINING 64 PARTICLES
[ ST eemeeeenee et et ettt e ettt et h e et s et a et s R 44 e £ £ e e b £ Sk bt ek h £t eehea et eenca et een et etas 36
FIG. 3.8 DESCRIPTION OF THE NUMERICAL MODEL [6]. ..eevvesttestieiesieseesieeseeseeseesseensesssesseessesssessesssessessses 37
FIG. 3.9 AVERAGE VON MISES STRESSES VERSUS GLOBAL STRAIN FOR (A) AL—SIC COMPOSITES AND (B) SIC
PARTICLES [6]. c.vtetiiiiiiieitieiieie ettt sttt st e sa e st st r e n s e e e ae e b e e r e n e e anesrnesrees enees .38

F1G. 3.10 SCHEMATIC OF THE HIERARCHICAL MG NANO-COMPOSITE SYNTHESIZED IN HABIBI’S WORK[11]..39
FIG. 3.11 TRUE STRESS—TRUE STRAIN CURVES FOR PURE MG AND HIERARCHICAL COMPOSITE SPECIMENS [11]40

F1G. 4.1 SIMULATED MICROSTRUCTURES OF THE PRMMCS WITH DIFFERENT PARTICLE SIZES. .....c.ccvcveennenn 44
FIG. 4.2 SIMULATED MICROSTRUCTURES WITH TWO DIFFERENT PARTICLE DISTRIBUTIONS: (A) RANDOM DISTRIBUTION:
COVD=0.32 (B): CLUSTERED DISTRIBUTION: COVD = 0.69 ......ccecuiiiiriinriniiininieeeeeeeeneee e 45
FIG. 4.3 SIMULATED MICROSTRUCTURES WITH DIFFERENT PARTICLE VOLUME FRACTIONS: (A) 10%, (B) 20% (C) 30%.
............................................................................................................................................................. 46
FI1G. 4.4 GEOMETRY OF HIERARCHICAL COMPOSITES .....ccecvieiueesreeesseesseessseessessssesssssesssessesssssssssessssessssessns 47
F1G. 4.5 EXAMPLE OF A PARTICLE FEA MESH WITH RADIUS OF 2.88 MM ......covvuiiniiiniiieniieeiieesnieesveesveesneens 48
FIG. 4.6 EXAMPLE OF A CROSS-SECTION OF MATRIX FEA MESH CONTAINING ONE PARTICLE IN THE CENTER 48
F1G. 4.7 EXAMPLE OF A CROSS-SECTION OF MATRIX SHELL OF HIERARCHICAL COMPOSITES .....ccovvvververnnnnns 49
FIG. 4.8 EXAMPLE OF A CROSS-SECTION OF WHOLE HIERARCHICAL COMPOSITE STRUCTURE.......cccceveeuvnen. 49
F1G. 4.9 STRESS-STRAIN CURVE OF AL 6061 ALLOY[2]..ttertterueinriienierireesiieesiieesiseeseeesessssesssseesssesssseessseesns 50
F1G. 4.10 CALCULATED PLASTIC STRESS-STRAIN CURVES OF AL6061 ALLOY WITH DIFFERENT GRAIN SIZE.. 52
F1G. 4.11 CALCULATED PLASTIC STRESS-STRAIN CURVE OF PURE MG .....ccoviiniiiiniiiniieeiieeiee e sveesaeeens 53
FI1G. 4.12 STRESS-STRAIN CURVE OF PURE AL ...c.cuttsuteiueesueresieeensesssseesseesseessssessssssessssessssessssessssessssessssesnns 53
FIG. 4.13 BOUNDARY CONDITIONS APPLIED ON RVE MODEL OF PRMMC .......ccceviiiieiinieeieeieeeeseeeeeenens 54
F1G. 4.14 EXAMPLE OF 50%, 75% AND 100% TIED BOUNDARY CONDITIONS ......ccceerueerueeseresseessseesssesssneens 55
FIG. 4.15 EXAMPLE OF RVE MODEL THAT HAS FLAT SURFACES AFTER THE SIMULATION ......cccccverververeneenn 56
F1G. 4.16 COMPARISON OF EXPERIMENTAL AND FEA RESULTS AFTER STEP ONE ....ccccvveiueenvrenieeeiresenseessneens 57
F1G. 4.17 COMPARISON OF EXPERIMENTAL AND FEA RESULTS AFTER STEP TWO ...eovuvtiriennieeeniienieesnieesneens 58
F1G. 4.18 COMPARISON OF EXPERIMENTAL AND FEA RESULTS AFTER STEP THREE ......cccceevvuierieenreeenirenneens 58
FIG. 4.19 CONTOUR PLOTS OF TENSILE STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES
AFTER STEP1, STEP2 AND STEP3 ... citttttieiiiiiitteeeeeeeeiiistreeteeesesissteeesesssassssesseessessssesssesssesssssesseessessssens 59
FIG. 5.1 CALCULATION RESULTS OF LOAD TRANSFER EFFECT ON THE YIELD STRESS OF PRMMC................ 63

vii



FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.

FiG.
FiG.

FiG.

FiG.

FiG.

FiG.

FiG.
FiG.

FiG.

FiG.

FiG.

FiG.
FiG.

FiG.

FiG.
FiG.

FiG.

5.2 COMPARISON BETWEEN THREE FEA RESULTS AND EXPERIMENTAL RESULTS CONDUCTED BY A.J. KNOWLES
ET AL [ eoeteetteett ettt et ettt et et a e ae s e st saeene e 64

5.3 CONTOUR PLOTS OF TENSILE STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH
DIFFERENT PARTICLE DISTRIBUTIONS OF AL6061-S1C MODEL AT THE END OF THE SIMULATIONS. ....... 65

5.4 COMPARISON BETWEEN THREE FEA RESULTS AND EXPERIMENTAL RESULTS CONDUCTED BY H.R. EZATPOUR

5.5 CONTOUR PLOTS OF TENSILE STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH
DIFFERENT PARTICLE DISTRIBUTIONS OF PURE AL-AL203 MODEL AT THE END OF THE SIMULATIONS.. 67
5.6 PLOTS SHOWING THE STRESS-STRAIN RELATIONSHIPS OF RVE MODELS WITH 10%, 20% AND 30% VOLUME

FRACTIONS .ttt eitieit s et et et b eas e bbb S8 b bbb 8 s 8 e s s s e s ebs b et ens bbb b 69
5.7 VARIATION OF (A) YOUNG’S MODULUS, (B) YIELD STRESS, (C) ULTIMATE TENSILE STRESS WITH DIFFERENT
PARTICLE VOLUME FRACTIONS. ....otiutiitietiitenitenseesseeneseesieesntenessnesseesseensessesseessessnesenesunessesnesnnesanennes 70

5.8 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
VOLUME FRACTIONS WHEN THE STRESS OF THE COMPOSITES REACHES ULTIMATE TENSILE STRESS. .... 71
5.9 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT

VOLUME FRACTIONS WHEN THE STRESS OF THE COMPOSITES REACHES YIELD STRESS.......ccevververeennenn. 72

5.10 STRESS-STRAIN RELATIONSHIP OF CERAMIC PARTICLES DURING THE WHOLE SIMULATION.. ......... 73

5.11 PLOTS SHOWING THE STRESS-STRAIN RELATIONSHIPS OF RVE MODELS WITH DIFFERENT PARTICLE SIZES.
............................................................................................................................................................. 75

5.12 VARIATION OF SPECIFIC (A) YOUNG’S MODULUS, (B) YIELD STRESS, (C) ULTIMATE TENSILE STRESS WITH
DIFFERENT PARTICLE SIZES. ..c.uteuteuteutetentententeniesstesesstestetestesessessesnesaeesessteseeeeeessessessenseseessessessesnnenees 75

5.13 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
PARTICLE SIZES WHEN THE STRESS OF THE COMPOSITES REACHES ULTIMATE TENSILE STRESS. ............ 77

5.14'Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
PARTICLE SIZES WHEN THE STRESS OF THE COMPOSITES REACHES YIELD STRESS. ...ccvevvtruerieneeieeeeenne 78

5.15 VIEW OF (A) REGULAR, (B) RANDOM AND (C) CLUSTERED PARTICLE DISTRIBUTIONS IN THE RVES MODELS.

.79

5.16 PLOTS OF STRESS-STRAIN CURVES OF RANDOM AND CLUSTER DISTRIBUTED PRMMCs. ............... 81

5.17 COMPARISON OF STRESS-STRAIN CURVES OF MODELS WITH THREE TYPES OF PARTICLE DISTRIBUTIONS.
............................................................................................................................................................. 81

5.18 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
PARTICLE DISTRIBUTIONS WHEN THE STRESS OF THE COMPOSITES REACHES ULTIMATE TENSILE STRESS.82
5.19 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT

PARTICLE DISTRIBUTIONS WHEN THE STRESS OF THE COMPOSITES REACHES YIELD STRESS. .......ccve..... 83

5.20 PLOTS SHOWING THE STRESS-STRAIN RELATIONSHIPS OF RVE MODELS WITH DIFFERENT MATRIX GRAIN
SIZES. 1euteettesteesseeseseesseessesssesseesseesseaseasseasseaseaaseanteasseass et e e teesteenteeseen s e et e enteeRaeaReeteenaeenee e eneeaneenreenteenes 84

5.21 VARIATION OF YIELD STRESS WITH DIFFERENT MATRIX GRAIN SIZE. ...cecvueerivieeireesreesveesveesseensnes 85

5.22 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
MATRIX GRAIN SIZE WHEN THE STRESS OF THE COMPOSITES REACHES YIELD STRESS. ...vvvevvverivereveennnes 85

5.23 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
MATRIX GRAIN SIZE WHEN THE STRESS OF THE COMPOSITES REACHES ULTIMATE TENSILE STRESS....... 86

5.24 PREDICTIONS OF THE STRESS-STRAIN CURVES OF 50% TO 100% DEGREES OF BONDING. ............... 87

5.25 SCATTER DIAGRAMS OF (A) YOUNG’S MODULUS, (B) YIELD STRESS (C) ULTIMATE TENSILE STRESS FOR 50%
TO 100% DEGREES OF BONDING. ....cccutttstttesttessteeesteesseesseesseessesssesesssesssessssessssessssessssessssesssesssesssseesane 88

5.26 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
DEGREES OF BONDING WHEN THE STRESS OF THE COMPOSITES REACHES YIELD STRESS. ...cvevveveeeenn. 89

viii



FiG.
FiG.
FiG.
FiG.

FiG.

FiG.
FiG.

FiG.

5.27 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF COMPOSITES WITH DIFFERENT
DEGREES OF BONDING WHEN THE STRESS OF THE COMPOSITES REACHES ULTIMATE TENSILE STRESS. .. 90

5.28 PLOTS OF STRESS-STRAIN CURVES FOR PARTICLES IN DIFFERENT TIE CONDITION MODELS. ........... 91

5.29 COMPARISON OF YOUNG’S MODULUS BETWEEN FEA AND AL-DHEYLA[9]...ccceviririneeeeeeeenne 92

5.30 MICROSTRUCTURE OF 6061 ALUMINUM ALLOY REINFORCED WITH (A) 10%, (B) 20% AND (C) 30% AL203
PARTICLES [9]. 1ttt et e ettt e bt esab e st e e bt e e sbbe s bt e sabeeeabeesan sanees 94

5.31 COMPARISON OF (A) YOUNG’S MODULUS, (B) YIELD STRESS AND (C) UTS BETWEEN FEA AND B.G.PARK ET
F N T 8 L0 PO OO TSP PP PPN 95

5.32 PLOTS OF STRESS-STRAIN CURVES OF TWO HIERARCHICAL MODELS. ...c.certerutenieeeenienieesieenieseenns 98

5.33 STRESS—STRAIN CURVES FOR FEA PREDICTIONS, MONOLITHIC MG AND HIERARCHICAL COMPOSITE
SPECIMENS. 1...tuteuteutentttestesteeseeueeseeatestessess e besseebeebesaeeb e e st enteate s et eabeabeebeebeeb e e st entea b e s enbenbenbenbesae ebeneens 100

5.34 Y DIRECTION STRESS DISTRIBUTIONS ON THE CROSS-SECTION SURFACES OF HIERARCHICAL COMPOSITES
WITH DIFFERENT ALUMINUM VOLUME FRACTIONS. ...euvettrtereeetereeeseessesensessessessessessessesseessensensessessenses 101



LIST OF TABLES

TABLE 2.1 COMPARISON OF VARIOUS PROCESSING TECHNIQUES [2] c.vervieveriieiirieeieeieieieseenienie s 19

TABLE 3.1 UTS, YOUNG’S MODULUS, AND PERCENT STRAIN-TO-FAILURE RESULTS WITH DIFFERENT VOLUME
FRACTIONS OF AL7O3 IN AL 6061 ALLOY [1]. tieitieiiieiiiiiniieenieesieesieesieessiee e e sereesseesaneessseessseessnesnsesen 29

TABLE 3.2 THE TENSILE TEST RESULTS OF CAST AL6061, WITH ADDITION OF 6, 9, AND 12% OF AL;O3 PARTICULATES
O AN B¢ 0 1 PSR 32



Chapter 1. Introduction

1. Overview

Metal-matrix composites (MMC) are often used in automotive, electronics, aerospace, and
defense industries, due to their high resistance to fire, moisture and radiation, in addition to high
electrical and thermal conductivities [1]. Using conventional materials, it is difficult to make
progress in multiple structural applications, however, the increasing use of MMC’s make the
improvement in multiple structural functions possible. For instance, it is claimed that, by adding
hard particles into the matrix material, the strength of particle-reinforced metal-matrix composites
(PRMMC) can be significantly improved without reducing their desired ductility [2].

