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Abstract

Aluminum is used in aerospace and automotive industries owing to its low density,
high thermal conductivity, high specific strength, stiffness and better ductility. Aluminum
alloys have limitation of low hardness and poor wear resistance leading to restricted high
performance applications. Aluminum based metal matrix composites (AMMCs) with
ceramic (alumina and boron carbide) as reinforcement agents are gaining popularity.
Further, gradation in properties is effective method to improve fracture properties and
structural integrity of aluminum based metal matrix composites.

In the available literatures, 0.2% yield stress, ultimate tensile strength and elongation
of Al/Al>O3 are addressed up to 30% of alumina whereas elastic properties of Al/AlLO3
and Al/B4C composites are covered only up to 10% weight fraction of ceramic without
even comparative studies of experimental and predicted elastic properties. To the best of
the author’s knowledge, fracture toughness, its variation with ceramic particle size and
the experimental quasi static crack growth studies of functionally graded materials using

crack gauge including Al/Al,O3 FGM have not been reported.

This thesis deals with various characterisations (metallurgical, mechanical, fracture
and quasi static crack growth) of AI/AL>:O3 (up to 50% weight fraction of alumina) and
Al/B4C (up to 35% weight fraction of boron carbide) composites (non-FGM) and FGMs.
The samples are prepared using hot isostatic sintering at optimised parameters of 600°C,
30 MPa for 90 minutes having porosity less