In MMCs, a metal is often combined with another nonmetallic phase to produce a new
material. This kind of composites includes many different materials that can be distinguished 1)
due to their base metal types, such as Cu, Al, or Ti, ii) due to the reinforcement phase types, such
as fibers, particles and whiskers, or iii) due to their manufacturing process, such as power
metallurgy, diffusion bonding, infiltration and stir casting.

The main reasons why MMC'’s are highly attractive can be summarized as follows:

e First, the design of composites makes it possible for some properties to go beyond the
boundaries drawn by the basic attributes of more traditional materials. It is known that
lightweight metals are not as stiff or rigid, however. Incorporating ceramics into these
lightweight metal matrices can make the composite not only light, but also tougher and
stronger.

e Second, synthesizing a composite is the only way to introduce a large volume fraction of

oxides or carbides into most desired metals. Different from Fe, typical lightweight metals



including liquid Al, Mg, and Cu have almost no solubility for carbon. The only way to

successfully incorporate carbides into these metals is through the use of composites.

These basic considerations have driven a lot of research on MMCs, which began several
decades ago, and reached a high level of intensity in the late 1980s and early 1990s. Significant
interest continues today in a wider array of more distinct directions and with less visibly. The
yearly number of articles published on MMC'’s, and related subjects, has increased a lot during the
past decade. The topic of MMCs is wide-ranging. There are mainly two more formal directions.
The first direction concerns the invention of new intriguing and promising MMCs, such as bulk
metallic glass composites, and microcellular metals. The other direction concerns the application
of the MMC:s. For instance, recent research has found that these materials can be wonderful used
for the exploration of the physics or the micromechanics of some composite materials.

According to the specific characteristics (i.e., types) of the incorporated reinforcement,
MMCs are generally distinguished as: particle-reinforced, short fiber- or whisker-reinforced,
continuous fiber, or layered MMC:s. Particle-reinforced metals have a very low aspect ratio. The
aspect ratio of the reinforcement is an important quantity, because the degree of load transfer from
the matrix to the reinforcement could be directly proportional to the reinforcement aspect ratio.
Thus, continuous particles typically provide the highest degree of load transfer, due to their
inherent high aspect ratio [2]. In the current thesis, we focus on the particulate-reinforced MMCs
(PRMMCs) because they are relatively inexpensive and have high potential for commercial
applications, owing to their promising properties suitable for a large number of functional and
structural applications. Constraint imposed by the ceramic reinforcements on matrix plastic

deformation induces large tensile hydrostatic stresses in the matrix. This enhances the load carried



by the reinforcements and hence the composite flow stress but also triggers the early development
of internal damage in the form of particle fracture, interface decohesion, and/or matrix void
growth. [2]

For the metal-matrix, the use of Al has been widely explored. Particulate-reinforced Al
matrix composites have several advantages including low cost and ease of fabrication; they are
generally isotropic, as well as both high stiffness-to-density and strength-to-weight ratios [3].
Meanwhile, Mg and its alloys are also broadly used in the fabrication of MMCs as they are light
in weight, economically viable, amenable for production by various processing techniques and
possess high specific strength and good corrosion resistance. The ceramic particles generally
include SiC, Al203, TiB2, and B4C. Ceramics can exhibit high strength and elastic moduli, resulting
in materials that show high wear and fatigue resistances that make them ideal choices as the
reinforcements in particulate-reinforced Al matrix composites. It is widely recognized that the
mechanical properties of MMCs are controlled by the size and volume fraction of the
reinforcements, as well as the nature of the matrix reinforcements interface bonding strength.

In this thesis, we also pay attention to the mechanical performance of hierarchical
composites. Alongside the astonishing advantages that mentioned above, Mg possesses some
limitations such as low elastic modulus, rapid loss of strength with increasing temperature and
poor creep resistance. Numerous efforts have been made so far to improve these restrictions by
addition of various types of reinforcements (Y203 [4], Al2O3 [5], SiC [6, 7], Ti[8, 9], TiC [10] and
CNT [11]). Motivated by the significant enhancements in the mechanical response of Mg achieved
through protean types of nano-scaled reinforcement, Meisam K. Habibi et al. [12] found: if the
stiff elastic inclusions are judiciously integrated into a compatible softer, sub-micron metallic

reinforcement, the degrees of freedom in such a design provide an exciting route to engineering



the behavior of Mg composites. Such a hierarchical Mg microstructure indeed exhibits excellent
mechanical properties derived from superposition of the deformation mechanisms active at small
length scales.

Different from traditional PRMMCs, hierarchical composites include a reinforcing
constituent that is a composite in itself, so there are two constituent phases, where one phase at a
finer scale. We always define the reinforcing constituent as level-I and the whole hierarchical
composite as level-11.[12] To be specific, we developed a composite (alternatively referred to as a
level II composite) with monolithic Mg as the matrix, reinforced by another level I composite
comprising a pure aluminum (Al) matrix in which are embedded Al2Os particles. The level 11
composite was obtained by adding a small volume fraction of the level I composite to Mg.

Compared with the monolithic pure Mg, the hierarchical composites exhibited significant
simultaneous enhancement of strengthening, hardening and failure strain, and also non-monotonic

mechanical performance as a function of level I volume fraction. [12]

2. Finite-Element Analysis (FEA)

In the current work, we concentrate on the prediction of mechanical properties of PRMMCs
using finite-element analysis (FEA) computational technique. FEA is a widely-used numerical
technique, where all the complexities of the problems, like varying shape, boundary conditions,
and loads could be maintained as they are in a real situation. However, the obtained solutions are
approximate. Due to its diversity and flexibility as an analysis tool, it is receiving much attention
in engineering. The extensive improvements in computer hardware technology and reduction in
cost of computers, have boosted the feasibility of this method. A number of popular FEA packages

are now available commercially. Some of the popular packages include: STAAD-PRO, GT-



STRUDEL, NASTRAN, NISA, ABAQUS, and ANSYS. Using these packages one can analyze
the physic-mechanical behaviors of complex structures, which is not possible in an analytical way.

FEA originated as a method of stress analysis in the design of aircrafts [13]. It started as
an extension of the matrix method of structural analysis. These days, this method is used not only
for the analysis in solid mechanics, but also in the analysis of fluid flow, heat transfer, electric and
magnetic fields, and many more. Civil engineers use this FEA approach extensively for the
analysis of beams, space frames, plates, shells, folded plates, foundations, rock mechanics
problems, and seepage analysis of fluid through porous media [13]. Both static and dynamic
problems can be handled by finite element analysis. This method is used extensively for the
analysis and design of ships, aircrafts, space crafts, electric motors and heat engines.

In engineering problems, there are typically several unknowns. If these unknowns are
found, the behavior of the entire structure can be predicted. The basic unknowns or the field
variables that are encountered in the engineering problems, might be the displacements in solid
mechanics, the velocities in fluid mechanics, the electric and magnetic potentials in electrical
engineering, or the temperatures in heat flow problems. In a continuum, the number of these
unknowns could be infinite. The finite-element procedure reduces such unknowns to a finite
number by dividing the solution region into small parts called elements and by expressing the
unknown field variables in terms of assumed approximating functions (interpolating
functions/shape functions) within each element [13]. The approximating functions are defined in
terms of field variables of specified points called nodes or nodal points. Thus, in FEA, the
unknowns are treated as the field variables of the nodal points. These field variables at any point

can be found by using interpolation functions by using adequate FEA algorithm.



3. Motivations

As addressed, we will focus on the prediction of mechanical properties of Al-based
PRMMC:s. It is known that mechanical properties of Al-based PRMMCs are determined by
numerous factors including the types and the volume fractions of reinforcements, grain size of
metal-matrix, the types and amounts of alloying elements in the metal-matrix, processing methods,
and post-processing treatments, etc.

PRMMC:s have great values and potentials in automotive, aerospace and consumer goods
industries, but traditional experimental investigations always cost a lot. Thus, FEA has a great
potential in predicting the performance of PRMMCs. In the past decades, thousands of FEA
analyses have been carried out by a number of researchers by considering matrix and reinforcement
properties and their respective volume fractions. However, previous research always have
limitations. Firstly, most of the previous research has focused on the 2D finite element modeling.
Then, previous researches that compare FEA with experimental results only focused on the
comparison between the general stress-strain curves without considering detailed particle failure
mechanisms. What’s more, some of the previous particle damage models either didn’t or has
limitation in simulating the stress-strain relationships of ceramic reinforcements. In this study, we
are providing a new way to address the tension stress applied on the ceramic particle. Close to the
real experiments, we are making the stresses of particles directly down to zero after fracture.

FEA also has a great potential in analyzing the mechanical properties of hierarchal
composites but has not been used in the hierarchical composites field. We developed a RVE model

of Mg-Al-Al2O3 composites in this study to make use of FEA in the hierarchical composites field.

4. Objectives of Research



In this study, a computational model is developed to predict the bulk mechanical behavior
of Al2Os particle reinforced 6061 Al alloy-based composites. Especially, our objective of this

thesis is that:

e 3D RVE FEA computational model development including the particle damage model to

understand the mechanical responses in the PRMMC: Understand the limitation of the

RVE FEA model.

In developing the model, the necessary elastic and plastic physical properties of constituent
materials such as Al matrix and ceramic particles are incorporated. In the following chapters
(Chapters 2, 3, and 4), the detailed background, previous modeling efforts, and our model
development are addressed, respectively. In the result chapter (Chapter 5), the impacts of volume

fraction and the morphology such as particle size, particle distribution will be discussed.
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Chapter 2. Background

1. Al-based PRMMCs

A metal matrix composite is a multi-phase material, which contains particles in its
composition. Properties such as mechanical, electrical and thermal conduction may differ due to
the composition of the materials used during synthesis of the composites. The specific structure
and the resultant properties of composites are generally influenced by the type and size of the
reinforcements, nature of bonding and chosen processing techniques. The amount, size, and
distribution of reinforcing particles in the metal-matrix have important and critical influence on
enhancing or limiting the overall properties of the composite material [1]. An example of a general
composite is the concrete used in our houses. Reinforced concrete is a composite composed of
cement, sand, and metal rod. The composition changes the overall properties of the materials used.
It becomes so hard and strong that it can withstand tons of load equally. The mechanical, electrical,
thermal, optical and electrochemical properties of the nano-composite will be significantly
different from those of the component materials.

Al is the most popular metal-matrix material due to its low density, good thermal
conductivity, electrical conductivity, and corrosion resistance [1]. Because of the relative light
weight and high specific strength, particulate-reinforced Al composites are attractive structural
materials for various fields including automotive and aerospace applications. With these, Al
MMCs have a wide range of advanced applications due to the combination of high strength and
ductility [2]. For instance, Mazen et al [3]; Mula et al[4] made comparisons of pure Al with 2.0
vol% nano-Al203 additions and found an increase in yield strength of about 66%, hardness of

about 50% and tensile strength increase of about 80%. Dominique et al [5] reported in their
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experiment of ultrasonic assisted casting, a disbursement of 2.0 wt% nano-Al203 (10 nm) in Al
matrix. In comparison to pure Al cast by the same method, composite hardness was increased by
92% and the yield strength by 56%, respectively. Hafeez and Senthil [6] concluded that because
of the low density, low melting point, high specific strength, and thermal conductivity of Al, a
wide variety of reinforcement particulates such as Al2O3, SiC, B4C, Si3N4 TiC, TiOz, TiB2, and
graphite have been used as reinforcements. Among these particulates, it was reported that Al2O3,
SiC, B4C, TiB: additions can also improve the wear behavior of Al matrix composites.

Although the strength of the materials can be improved by reinforcing particles, the
reinforcements can also produce an adverse effect on the fracture toughness and ductility of the
materials, which limits the wide applications of the composites [7]. The decreased trends resulted
from several reasons [7]; the existence of intrinsic defects within the ceramic particles will create
cracks during the deformation of the composites. Also, the residue porosity at the interface
between the matrix and reinforcements, the formation of brittle phases resulted from the chemical
reaction during the fabrication process, and the poor wettability and significant difference in the
thermal expansion coefficient (CTE) between the matrix and the reinforcements might induce the

crack nucleation and propagation during plastic deformation.

2. Processing methods

2.1. Powder metallurgy

The basic process of powder metallurgy consists of three major stages [8]. First, the
primary material is physically powdered into small individual particles. Then, the different
powders of metals and/or ceramics are mixed in the required proportions. Ball milling may be

performed to achieve mechanical alloying of powder mixtures to better improve the resultant
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mechanical properties. Next, the powder is injected into a mold or dies and compacted on a press
to produce a weakly cohesive structure, which closely resembles the dimensions of the object
ultimately to be manufactured. Finally, the product is formed by applying high temperature,
pressure, long setting times, or any combination thereof. After sintering, secondary operations like
extrusion, heat treatment or machining may also be performed.

For example, Mazen and Ahmed [3] mixed pre-weighed pure alumina powder (Al203) with
pure aluminum (Al) powder through the use of a mechanical mixer and four different
compositions, Al-Owt%AL0s3, Al-2.5wt%Al203, Al-5wt%Al203, and Al-10wt%Al.03 were
prepared. The Al-Al203 powder mixture was then hot-pressed at 723K for 4 hours using the hot-
pressing setup shown in Fig 2.1. A compaction pressure of 74 MPa on the 24 mm diameter billets
was used. The hot-pressed billets were then hot extruded and the extruded rods were used as
specimens for different tests. SEM revealed the presence of porosity and particle-rich areas in the
matrix as well as debonding of some alumina particles under fracto-graphic examination, due to
weak bond strength and large differences between the melting points of Al and Al20Os. In liquid

phase processing, proper wettability is only achieved at high processing temperatures (>1173 K).
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Figure 2.1 Hot pressing and extrusion setup

2.2 Other methods
2.2.1 Mechanical milling

Mechanical milling includes repeated deformation, welding, and fracture. There are many
factors that will influence the stages of milling, such as the specific miller type, ball to power
weight ratio, characteristics of the balls and their velocity, the milling atmosphere and temperature,
and process control [9]. When milling the composite powders, the particle size, types of
reinforcement, and most importantly, volume fraction will have influence on the process and
concurrent mechanical properties of synthesized composites.

Razavi et al [10] produced Al powder by a nitrogen gas atomization process. The particle
size and morphology of the Al powder was determined by a laser particle size analyzer along with
SEM, and it was found that the particles are almost spherical with a mean diameter of 48um. Two
grades of a-Al203 powders with average particle sizes of 35 nm (n-Al203) and 1um (Al203) were

studied. Stearic acid powder was used as the process control agent (PCA). The Al powder was
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blended with 5 vol% Al2O3 and 1.5 wt% PCA in a Turbula T2C mixer for 20 min. The powder
mixtures were then mechanically milled in a planetary ball mill, with a hardened steel vessel under
a high purity argon atmosphere for up to 24 h. A rotational speed of 250 rpm and ball to powder
weight ratio of 10:1 were employed. In different stages, small amounts of the milled powders were
collected for testing. Al powder without Al2O3 addition was also processed in the same manner.
In their study, the milling stages include plastic deformation, micro-welding, and particle
fragmentation. When hard Al2O3 particles are added to Al powder, induced fracture occurs earlier,
and thus the steady-state condition, i.e., formation of equiaxed particles, is achieved after shorter
milling durations. The bulk density of composite powders was found to be higher than that of
unreinforced Al. Meanwhile, it was shown that the mechanical milling stages occur earlier in Al-

AL203 micro-composite when compared to the nano-composite.

2.2.2 Casting

Casting is a manufacturing process in which a liquid material is usually poured into a mold,
which contains a hollow cavity of the desired shape, and then allowed to solidify. The solidified
part is also known as a casting, which is ejected or broken out of the mold to complete the process.
Casting materials are usually metals or various cold setting materials that cure after mixing two or
more components together; examples are epoxy, concrete, plaster and clay. Casting is most often
used for making complex shapes that would be otherwise difficult or uneconomical to make by
other methods. [11]

Mazahery [12] used the A356 Al alloy as the matrix material while the mixture of nano-
AlOs particles with an average particle size of 50 nm, and pure Al particles with an average size

of 16 pm were used as the reinforcements. The powders were mixed in the ratio of Al/Al203=1.67,
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and ball milled in isopropyl alcohol for 20 min using WC/Co balls. The mixture was then dried in
a rotary vacuum evaporator and passed through a 60 mesh screen. The powder mixtures were cold
pressed under 200MPa into samples having 60mm*x60mmx60mm dimension. The compacted
samples were crushed and then passed through 60 mesh screen. For manufacturing the MMCs,
0.75, 1.5, 2.5, 3.5 and 5 vol % Al203 particles were used. The required amount of Al2O3 was
calculated according to the ratio of AI/Al2O3. The metal-matrix composites have been produced
by using a vortex method. Approximately, 450 g of 356 Al alloy was loaded into a crucible made
from graphite, and heated up to 800 °C (above the alloy liquidus temperature) for melting. A
graphite stirrer fixed on the mandrel of the drilling machine was introduced into the melt and
positioned just below the surface of the melt. Approximately, one gram of the powder mixture was
inserted into an aluminum foil to form a packet. The packets were added into molten metal in the
crucible, when the vortex was formed every 20 seconds. The packet of mixture melted and the
particles began to distribute around the alloy matrix. The mixture was stirred for 15 minutes at
approximately 600 rpm. Composite slurry was poured into preheated cast iron molds. The
composites were shaped in the form of cylinders of 14 mm outer diameter and a length of 140 mm.
SEM micrographs indicate that the nano-Al2O3 particles are homogeneously dispersed throughout
the composite samples. The grain size measurements show that the grain size of aluminum
composite is smaller than that of monolithic Al. The porosity levels increased slightly with
increasing the particulate content. These results can be attributed to the increased surface area of
the nano-Al203 particles, which can in turn increase the porosity levels. The yield strength, UTS,
and ductility of the nano-Al2O3 reinforced Al composites improved with an increase in volume
fraction of the dispersed nanoparticles. The great enhancement in UTS observed in this

experiment, is a function of the small particle size, even distribution of the nano-Al2O3 particles,
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effective transfer of applied tensile load to the nano-Al2O3 particulates, and grain refinement of
the aluminum matrix. The hardness of the MMCs increases with the volume fraction of particles
in the alloy matrix, due to the increasing ceramic phase in the matrix alloy. The higher hardness
of the composites could be attributed to the fact that the nano-Al2Os particles act as obstacles to
the motion of dislocations. The maximum hardness was observed in the composite including 2.5

vol% Al2O3 and was cast at 800°C.

2.2.3 Pressure infiltration

Pressure infiltration casting is a unique form of liquid infiltration which utilizes pressurized
inert gas to force liquid metal into a preform of reinforcement material. The methods and
equipment used for pressure infiltration casting allow for inexpensive development of composite
materials, prototypes, and net-shape component production [13]. In the pressure infiltration
process, there is typically a porous preform of the reinforcement itself, followed by infiltration of
its pores with the molten metal [13]. Wetting of the ceramic reinforcement by the molten metal is
not easy, therefore, development of the liquid phase properties is not straightforward. Additionally,
one must modify the chemistry of the system to overcome the capillary forces that can lead to non-
desired wetting. External pressure may also be required to force proper contact and enhance the
wettability. Chemical modifications include coating reinforcement, adding special elements to the
matrix, or using specific atmospheres, including high temperatures.

For example, Gustafsson et al. [14] milled a powder mixture of Al2O3 (mean particle size
0.4 mm) and 4.1 wt% SiC in water for 1.5 h with Si3N4 balls. The aqueous suspension had a solid
loading of 40vol%, and contained a dispersant. Two doped suspensions were also prepared by

adding MgO (0.05 and 0.1 wt% with respect to the Al2O3 content) after 1 h of milling. The Al2O3:
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SiC powder weight ratio was chosen so that the sintered material would have a SiC volume fraction
of 5%. After milling, the slurries were screened through a 50 mm mesh, and a pressing aid was
added. The slurries were then stirred for 1h, and thereafter screened through a 100mm mesh. Freeze
granulation was subsequently carried out by spraying into liquid nitrogen. The ice was removed
by freeze drying and the granules were screened so that the fraction larger than 500 mm was
removed. Freeze granulation and drying makes it possible to retain the homogeneity of the aqueous
suspension in the ceramic green bodies. The granules were hand-pressed into compacts and these
were cold isostatically pressed at 300 MPa. The green bodies were placed in a SiC protective
powder bed in a graphite crucible and pressureless sintered in a nitrogen atmosphere for 4 h. Two
different sintering temperatures, 1750 and 1780°C, were applied The heating rate of the furnace
was 1°C/min up to 600 8C, and then 10°C/min up to the holding temperature. The density of the
sintered material was determined by the Archimedean method using distilled water. It is possible
to pressureless sinter undoped Al203—5 vol% SiC nanocomposites to near full density (99.3%) at
1780°C. A smaller addition of MgO (0.05 or 0.1 wt% with respect to the Al203) is an effective
densification aid only at lower sintering temperatures (1750°C), while the density of doped and
un-doped materials are virtually the same after sintering at a higher temperature (1780°C). The
SiC nanoparticles are well distributed and present at predominantly intra-granular positions. The
hardness is strongly dependent on the density, and in the range 17.0-18.5 GPa when the material
was sintered at 1780°C. The indentation fracture toughness was 2.3—2.4 MPa and did not depend

on density, matrix grain size or SiC particle size.

2.2.4 Friction stir process
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In the Friction stir process (FSP), plunging of a cylindrical rotating tool with a concentric
pin and shoulder into the material surface is done. Also, localized heating must be implemented
between the rotating tool and the work piece, in order to raise the local temperature of the material
where plastic deformation can be easily induced. The tool is then be traversed along the line of
interest when the working temperature is reached. Metal will flow to its back side where it is
extruded or forged, consolidated, and cooled under hydrostatic pressure conditions, all induced by
the stirring action of the pin tool.

Shafiei-Zarghani [15] used an Al6082 commercial Al-Mg-Si alloy extruded bar as the
substrate material. Work pieces were prepared with a thickness, width, and length of 7, 75, and
200 mm, respectively. The hallow groove machined thorough the center surface of the substrate
had a width, length, and depth of 1, 160, and 4 mm, respectively. Nano-sized Al2O3 powder with
an average particle size of ~50nm was filled in the groove. The simplified FSP unit was a modified
form of a conventional milling machine. A hardened H-13 tool steel was used that had a shoulder
with a diameter of 16mm and a pin with a diameter and length of Smm and 4mm, respectively.
The shoulder tilt angle was fixed at 3°. The tool rotation rate was adjusted to 1250 rpm, and the
rotating tool was traversed at a speed of 135 mm/min along the long axis of the work piece.
Substrates were subjected to various numbers of FSP passes from one to four. In this investigation,
an increase in the number of FSP passes caused a more uniform dispersion of fine cluster of Al2O3
particles. A good dispersion of nano-sized Al2O3 particles was achieved in the surface composite
layer produced by three and four FSP passes. An increasing number of FSP passes resulted in an
increase in the hardness value of SCLs due to more uniform distribution of alumina particles and
also decreasing the matrix grain size. A maximum average micro hardness value of 312 HV was

achieved for the SCL produced by four FSP passes. Hardness and wear resistance of the SCL
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produced by four passes was found to be superior to those of the as-received Al substrate. The
superior wear behavior of the fabricated SCL was attributed to increased hardness, the presence of
hard ceramic particles, and matrix grain refinement. The increased wear resistance of the SCL over
the unreinforced Al substrate, improved with increases in the applied load. In other words, the
difference in wear rate is more pronounced at higher applied loads. At a relatively lower applied
load, SCL produced by four FSP passes exhibited mild wear regime. However, it is changed to

slightly severe wear at higher applied loads.

2.3 Comparison of various processing techniques

Process Advantages Limitations

Powder Metallurgy 1. Homogeneity of mixture is better controlled, 1. In processing of Aluminum, the oxide
component is produced in near net shape dimension, and hydroxide films coating the powder
good ductility, low ball to powder charge ratio provides 2. Metal powders do not act as perfect
a better blend homogeneity liquids under pressure and a difference in
2. The gas atomized aluminium particles exhibit a pressure is established both parallel and
spherical shape with broad size distribution while small  perpendicular to the direction of
satellite particles attached to the large ones pressing.

3. The most economical method for manufacturing
aluminium MMCs, one can avoid the segregation and

agglomeration of the reinforcement particles.

Casting Better matrix—particle bonding, easier control of Extremely difficult for the mechanical
matrix structure, simplicity, low cost of processing, stirring method to distribute and disperse
and nearer net shape nanoscale particles uniformly in metal

melts due to their large surface to-
volume ratio and their low wettability in

metal melts
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Pressure Infiltration This method allows the powder particles to be kept in a
liquid dispersing medium right up to the point of
particle—particle contact during the consolidation step,
It avoids problems associated with the formation of

hard agglomerates when drying slurries

Friction Stir Process 1. To form ultrafine-grained structure in Al and Mg
alloys
2. To produce a fine-grained microstructure, which

exhibits super plasticity

Abnormal grain growth was noted for
samples containing the larger particle
size, since the number of particles
reduces with increasing particle size.
This lowers the potential for grain
boundary pinning during sintering, and

hence, for limiting grain growth.

Table 2.1. Comparison of Various Processing Techniques [2]

3. Mechanical Properties of PRMMC

3.1 Young’s modulus

Unidirectional reinforced continuous metal-matrix composites show a linear increase in

the longitudinal Young’s modulus as a function of fiber volume fraction [16]. Fig 2.2 shows an

example of modulus increase as a function of fiber volume fraction for an alumina fiber-reinforced

aluminum—lithium alloy matrix composite. The increase in the longitudinal Young’s modulus is

in agreement with the rule-of-mixtures value, but the modulus increase in a direction transverse to

the fibers is much lower. Particle-reinforcement also results in an increase in the modulus of the

composite; the increase, however, is much less than that predicted by the rule-of-mixtures. This is

understandable because the rule of mixtures is valid only for continuous fiber reinforcement. Fig

2.3 shows increase in Young’s modulus in an Al composite with volume fraction of silicon carbide
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particles. Due to particle orientation along the extrusion axis, the modulus along the longitudinal
orientation (parallel to the extrusion axis) is higher than perpendicular to extrusion (transverse
orientation). Thus, there is a loss of reinforcement efficiency in going from continuous fiber to
particle [17]. PRMMCs such as SiC particle-reinforced Al can offer a 50-100% increase in
modulus over that of unreinforced Al. Which competes with the modulus equivalent of titanium,
however, with a density that is about 33% lower. Also, unlike fiber-reinforced composites, the

stiffness enhancement in particulate composites is reasonably isotropic.

300 —

200 —

FE, GPa

Transverse
100 — —
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Figure. 2.2 Modulus increase as a function of fiber volume fraction Vs for alumina fiber-

reinforced aluminum lithium alloy matrix [16]
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Figure. 2.3 Young’s modulus increase in an aluminum composite with SiC particle

reinforcement volume fraction [17]

3.2 Strengthening Mechanisms
Prediction of PRMMC strength is more complicated than the prediction of elastic modulus.
The high mechanical resistance of PRMMC:s is the result of several strengthening mechanism

contributions, namely load transfer effect, Hall-Petch strengthening, Orowan strengthening [18-

211.

3.2.1 Load Transfer Effect

The load transfer from the soft and compliant matrix to the stiff and hard particles under
an applied external load, contributes to the strengthening of the base material. A modified Shear
Lag model proposed by Nardone and Prewo [22] is commonly used to predict the contribution in

strengthening due to load transfer in particulate-reinforced composites [18-20]:

(l+t)A] (2.1)

AO_LT S va'm[ 4l
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where v, is the volume fraction of the particles in the matrix, o,,is the yield strength of the
unreinforced matrix,/ and t are the size of the particulate parallel and perpendicular to the loading
direction, respectively. A = 1/t is the particulate aspect ratio. For the equiaxed particulates, an
increment in yield strength due to load transfer is expressed by:

Aoy = 0.5v,0p, (2.2)

3.2.2 Hall-Petch Strengthening

The grain size has a strong influence on metal strength since the grain boundaries can
hinder the dislocation movement. This is due to the different orientation of adjacent grains and to
the high lattice disorder characteristic of these regions, which prevent the dislocations from
moving in a continuous slip plane [23]. The Hall-Petch equation relates the strength with the

average grain size (d) [23]:

k
AGH—P == O-o + \/_% (2.3)

where k,, is the strengthening coefficient (characteristic constant of each material).

The particles play a fundamental role in final grain size found in metal matrices of
composites since they can interact with grain boundaries acting as pinning points, retarding or
stopping their growth.The increase of v, (volume fraction) and the decrease of d,, (particle

diameter) lead to a finer structure, as theoretically modeled by the Zener equation [3]:

d,, =% (2.4)

3vp

where « is a proportional constant.

3.2.3 Orowan Strengthening
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The so-called Orowan mechanism consists in the interaction of nano-particles with
dislocations. The non-shearable ceramic reinforcement particles pin the crossing dislocations and
promote dislocations bowing around the particles (Orowan loops) under external load [23]. The

Orowan effect can be expressed by the following expression:

1
Evp— 1

Acyp = ﬁgm;)ln (%) (2.5)

where b is the Burger’s vector and G is the matrix shear modulus.

3.2.4 CTE and EM Mismatch

The mismatch in coefficient of thermal expansion (CTE) and in elastic modulus (EM)
between the reinforcements and the metal matrix is accommodated during material cooling and
straining by the formation of geometrically necessary dislocations (GNDs).

GND density due to CTE and EM mismatch can be estimated by the following expressions [20]:

CTE _ AAaATvp

P = bayivy) (26)
EM = b g 2.7)
P = :

where A is a geometric constant, Aa is the difference in CTE and AT is the difference between test
and processing or heat treatment temperatures. Then, the combined strengthening due to CTE and

EM mismatch can be calculated by means of the Taylor equation [24]

Aocre+em = \/§BGb(v pCTE + PEM) (2.8)

where [ is a constant.
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Chapter 3. Previous Research

This chapter contains some examples of the previous experiments and FEA modeling for
PRMMC systems and hierarchical composites. For convenience, we have categorized the previous
literatures into two groups: experimental PRMMC systems, FEA PRMMC systems and

experimental hierarchical composites.

1. Examples of previous experimental PRMMC systems
Al-based metal matrix composites reinforced with Al2O3 are being experimentally
investigated worldwide in recent years. Here in our review, some important previous studies are

introduced.

1.1 Khalid Al-Dheylan et al., 2006 [1]

The objective of their research was to determine the damage and failure mode of PRMMC
caused as a result of tensile loadings. The researchers used powder metallurgy to prepare the
composites. A blend of 6061 Al alloy powder and Al2O3 powder with an average size of 0.7um
was compacted by uniaxial pressing at 200 MPa. They produced 3 types of unique samples, in
which volume fractions ranged from 10% to 30%. The microstructural features were examined
using scanning electron microscopy (SEM). Microstructures of the resultant 6061 Al alloy

reinforced with 10% and 20% volume fraction of Al2O3 are shown in Fig 3.1:




Figure. 3.1 Microstructure of 6061 Al alloy reinforced with 10% (left), 20% (middle), and 30%

(right) AL2O3 particles [1]

The study is beneficial because it shows the composites’ specific values of UTS and
Young’s modulus. The effect of the reinforcement volume fraction is clearly shown. As shown in
Table 1, the experimental results show an increase in elastic modulus with an increase in
reinforcement percentage. Young’s modulus values ranged from 86.8 GPa for the 10% AlO3
composite to 109.9 GPa for the 30% Al2O3 composite. These values correspond to a range of
27.6% to 61.6% increase compared to the elastic modulus of the unreinforced alloy. Furthermore,
the increase in the UTS values ranged from 328.22 to 448.77 MPa for the Al 6061-10% Al2O3 and
Al 6061-30% Al2O3 composites, respectively. The strain-to-failure values ranged from 4.72% for
the 10% Al2O3 composite to 1.42% for the 30% Al2O3 composite, compared to a value of 28% for

the 6061 alloy. Indicating a dramatic decrease of strain to failure value for the composites.

Volume fraction (%) Ultimate Tensile Young’s Persent Strain-to-
strength (MPa) Modulus Failure (mm/mm)x100
(GPa)
6061 Al alloy 121.53 68.03 29.26
10 328.22 86.81 4.72
20 410.10 104.45 2.29
30 448.77 109.9 1.42
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Table 3.1 UTS, Young’s modulus, and percent strain-to-failure results with different volume

fractions of Al203 in Al 6061 alloy [1]

1.2 M. Rezayat et al., 2012 [2]

The objective of this study is to investigate the effects of the concentration of Al20O3 content
on the microstructure, and the mechanical properties of composites. In the study, they used Al2O3
powder with a 0.47 um particle size, with a polyhedral shape to produce the Al-Al203 composite.
Microstructural observations were made using optical microscopy and SEM, in the rolling
direction (RD), normal direction (ND), and transverse directions (TD). They produced 3 types of
samples with volume fractions of 1%, 2%, and 3%.

As shown in Fig 3.2, the yield strength, ultimate tensile strength, and fracture-to-strain
obtained from the engineering stress—strain curves for the composites, as a function of the Al2O3

volume fraction.
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Figure 3.2 Mechanical properties of the AlI-Al2O3 composite as a function of Al2O3 content [2]
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In this work, it is shown that the ultimate tensile strength of the composite, as a function of the
Al203 content, has a maximum value in the sample of 2% volume fraction of Al2O3, whereas

elongation decreased by increasing the Al2O3 contents.

1.3 Bharath V et al., 2014 [3]

The researchers synthesized Al 6061-Al1203 particulate MMC using the stir casting method.
Al20s3 particles with a nominal size of 125 pm and varying amounts of 6, 9, and 12wt% were used.
This study is beneficial because it used specific values to show the mechanical behavior of the
composites. We can clearly see the effect of the volume fraction on the hardness, yield stress, UTS,
as well as the variation in percent of elongation.

Fig 3.3 shows the results of micro-hardness tests conducted on Al 6061 alloys with
different wt% Al203 particles.
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Figure 3.3 Graph showing the variations in hardness of Al 6061 before and after addition of

different volume fraction of Al2Os3 particulates [3]
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To investigate the mechanical behavior of the composites, tensile testing was conducted using a
computerized uni-axial tensile testing machine. Three specimens were used for each test and the
average value was reported. The tensile properties including tensile strength, yield strength, and

percent elongation were extracted from the stress-strain curves and are represented in Table 3.2.

Weight percentage of Al.O3 Yield Stress Ultimate Tensile Extent of
particles (%) (MPa) strength (MPa) Improvement in

UTS Value (%)

0 138.06 149.76 -

6 145.51 167.93 12.12
9 155.94 173.61 15.92
12 178.91 193.47 29.18

Table 3.2 the tensile test results of cast A16061, with addition of 6, 9, and 12% of Al2O3

particulates to Al6061 [3]

It is clear that the fracture strength of composites (6, 9, and 12 wt %) is higher than that of
cast Al6061, while the ductility of the composite is lesser than the unreinforced alloy. It is also
clear from Table 3.2 that the tensile strength increased with increasing the amount of

reinforcement, while there is decrease in ductility with an increase in reinforcement percentage.

2. Examples of previous FEA-PRMMC systems
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Experiments towards PRMMCs always cost a lot, so a cheaper way to understand the
mechanical properties of PRMMC:s is necessary in recent years. As a suitable way to solve this
problem, FEA has received considerable attention. Here are some examples to prove the reliability

of FEA 1in this field.

2.1 M. Guagliano, 2015 [4]

Research was presented by M. Guagliano about the mechanical behavior of a 6061
aluminum alloy reinforced with Al2Os particles. Experimental tests were carried out to evaluate
the mechanical characteristics of this type of material under static and fatigue loading. A
microscale finite-element model (FEM) of this material was developed to investigate the
mechanical behavior of the composite material following a thermal treatment and implies a tensile
load applied along direction.

The finite-element model is based on a unit cell of an Al2O3 particle surrounded by the
matrix. Particles were equal to 18 mm long and 9 mm wide, resulting in a dimensional ratio of 1:2,
which was similar to the one observed experimentally. Fig 3.4 shows the mesh of the composite

material, particular of the particle.
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Figure 3.4 Mesh of the composite material, particular of the particle [4]
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Figure 3.5 Tensile stress-strain curves obtained numerically and experimentally [4]

This study is meaningful because it provided the comparison between the stress-strain
curves obtained experimentally and numerically. As shown in Fig 3.5, agreement is good until the
highest load is applied, which can be considered as validation of the FEM microstructure model.
The global elastic modulus is practically equal to the experimental modulus (Eexp = 92.800 MPa,
Erem = 93.200 MPa), whereas the value numerically obtained without considering the thermal
treatment is 10% higher (Erem = 101.800 MPa, without residual stresses). This can be attributed
to local plasticization of the matrix near the sharp corners at the interface with the reinforcement
[4]. Due to the presence of residual stresses, this occurs for low applied loads and globally reduces
the elastic modulus. Furthermore, the presence of the tensile residual stresses in the matrix causes

yields for low loads. This also is in concordance with the experimental evidence.
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2.2 Hai Qing 2013 [5]

In this research, the effect of particle volume fraction, composite microstructure and
boundary conditions on the deformation behavior of an Al alloy/SiC metal matrix composite was
numerically studied. Finite element method (FEM) was used to conduct the numerical simulations.
A program is developed for the generation of 2D micromechanical FE-models with randomly
distributed SiC particles. In order to simulate the damage process in aluminum alloy matrix and
SiC particles, the maximum principal stress criterion based elastic brittle damage model are
developed within Abaqus/Standard Subroutine USDFLD, respectively. The FE-models are shown

in Fig. 3.6
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Figure 3.6 Examples of the 2D RVE containing 64 identical particles and 25% reinforcement

volume content with mesh seed: (a) 12, (b) 24 and (c) 48. [5]

This study is a very good example of previous particle damage model, although it didn’t
analyze the stress condition on the ceramic particles. As shown in Fig 3.7, the stress-strain curves
of the composites show a large drop when the particles start to fracture. Ultimate tensile stress and

strain to failure can be extracted at the very beginning point of particles’ fracture.
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Figure 3.7 Stress—strain relationships of different micromechanical models containing 64
particles [5]

2.3 N. Chawla et al., 2011 [6]

In this research, the effect of particle distribution on the deformation behavior of an Al
(6061) /SiC metal matrix composite was numerically investigated. Finite element method (FEM)
was used to conduct the numerical simulations. The software used to perform the finite element
analysis was ABAQUS (Standard Implicit module; version 6.6-3, Pawtucket, RI). [6] The SiC
ceramic phase is taken as elastic. The SiC particles were modeled as purely elastic, while the Al
matrix was modeled as elastic—plastic. The SiC particles were represented as two-dimensional
circular particles of uniform diameter. Three particle distributions — ordered, random, and clustered

were evaluated. The degree of particle clustering was quantified using the coefficient of variance
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of the mean near-neighbor distance method. [6] The whole FE-model as well as the meshed matrix

phase are shown in Fig. 3.8
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Figure 3.8 Description of the numerical model [6]

This study is meaningful because it applied particle damage model to the simulation and
the simulation has taken the stress condition of ceramic particles into consideration. As shown in
Fig 3.9 (a), the fracture of particles can been clearly observed as the stress-strain curve start to
decrease drastically. The stress-strain curves of SiC particles are shown in Fig 3.9 (b). The particle
damage model in this research has the limitation that the stress on the SiC particles didn’t drop to

zero after the fracture of particles.
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Figure 3.9 Average Von Mises stresses versus Global strain for (a) AI-SiC composites and (b)

SiC particles [6]

3. Examples of previous experiments for hierarchical composites

In recent years, several attempts have been made to use different types of reinforcement to
enhance the mechanical response of magnesium (Mg) by different processing routes [7-10], but to
date, only Manoj Gupta’s group studied the effect of a hybrid reinforcement on the mechanical
response of magnesium. In this sub-section, we introduce the only exact studies in this hierarchical

composites field.

3.1 Meisam K. Habibi et al., [11]
Meisam K. Habibi et al have opened the area of study of using a hybrid reinforcement to
enhance the mechanical response of magnesium (Mg). The objective of their study was to

synthesize and investigate the mechanical performance of a hierarchical magnesium (Mg)
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composite with a novel micro-architecture including a reinforcing constituent that is a composite
in itself. Specifically, they developed a composite (alternatively referred to as a level Il composite)
with pure Mg as the matrix, reinforced by another level I composite comprising a sub-micron pure
aluminum (Al) matrix in which are embedded alumina (Al203) particles. The sub-micron Al and
AL20O3 were combined through a ball milling process, getting the level I composite, which was then

combined with pure Mg to form a level II composite [11].

Al,O,

Level Il

Figure 3.10 Schematic of the hierarchical Mg nano-composite synthesized in Habibi’s work [11]

Fig. 3.10 illustrates the underlying concept of hierarchical Mg composite synthesized in
their work. This study is meaningful because it is considered as the first attempt to study the effect
of a hybrid reinforcement to enhance the mechanical response of magnesium (Mg). The uniaxial
tensile true stress—true strain curves of the hierarchical composite samples for different Al volume

fraction along with the response of pure Mg are shown in Fig 3.11.
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Chapter 4. Model Development

A typical FEA for PRMMC contains several important pre-processing steps. We first need
to generate the proper geometries including all components. Components are regarded as separate
parts in these pre-processing steps. Then, FEA meshes are required for all the components. These
FEA meshes can be routinely obtained directly from the computer-generated solid models. We
must also incorporate relevant material properties for each component and combine all the
components into a total composite model. Proper boundary or loading conditions should also be
applied. Finally, a suitable solution method must be chosen. In this chapter, these steps for FEA

of PRMMC are addressed.

1. Structure Generation

In analyzing PRMMC, a representative volume element (RVE) is created. In the theory of
composite materials, the RVE (also called the unit cell) is the smallest volume over which a
measurement can be made that will yield a value representative of the whole [1]. This is generally
the principle adopted, and it leads to the fact that the RVE must include a large number of the
composite microheterogeneities (grains, inclusions, voids, fibers, etc.). It must, however, remain
small enough to be considered as a volume element of continuum mechanics [1]. RVE in this
thesis is a square that can be divided into two parts: metal-matrix and the reinforcement particles.
For the entire FEA process of the PRMMC, the first step is to generate suitable geometries for
individual constituent components. Geometries for the metal-matrix and the ceramic particles are
required. Toward this, we employed the commercial autoCAD software, Rhinoceros 5.0 by Robert
McNeel & Associates. Using this software, squares and spheres were created at the same time to

represent the metal-matrix and particulates, respectively.

43



1.1 Model geometries generated for the investigation of particle size effect

All of the squared computation boxes were created in 10x10x10 mm? format. Three types
of spheres were created with same volume fraction (10%) but different radii that are range from
0.96 to 2.88mm. Fig 4.1(a) shows the square matrix single particle inside matrix. Models with 8

particles and 27 particles are shown in Fig 4.1 (b) and (c).

(a) (b) (c)

Figure 4.1 Simulated microstructures of the PRMMCs with different particle sizes

1.2 Model geometries generated to study the particle distribution effect

With the fixed particle volume fraction of 10% and fixed particle number of 27, models
with random and clustered particle distributions were created. The two simulated particle
distributions are shown in Fig 4.2. Each distribution has 27 particles all with a constant radius of
0.96mm. The degree of particle clustering in the simulated in the simulated microstructures was
quantified by the coefficient of variance of the mean near-neighbor distance (COVa) technique [2].

The COVa is defined as:

COVy =22 (4.1)
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where 07 is the variance in the mean near-neighbor distances for all particles. The higher the
COVy4, the more “clustered” the distribution of the particles. The coordinates of all the 27 particles

are generated by Excel Rand function.

(@) (b)

Figure 4.2 Simulated microstructures with two different particle distributions: (a) random

distribution: COVa= 0.32 (b): Clustered distribution: COV4= 0.69.

1.3 Model geometries generated to investigate the volume fraction effect

With the random distributed and fixed particle number of 27, models with different volume
fractions were created by changing the radius of the particles. All the models have the same COV4
as 0.32. Fig 4.3 shows the three simulated microstructures with different volume fractions from

10% to 30%.
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(b)

(©)

Figure 4.3 Simulated microstructures with different particle volume fractions: (a) 10%, (b) 20%

(c) 30%

1.4 Model geometries generated for hierarchical composites
For the geometries of hierarchical composites, because the reinforcement particle itself is
a composite, we created two kinds of particles: the very inner ceramic particles and the outer

Aluminum particles. Fig 4.4 shows an example of the geometry of the hierarchical composites.
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Figure 4.4 Geometry of hierarchical composites

2. Mesh Generation

After geometry generation, these solid models need to be discretized into suitable FEA
meshes. The most convenient way is to use “tetramesh”, an option in the commercial Hypermesh
software 11.0 by Altair Engineering, to directly mesh the matrix and the particle into different
tetrahedron meshes. Here, a suitable and optimized mesh size needed to be determined. Fig 4.5
illustrates the mesh sample of a sphere with radius 2.88 mm and Fig 4.6 shows a cross section of

a matrix containing one particle.
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Figure 4.5 Example of a particle FEA mesh with radius of 2.88 mm

Figure 4.6 Example of a cross-section of matrix FEA mesh containing one particle in the center

RVE models for hierarchical structures were generated. Different from the structure of
PRMMC, hierarchical structure requires the reinforcement itself is a composite. In our study, the
reinforcement particle of the whole hierarchical composite also has two parts: the matrix shell and
the inner particle. Fig 4.7 shows the cross section of the matrix shell. Thus, the whole hierarchical
composite can be divided into three parts: the outer matrix, the inner matrix shell and the particle.

Fig 4.8 shows the cross-section of it. Same as PRMMC, all the squared computation boxes that
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are used as the matrix of the hierarchical composites were created in 10x10x10 mm? format. Only
one type of particle was generated with radius of 1.16 mm and volume fraction of 0.66%. Two

types of inner matrix shells were created with volume fraction of 0.647% and 0.972%.

Figure 4.7 Example of a cross-section of matrix shell of hierarchical composites

Figure 4.8 Example of a cross-section of whole hierarchical composite structure

3. Material Properties

49



Before performing any simulations, the adequate material properties of all the components

must be fully defined.

3.1 Material properties of Al6061 alloy and Al2Os

As discussed in the previous chapter, Al (or Al alloys) is used as the matrix and ceramic is
used as the particles. To compare with the experimental results, Al 6061 alloy is chosen as the
material of the matrix and Al2O3 is chosen as the ceramic particles. The behavior of Al 6061 alloy
is elastic—plastic in nature and its response to uniaxial loading could be highly non-linear [3]. The
young’s modulus is 68.03 GPa with 0.33 as the poisson’s ratio [4]. These plasticity models can be
defined using the data obtained from an experimental test with the grain size of 16.6 um. [3] Most
of the previous studies including this thesis treat Al 6061 alloy as a homogeneous, isotropic, and
incompressible material. Fig. 4.9 shows the stress-strain curve that was employed in this thesis for

the Al 6061 alloy [3].

250

200 /

0 0.03 0.06 0.09 0.12 0.15 0.18
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Figure 4.9 Stress-strain curve of Al 6061 alloy [2]
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On the other hand, the Al2O3 particles were assumed to behave in a linear elastic manner
until the ultimate strength was reached, followed by the stress drop to zero. The strength of the
Al20s3 particles has been reported to be between 1 and 2 GPa [5]. In our studies, all SiC particles
were assumed to have uniform fracture strengths of 1100 MPa. We used 390GPa as the young’s

modulus and 0.2 as the poisson’s ratio. The grain size is 10um. [5]

3.2 Material properties of Al6061 alloy with different grain size
In order to simulate the effect of matrix grain size on the tensile properties of PRMMC, we
used Ludwik’s Equation [6] to calculate different plastic properties of Al6061 alloy with different
grain sizes. The equation can be expressed as:
o = 0, + key[6] (4.2)
where k is the strength coefficient, and n is the strain hardening exponent. Adnan N. Abood et al.

[7] found Al6061 alloy has the property that k= 480MPa and n= 0.052. g,, is the yield stress of

Al6061-T6 alloy and can be expressed as:

!

‘ vd

y:O-0+

(4.3)

where g, (=276MPa for A16061[8])is the original strength of the material. k' (=83.79 MPaum™!
for A16061 [8]) is a constant depending on the material. Fig 4.10 presents the calculated plastic

stress-strain curves with different grain size from 10pm to S0pum:
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Figure 4.10 Calculated plastic stress-strain curves of A16061 alloy with different grain size

Because grain size has no influence on the elastic modulus of A16061 alloy, we used 68.02

GPa as the Young’s modulus and 0.33 as the Poisson’s ratio [4].

3.3 Material properties of pure Al and pure Mg
For the modeling of hierarchical composites, we used pure Mg as the outer matrix, pure Al
as the inner matrix shell and Al2Os as the particle. Ludwik’s Equation was used to calculate the

plastic properties of pure Mg:

o =05+ 5—3 + kel (4.4)

where o, is the yield stress of pure Mg, which is 35 MPa. k' is the Hall-Petch coefficient (280MPa

1
umsz [9]). In order to compare with the real experimental results, d is chosen to be 8 um. k and n

are 210 and 0.39 respectively [10]. Fig 4.11 gives the calculated plastic stress-strain curve of pure
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Mg and Fig 4.12 shows the stress-strain curve of pure Al, which is extracted from Dobes et al.

[11].

0 0.02 0.04 0.06 0.08 0.1
Strain

Figure 4.11 Calculated plastic stress-strain curve of pure Mg

0 0.05 0.1 0.15 0.2
Strain

Figure 4.12 Stress-strain curve of pure Al
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4. Boundary Conditions and Interface Conditions

In analyzing the mechanical behavior of the PRMMC models, several types of boundary
conditions can be prescribed on RVE. In our study, we applied the displacement control as the
loading method. Fig. 4.13 shows the displacement boundary conditions that were applied on the
RVE model. Identical values of displacements were assigned on the two planes that perpendicular

to Y direction, so the stresses were applied on the RVE models along Y direction.

Figure 4.13 Boundary conditions applied on RVE model of PRMMC

One of the features in the current thesis is to alter the tie conditions between the interfaces
of matrix and particles. Generally in previous studies, a complete tie boundary condition is applied
on the interface, which means the outer surface of the particles are 100% tied with the inner hole
surfaces of the matrix. However, in case of our study, in an effort to simulate the incoherency of
the matrix-particle interfaces, we have applied 3 different types of tie boundary conditions on the

RVE models, i.c., 50%, 75%, and 100% tied interface surfaces. The results of them are then
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compared with each other. Fig 4.14 shows the examples of 50%, 75%, and 100% tied boundary

conditions.

(a) (b) (c)

Figure 4.14 Examples of (a) 50%, (b) 75%, and (c) 100% tied boundary conditions

In addition, flat surface boundary conditions were also applied for realistic computations
to represent a meso-scopic volume. As shown in Fig 4.15, by using an Abaqus option named
“constraints”, we controlled all the nodes that located on every single surfaces move by a same

amount so that all the surfaces on the RVE model keep to be perfect flat surfaces all the time.
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Figure 4.15 Example of RVE model that has flat surfaces after the simulation

5. Fracture of Ceramic Particulates

Proper estimation for the fracture of the ceramic particles is one of the most challenging
roadblocks to obtain reliable results. A particle damage model was developed to simulate the
fracture of ceramic particulates, we divided the computation into three steps. Step one determines
the general stress-strain curve of the model, then we find the fracture points of the particles
according to the particle ultimate strength of 1100 MPa. [12] The step two will start at the
beginning of particle fractures. Unlike step one, we untie the particles with the matrix in step two
so that the stresses on the particles decrease significantly. After observing the failure strain of the
composite in step two, the overall stress-strain curve of the composite is obtained from step three.

Let’s use composite with 27 regular distributed particles as a specific example. We
assigned the strain of the composite as 0.18 in step one to get a general stress-strain curve without
particles damage. Fig 4.16 shows the comparison between experimental and FEA results after step

one.
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Figure 4.16 Comparison of experimental and FEA results after step one

As we can see in Fig 4.16, FEA result shows a similar stress-strain curve with the
experimental result, but the stress didn’t decrease as the experimental stress-strain curve. After the
simulation of step one, the analysis of the stress condition on the particles were conducted to find
the fracture point, in which the stress on every single particle reaches 1100 MPa. The stress
condition of the whole composite was assigned as the beginning stress condition of step two. In
order to figure out the failure strain of the composite, we set the strain of model in step two as
0.16, which is big enough to see a straight line in the stress-strain curve obtained in step two due
to the fracture of matrix. Because the straight line is caused by the failure of the matrix, the strain
of the beginning point of the straight line is the failure strain of the whole composite. The stress-

strain curve obtained from step two is shown in Fig 4.17.
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Figure 4.17 Comparison of experimental and FEA results after step two

The final step was to determine the actual failure stress so that the whole stress-strain curve
can been obtained from our particle damage model. We did same simulation as step two and the
only difference is the strain we assigned. We used the failure strain observed from step two as the
strain of this simulation. Finally, the stress-strain curve of the whole composite was extracted from

step three, which is compared with experimental stress-strain curve and is shown in Fig 4.18.

350
300
250
m©
Q.
= 200
w
v
@ 150
b ]
=
v
100
50
~——Experiments
FEA-after step3
0
0 0.03 0.06 0.09 0.12 0.15

Strain

58



Figure 4.18 Comparison of experimental and FEA results after step three

Fig 4.19 shows the tensile stress distributions on the cross-section surfaces of composites

after stepl, step2 and step3.

Regular-Compaosites-after step3 Regular-Matrix only-after step3 Regular-Particles only-after step3

Regular-Composites-after step2 Regular-Matrix only-after step2 Regular-Particles only-after step2
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Figure 4.19 Contour plots of tensile stress distributions on the cross-section surfaces of

composites after stepl, step2 and step3
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Chapter 5. Results and Discussions

In this chapter, the computational results with various factors will be analyzed and
discussed. The parameters that we have explored in this thesis include reinforcement volume
fraction, matrix grain size, degrees of bonding, particle size and reinforcement distributions. The
tension stresses are put on Y directions of different RVE models and the focus of the analysis is
primarily on young’s modulus, yield stress, ultimate tensile stress and failure stress of different
composite structures. In addition, the properties of hierarchical composites are also investigated.

Computational results are also compared with previous experimental and theoretical results.

1. Theoretical results of Particle Reinforcement Metal Matrix Composites (PRMMC)
models.

The enhanced strength and hardness observed in the particle reinforced metal matrix
composites compared with pure Al or Al alloy is attributed to the presence of the particles, which
activated multiple strengthening mechanisms acting in tandem [1]. These include, but may not be
limited to: (a) Orowan strengthening [2]; (b) grain size strengthening [3]; (c) effective load transfer
from the matrix to the reinforcement [4]; (d) generation of geometrically necessary dislocations
(GNDs) to accommodate the coefficient of thermal expansion (CTE) and elastic modulus
mismatch between the matrix and the particles [5].

Due to the limitation of computational modeling, only load transfer effect is applicable to
our PRMMC models. As we discussed in chapter 2, the load transfer from the soft and compliant
6061 Al alloy matrix to the stiff and hard Al2Os3 particles under an applied external load,

contributes to the strengthening of the matrix material. Because equiaxed particles are used in our
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models, equation(1) should be used to calculate the contribution in yield stress due to load transfer

in particlate-reinforced composites:

1
Aoy = > VpOm (5.1)
where v, (~0.1-0.3) is the volume fraction of the particles. g, (=131.8797MPa [6]) is the yield

stress of the unreinforced 6061Al alloy matrix.

Thus, the prediction results of load transfer effect on the yield stress of our models can be

summarized in Fig 5.1:
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Figure 5.1 Calculation results of load transfer effect on the yield stress of PRMMC

2. Issues and limitations of our approach

Before conducting the parameterization study, the prerequisite step is to understand the
issues and limitations of our FEA approach. In order to do that, we compare the results from our

RVE models with the real experiments conducted by A.J. Knowles et al [7] and H.R. Ezatpour [8].
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First set of simulations were applied to compare with A.J. Knowles’s experiments that
analyzed the mechanical properties of SiC particles reinforced metal matrix composites. The paper
clearly showed the stress-strain curves of 6061 Al alloy and 10%wt SiC particles reinforced
composite. We inputted the stress-strain curve of 6061 Al with proper young’s modulus and
poisson's ratio as the material properties of the matrix in our model. Also, material properties of
SiC particles were same with the paper. Three models with both 10% volume fraction but different
particle distributions (regular, random and clustered) were created to compare with the real
experiments’ model. Fig 5.2 shows the stress-strain curves obtained from the three FEA
simulations and the real experiment. Fig 5.3 illustrates the tensile stress profiles on the cross-
section surfaces of composites with three different particle distributions. We used same stress scale

to show the stress distributions on the particles, matrix and composites.

250
m©
(=8
= 200
-y
[7,]
& 150
=
)
v 100 ——experiments
——random
50 -cluster
regular
0
0 0.03 0.06 0.09 0.12 0.15

Strain

Figure 5.2 Comparison between three FEA results and experimental results conducted by A.J.

Knowles et al [7]
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Figure 5.3 Contour plots of tensile stress distributions on the cross-section surfaces of
composites with different particle distributions of Al6061-SiC model at the end of the

simulations

From Fig 5.2, it is seen that all the three models have very similar young’s modulus and

yield stress. Before particles fracture, composites with cluster particle distribution has the highest

stress among the three composites. But the point of first particle fracture was also observed in the

clustered distribution model. The model with random particle distribution has the highest ultimate
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tensile stress, which is closest to the experimental result. However, the three FEA results have
considerable differences of strain to failure and failure stress with the experimental result, which
is due to the limitation of our particle damage model to predict the strain to failure and failure
stress of the composites.

H.R Ezatpour, M. Parizi and S. A. Sajjadi studied the mechanical properties of Al2O3
particles reinforced pure Al matrix composites in the extruded state. We inputted the stress-strain
curve of pure Al in extruded state as the material properties of the matrix in our model. Three
models with both 5% volume fraction but different particle distributions (regular, random and
clustered) were created to compare with the real experiments’ model. Fig 5.4 shows the stress-
strain curves obtained from the three FEA simulations and the real experiment. Fig 5.5 illustrates
the tensile stress profiles on the cross-section surfaces of composites with three different particle

distributions.

120

100

——Experiments

Regular
20
—Clustered
=——Random
0
0 0.04 0.08 0.12 0.16 0.2

Strain

Figure 5.4 Comparison between three FEA results and experimental results conducted by H.R.

Ezatpour [8]
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Figure 5.5 Contour plots of tensile stress distributions on the cross-section surfaces of
composites with different particle distributions of pure Al-Al203 model at the end of the

simulations

Due to the limitations of initial materials resources, we are unable to include the extrusion

effect into the materials properties that we used in the simulations, so there is in general a clear

difference between FEA and the experimental results.
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3. Computational results of RVE models of PRMMC

Because particles are most likely to randomly distribute in the matrix in the real
experiments, we are using models with 27 random distributed particles in this sub-section to
analyze the influence of particle volume fractions, particle size, particle distribution and matrix
grain size on the mechanical behavior of Al2O3 reinforced 6061 Al matrix composites. In addition,
results of models with three types of boundary conditions are compared with each other to
investigate the effect of degrees of bonding on the mechanical properties of Al203 reinforced 6061

Al matrix composites.

3.1 Impacts of particle volume fractions

Firstly, in order to investigate the effect of particle volume fraction, models with particle
volume fractions of 10%, 20% and 30% were created. All the models have 27 random distributed
particles inside the matrix. Fig. 5.6 shows different stress-strain curves of whole composites with
different volume fractions. Fig 5.7 gives the values that extracted from Fig. 5.6 to show the
variation of young’s modulus, yield stress and ultimate tensile stress with different volume
fractions. Stresses were applied on the Y directions of all the models. Fig 5.8 and Fig 5.9 show the
stress distributions on the cross-section surfaces of composites with different volume fractions

when the stress of the composites reaches ultimate tensile stress and yield stress, respectively.
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Figure 5.6 Plots showing the stress-strain relationships of RVE models with 10%, 20% and 30%

volume fractions
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Figure. 5.7 Variation of (a) Young’s modulus, (b) Yield stress, (c) Ultimate tensile stress with

different particle volume fractions
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Figure 5.8 Y direction stress distributions on the cross-section surfaces of composites with

different volume fractions when the stress of the composites reaches ultimate tensile stress.
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Figure 5.9 Y direction stress distributions on the cross-section surfaces of composites with

different volume fractions when the stress of the composites reaches yield stress.

From Fig 5.7, it is possible to conclude that: the values of yield stress (0.2% proof strength)
increased with increasing volume fraction of particulate, but the rate of increase in the stress
decreased with the increasing volume fraction. There is also an increase in UTS values when

volume fraction is increasing. Different from yield stress, the rate of increase in the UTS increased
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with the increasing volume fraction. Increase in strength is possibly due to the load transfer
between the metallic matrix and the reinforcement.

In addition, the results of young’s modulus showed similar trends with the yield stress.
Higher value of young’s modulus is clear indication of the fact that the presences of particulates
in the matrix have improved the overall young’s modulus of the composites. This is true because
aluminum is a soft material and the reinforced Al2O3 particles being hard, contributes positively
to the young’s modulus of the composites, so the increase of young’s modulus of composites could
be attributed to the relatively high young’s modulus of Al2Os3 itself.

However, the composite materials with higher volume fractions exhibited lower elongation
than that of lower volume fractions. It is obvious that plastic deformation of the mixed soft Al
matrix and the ceramic reinforcement is more difficult than the base Al itself. As a result, the
ductility of the higher volume fraction composites drops down when compared to that of lower

volume fraction and unreinforced material.
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Figure. 5.10 Stress-strain relationship of ceramic particles during the whole simulation
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Fig. 5.10 shows the stress strain curve of the ceramic particles. The fracture of ceramic
particles take place on the very end of step one, where the stress of Al2O3 reaches the ultimate
point. Thus, the stress of the ceramic particles increased linearly before the fracture and directly
decreased to zero after the fracture. Once the particles fracture, they will influence the average
stress and strain values of the composites, making the values decrease drastically, so the three

stress-strain curves in Fig 5.6 all have an obvious decrease part after the particles’ fracture.

3.2 Impacts of particle size

In order to figure out the effect of the particle size, three different composite structures with
same particle volume fraction but different radius of particle reinforcements were created. The
model with smallest particle radius, which is 0.96mm, has 27 regular particles inside the matrix.
In order to have same volume fraction with the first one, model with particle radius of 1.44mm
owns eight particles inside the matrix. The third one has the same volume fraction with the others
but a biggest particle radius, which is 2.88mm and with only one particle inside the matrix. All the
models have 10% volume fraction. Fig 5.11 gives the tension stress-strain curves obtained from

the three RVE models above.
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Figure 5.11 Plots showing the stress-strain relationships of RVE models with different particle

sizes

Fig 5.12 gives the variation of young’s modulus, yield stress and ultimate tensile stress
with different particle sizes. Fig 5.13 and Fig 5.14 show the stress distributions on the cross-section
surfaces of composites with different particle sizes when the stress of the composites reaches

ultimate tensile stress and yield stress, respectively.
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Figures 5.12 Variation of specific (a) Young’s modulus, (b) Yield stress, (c) Ultimate tensile

stress with different particle sizes
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Figure 5.13 Y direction stress distributions on the cross-section surfaces of composites with

different particle sizes when the stress of the composites reaches ultimate tensile stress.
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Figure 5.14 Y direction stress distributions on the cross-section surfaces of composites with

different particle sizes when the stress of the composites reaches yield stress.

Figure 5.11 and Figure 5.12 show that particle size has very limited effect on the young’s
modulus and yield stress of composites. Although the values of young’s modulus and yield stress
show a decrease trend with increasing particle size, all the three models have very close values of
young’s modulus and yield stress. Compared with young’s modulus and yield stress, stronger

increase in UTS can be obtained with decreasing particle size, owing to a greater number of
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particles for the same volume fraction. At the same time, ductility is preserved. In general, RVE

models with smaller particle size has relatively higher strength.

3.3 Impacts of particle distribution

As for the investigation of particle distribution, seven RVE models were generated with
exactly same volume fraction and particle size. All the models have 27 particles inside the matrix
and all the volume fractions are 10%. As shown in Fig 5.15, the distribution of (b) random and (c)

clustered types were created to compare with the (a) regular one.

(b)
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Figure 5.15 View of (a) regular, (b) random and (c) clustered particle distributions in the RVEs

models

For random and clustered distributions, three stress—strain curves were computed for each
distribution. As shown in Fig 5.16, both random and clustered show three very close stress-strain
curves. In order to accurately represent the stress-strain relationships of random and clustered
distribution, we calculated the average values of the three stress-strain curves of each distribution

to compare with the stress-strain curve of regular distribution. The comparison results are plotted

in Fig 5.17.
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Figure 5.16 Plots of stress-strain curves of random and cluster distributed PRMMCs
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Figure 5.17 Comparison of stress-strain curves of models with three types of particle

distributions

Similar as the conditions in particle size sub-section, particle distributions have weak

influence on the young’s modulus and yield stress of the composites and relatively stronger effect
on the UTS. Before particles’ fracture, the model with the clustered particle distribution (COV4 =
0.69) had the highest tensile stress followed by those of the random particle distribution (COVa4 =
0.32) and the regular particle distribution (COV4 = 0.09). However, the point of first particle
fracture was also observed in the clustered distribution model at a strain of 8%. Although higher
cluster degree of particle distribution makes the composites have higher young’s modulus and

yield stress, models with random particle distribution have the highest ultimate tensile stress. Fig
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5.18 and Fig 5.19 show the stress distributions on the cross-section surfaces of composites with
different particle distributions when the stress of the composites reaches yield stress and ultimate

tensile stress, respectively.
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Figure 5.18 Y direction stress distributions on the cross-section surfaces of composites with

different particle distributions when the stress of the composites reaches ultimate tensile stress.
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Figure 5.19 Y direction stress distributions on the cross-section surfaces of composites with

different particle distributions when the stress of the composites reaches yield stress.

3.4 Impacts of matrix grain size

Influence of the matrix grain size was also investigated for the next set of the study. 6061

Al alloys with different grain sizes have different plastic stress, the stress-strain curves are shown
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in Fig 4.7. Based on the data of Fig 4.7, five models with different matrix grain sizes (~10-50 pwm)
were created. All the models have only one particle inside the matrix and have the same volume
fraction of 10%. Fig. 5.20 shows different stress-strain curves of whole composites and the specific
yield stresses and ultimate tensile stress values are shown as a function of matrix grain size in Fig
5.21. Fig 5.22 and Fig 5.23 show the stress distributions on the cross-section surfaces of
composites with different matrix grain sizes when the stress of the composites reaches yield stress

and ultimate tensile stress, respectively.
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Figure 5.20 Plots showing the stress-strain relationships of RVE models with different matrix

grain sizes
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Figure 5.21 Variation of yield stress with different matrix grain size
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Figure 5.23 Y direction stress distributions on the cross-section surfaces of composites with

different matrix grain size when the stress of the composites reaches ultimate tensile stress.

The results give us that the increase of matrix grain size decrease the yield stress and
ultimate tensile stress. The effect decrease with increasing matrix grain size. The decrease effect
is likely the result of the fact that yield stress of pure 6061Al alloy also decrease a lot if the grain
size of increases. To be specific, RVE model with 10um grain size has the biggest yield stress of
209.455MPa and ultimate tensile stress of 295.924MPa. An increase of grain size from 10um to
30um caused 25.985MPa decrease of yield stress and 18.02MPa of ultimate tensile stress.
However, if the grain size continues to increase from 30um to 50um, there is only 4.88MPa
decrease in yield stress and 6.15MPa in ultimate tensile stress.

Thus, reducing matrix grain size can significantly increase the yield tress when the size is

under 30pum.
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3.5 Influence of degrees of bonding

In the previous studies regarding RVE models of PRMMC, the surfaces of particles and
matrix are always 100% tied together to each other during the whole simulation processes. But in
real experiments, some gaps are also likely to exist in the matrix-particle interfaces due to the
deformation of the particles and some cracks that occurs on the matrix holes’ surfaces. Thus, it is
worth to study the effect of degree of bonding on the tension behavior of RVE models.

Two more RVE models with 75% and 50% degrees of bonding were generated to compare
with the 100% tied model. They have exactly same with volume fraction (10%), particle size
(2.88mm) and particle numbers (one particle inside) except the tie boundary conditions. Same
tension stresses are applied on all of the three models. Fig 5.24 gives the results of comparison

between models with different degrees of bonding.
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Figure 5.24 Predictions of the stress-strain curves of 50% to 100% degrees of bonding
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Figure 5.25 Scatter diagrams of (a) Young’s modulus, (b) Yield stress (c) Ultimate tensile stress

for 50% to 100% degrees of bonding

Fig 5.24 shows that the tie boundary condition has a significant effect on the yield stress,
young’s modulus and ultimate tensile stress. Fig 5.25 shows a clearer view of the influence of
degrees of bonding on the values of (a) Young’s modulus, (b) Yield stress and (c) Ultimate tensile
stress. Fig 5.26 and Fig 5.27 show the stress distributions on the cross-section surfaces of
composites with different degrees of bonding when the stress of the composites reaches yield stress

and ultimate tensile stress, respectively.
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Figure 5.26 Y direction stress distributions on the cross-section surfaces of composites with

different degrees of bonding when the stress of the composites reaches yield stress.
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Figure 5.27 Y direction stress distributions on the cross-section surfaces of composites with

different degrees of bonding when the stress of the composites reaches ultimate tensile stress.

As discussed in the previous sub-sections, young’s modulus, yield stress and ultimate
tensile stress of the composites are strongly influenced by the particulate volume fraction. The
three models have a same particle inside the matrix but different percent surfaces tied with the
matrix, which will result in different strengthening effects on the composites. Models with higher

percent of the tied surfaces will have higher young’s modulus, yield stress. Because models with
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higher percent of the tied surfaces will result in higher stress on the particle, particle in the 100%
tied model will fracture first, followed by 75% and 50%.

As for the stresses on the particles, models with three different degrees of bonding (100%,
75% and 50%) have similar results, which are shown in Fig 5.28. The only difference is the strain.

Bigger strain is needed for particle with less percent of surface tied with the matrix.
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Figure 5.28 Plots of stress-strain curves for particles in different tie condition models

4. Comparison between FEA and experimental results of PRMMC

Up to this point, we have separately discussed theoretical and FEA results of PRMMC. In
this sub-section, we do a comparison between theoretical, FEA and experimental results.

Theoretical and computational results are compared with the experimental results of 6061 Al alloy

reinforced by Al2Os3 particles.
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4.1 Comparison between FEA and Al-Dheyla et al. [9]

The main objective of their study is to determine the damage and failure processes of
PRMMC, which consists of a uniform distribution of strengthening ceramic particles embedded
within a metal matrix. The composites were prepared by powder metallurgy. A blend of 6061
aluminum alloy powder and Al203 powder were compacted by uniaxial pressing. Metallographic
samples from 10%, 20%, and 30% volume fractions reinforced composites were used and uniaxial
tensile tests were performed on the samples.

Al-Dheyla’s data of Young’s Modulus is shown in Fig 5.29 along with our FEA predictions.
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Figure 5.29 Comparison of Young’s modulus between FEA and Al-Dheyla [9]

Experimental results showed an increase in young’s modulus with increasing
reinforcement volume fraction, where the values ranged from 86.8GPa for the 10% volume

fraction Al2O3 composite to 109.9GPa for the 30% volume fraction. Al2O3 composite. FEA results
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showed a lower increase of young’s modulus from 85.22GPa to 98.63GPa. Under the condition
that our computational modeling used same initial material property (Young’s modulus) with the
experiments, FEA and experiments have closest young’s modulus values (only 1.6MPa difference)
when volume fraction of Al2Os3 particles is 10%. However, with the volume fraction increases, the
difference between FEA and experimental results are also increasing. There are 13.2MPa and
12.3MPa differences between FEA and experiment results with volume fractions of 20% and 30%,
respective. These diversities are due to the differences between our FEA simulation approaches
with the experimental procedures that the paper used. In the microstructure observation of the
experimental samples, particle clustering and particle depleted regions were observed on the
polished surfaces [9]. As we can see in Fig 5.30: compared with the 10% Al.O3 composite,
particles in samples with 20% and 30% volume fractions group together, in which a few large
ALOs particles intermingled with smaller, uniform, and regularly shaped particles. Because of
particles clustering, porosity is elevated in these particles clustered regions [9]. Thus, higher
dislocation densities are expected to present in samples with 20% and 30% volume fractions.
However, this clustering condition is not applicable in our computational modeling. We keep the
particle distributions same with the increasing volume fractions and we do not take porosity and
dislocations into consideration. That is why our FEA results have a reasonable agreement when
the volume fraction is 10% but show bigger diversities when the volume fraction reaches 20% and

30%.
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Figure 5.30 Microstructure of 6061 aluminum alloy reinforced with (a) 10%, (b) 20% and (c)

30% ALOs Particles [9]

4.2 Comparison between theoretical models, FEA and B. G. Park et al. [10]

A systematic examination of the effect of particulate volume fraction on the mechanical
properties of an Al203-Al MMC has been undertaken in Park group’s research. The material used
was AA 6061 alloy reinforced with a polycrystalline 20 um diameter microsphere Al2O3

reinforcements. The volume fraction was varied systematically from 5% to 30%. Metal powder
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and microspheres were blended, compacted by cold isostatic pressing. All samples were extruded

into 19 mm diameter rod. Then, tensile testing was performed.

We compared the data extracted from Park’s experimental results with that of our

computational models. The comparison results are shown in Fig 5.31.
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Figure 5.31 Comparison of (a) Young’s modulus, (b) Yield stress and (c) UTS between FEA and

B.G.Park et al [10].

In analyzing Fig 5.31 (a), it was found that: the elastic modulus of both FEA and

experiments increase with increasing volume fraction of Al2O3 particles. Under the condition that
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our computational modeling used same initial material property (Young’s modulus) with the
experiments, FEA and experiments showed almost same young’s modulus values when the volume
fraction of Al2O3 particle is 10%. However, with the increasing of volume fractions, the diversity
increases to 3GPa. The FEA results of elastic modulus show reasonable agreement with that of
experiments at low volume fractions but exhibit an increasing deviation from the experimental
results as the volume fraction increases. The paper revealed that broken particles were present in
the composites and that the level of particle fracture increased with volume fraction [10]. However,
in our FEA approaches, we treat Al2O3 particles as a whole unit. As long as the max principal
stress of the particles reach 1100 MPa, we would regard the whole particle is entirely fractured.
The paper has also shown that particle fracture reduces the elastic modulus in AA 6061 reinforced
with Al2Os particles. Since the level of particle fracture increased with volume fraction [10], an
increasing deviation from linear behavior would be expected and this may account for the
diversities between our FEA results and B.G.Park’s results.

As we can see in Fig 5.31 (b), the simulation results show a qualitatively consistent
prediction of yield stress to the theoretical results in all the volume fractions.

As for the comparison between FEA and experimental results, the initial material property
of 6061Al alloy that used in our computational modeling is different from that in the paper. As we
can see in Fig 5.31 (b) and (c), when the volume fraction is zero, there is a 32.5MPa and 46.7MPa
difference between our computational modeling and experimental results in yield stress and
ultimate tensile stress, respectively.

The differences are due to different grain sizes of 6061 Al alloy. We used 6061 Al alloy
with 1.22um [7] in our computational model but the paper used the alloy with grain size of 20um

[10]. As we know from previous papers, 6061 Al alloy with smaller grain size usually shows a
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higher strength. Based on these initial differences in the material properties, our FEA results show
constantly higher values than the experimental values when the volume fraction increase from 0
to 10%. Thus, if we can input the same initial material property with the experiments in our
computational modeling, we are possible to expect our computational modeling show a close result
with the experiments when the volume fraction is below 10%. However, if we continue to increase
the volume fraction from 10% to 30%, the differences between our FEA and experiments slightly
reduced. In the experiments, there are a number of factors that contribute to the strengthening
effect of the composites, including residual elastic stresses, increased dislocation densities and
increased plastic constraint. Their combined effect increases linearly with volume fraction [10].
Because we are unable to simulate these effect in our computational modeling and the dislocation
density, residual stresses and the level of plastic constraint would be expected to increase
progressively with volume fraction [10], our FEA results show an increasing difference in yield
stress and UTS with experimental results as volume fraction increase from 20% to 30%.

Thus, from what discussed in sub-sections of 4.1 and 4.2, we can conclude that results of
our RVE models can best represent the mechanical properties (including yield stress, young’s
modulus and UTS) of real PRMMCs samples when the Al2O3 particle volume fraction is below
10%. Although there are slight diversities between our FEA and experimental results if we increase
the volume fraction of reinforcement, there is in general a significant agreement in the stress

variation trends between them.
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5. Results of hierarchical composites
Mechanical properties of Mg-Al-Al,Os hierarchical composites were also investigated for the
final set of the study. Two RVE models were created. Y direction tension stresses were applied on

these RVE models. FEA results were compared with Mei K. Habibi et al. [11]

5.1 FEA results of hierarchical models.

We tested two different models with volume fraction of Mg/0.647%A1-0.66%A1>03 and
volume fraction of Mg/0.972%A1-0.66%A1203. Fig. 5.32 shows the stress-strain curves of these

two models under the exactly same boundary conditions.
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Figure 5.32 Plots of stress-strain curves of two hierarchical models

In investigating the stress-strain curves of the two hierarchical models, it was found that
the two models show close young’s modulus and yield stress. Same as PRMMCs, the model with

higher reinforcement volume fraction shows higher young’s modulus and yield stress.

98



5.2 Comparison between FEA and Mei K. Habibi [11]

Meisam K. Habibi et al. [11] have synthesized and investigated the mechanical
performance of a hierarchical magnesium (Mg) nano-composite with a reinforcing constituent that
is a composite in itself. Specifically, they developed a composite with monolithic Mg as the matrix,
reinforced by another composite comprising a pure aluminum (Al) matrix in which are embedded
Al203 particles. The level II composite was obtained by adding a small volume fraction of the ball-
milled level I composite to Mg using the powder metallurgy route followed by microwave-assisted
rapid sintering and hot extrusion. The smooth bar tensile properties of the monolithic and
hierarchical Mg extruded rods were determined.

Fig 5.33 shows the uniaxial, tensile true stress—true strain curves of both FEA and
experimental hierarchical composite samples for different Al volume fraction along with the
response of monolithic pure Mg. Fig 5.34 shows stress distributions on the cross-section surfaces
of hierarchical composites with different Aluminum volume fractions when the simulations were

finished.
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Figure 5.33 Stress—strain curves for FEA predictions, monolithic Mg and hierarchical composite
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Figure 5.34 Y direction stress distributions on the cross-section surfaces of hierarchical

composites with different Aluminum volume fractions.

Fig. 5.33 gives us that there is a significant improvement in the specific strengths of the
hierarchical composites compared with the pure Mg with increasing volume fraction of Al in the
level 1 composite. The stress-strain curves obtained by RVE models also exhibited an overall
superior response compared with pure Mg. However, there are some diversities between our FEA

results and experimental ones. The two stress-strain curves of our simulations are just in the middle
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of that of experiments. Under the condition that our FEA simulations used same material properties
as the paper, different strengthening mechanisms can be the very reason of these diversities. The
enhanced strength and hardness observed in the hierarchical nano-composites compared with
monolithic Mg is attributed to the presence of the level I composite, which activated multiple
strengthening mechanisms acting in tandem [11]. These include: (a) Orowan strengthening; (b)
grain size strengthening; (c) effective load transfer from the matrix to the reinforcement; (d)
generation of geometrically necessary dislocations (GNDs) to accommodate the coefficient of
thermal expansion (CTE) and elastic modulus mismatch between the Mg matrix and the level I
composite ; (e) activation of non-basal slip modes. However, our RVE models are very limited
models that can only take load transfer and grain size strengthening into consideration. There is no
Orowan strengthening in our models because our simulations are not in nano-size. We do not have
temperature changes during the simulation process, so we are unable to simulate the CTE

mismatch.
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Chapter 6. Summary

Advanced computational/numerical methods have emerged as essential tools for the
assessment and the optimization of the performance of particle-reinforced metal matrix composites
(PRMMCs). In the present thesis, we employed the finite-element analysis (FEA) computational
technique to predict the mechanical behavior of aluminum (Al) based metal matrix composites
(MMCs) reinforced by Al203 ceramic particles. FEA has been widely utilized for a large number
of studies of PRMMC:s to investigate the effect of particle volume fraction, particle size, and
particle distribution on the mechanical properties of composites. Over the past decade, the
computational technique has achieved a considerable improvement in the levels of accuracy and

complexity.

In the current study, different from most of the previous investigations focusing on the
mechanical response of the whole composites, we have taken into consideration of the stress
condition of ceramic particles for a fracture condition. A representative volume element (RVE)
model has been developed to predict the mechanical properties of different PRMMCs assuming
that ceramic particles are fractured during the plastic deformation of the base matrix when a pre-
determined fracture stress is reached on the surface of the embedded particles. Additionally, the
degrees of bonding between the matrix and the particles have been changed to test their impacts

on the mechanical behavior of RVE models of PRMMC.

First set of simulations have been carried out to check the reliability of the current RVE
models by comparing the outcomes with experimental observations. Then, different RVE models

of PRMMCs were created using the most reliable model type. Based on the results of these models,
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the influence of the particle volume fraction, the particle size, and the particle distributions on
Young’s modulus, yield stress, and ultimate tensile stress (UTS) have been analyzed. It was found
that the particle volume fraction plays a very important role in the variation of Young’s modulus,
yield stress, and UTS. The values of Young’s modulus, yield stress, and UTS increased with
increasing the volume fraction of particulate, however, the ductility of the composites drops down
with increasing volume fraction. Both the particle size and the particle distributions influenced the
fracture points of particles in PRMMCs. FEA results were compared with experimental results. It
has been found that the results of our RVE models can reliably represent the mechanical properties
(including Young’s modulus, yield stress, and UTS) of real PRMMCs samples when the A1203
particle volume fraction is less than 10%. In the next set of computations, five models with various
matrix grain sizes were created to study the influence of the matrix grain size on the yield (0.2%
offset strength) strength of PRMMC. It was predicted that reducing the matrix grain size can
significantly increase the yield tress when the size is under 30mm. Then, RVE models with 75%
and 50% degrees of bonding were generated to compare with the 100% tied models. The results
showed that the degrees of bonding have a significant effect on Young’s modulus, yield stress, and
UTS. Note that the RVE model is inherently limited and the development of a more sophisticated
model (such as extended FEA, XFEA) would be necessary to accurately predict the strain to failure

values of 6061 Al matrix composites with Al2O3 reinforcements.

1. Limitations

e Accurately predicting strain to failure and failure stress of PRMMCS was unable to be

performed.
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e The effect of Orowan strengthening, CTE and EM mismatch and dislocation densities was

unable to perform in the simulations.

2. Findings

e FEA model to predict the mechanical properties in the various components of PRMMC
has been developed.

e RVE models with 27 particles inside matrix show a closest stress-strain curve with the
experimental result.

e Particle volume fraction plays a very important role in the variation of Young’s modulus
and yield stress of PRMMC:s.

¢ RVE models with smaller particle size show relatively higher strength.

e Particle distributions have influence on the fracture points of particles in PRMMC:s, result
in the phenomenon that composites with different particle size and different particle
distributions have different UTS and failure stress.

e Reducing matrix grain size can significantly increase the yield tress of PRMMC when the
grain size is under 30pum

e Degrees of bonding has a significant effect on the young’s modulus, yield stress and
ultimate tensile stress of the composites.

e RVE models can best represent the mechanical properties (including yield stress, young’s modulus
and ultimate tensile stress) of real PRMMCs samples when the AL,Os particle volume fraction is

below 10%.

107



3. Future works

e Developing FEA analysis containing a user subroutine is required to accurately predict the
strain to failure of PRMMC:s.

e Refinement of model will require more accurate material properties of initial Al alloy
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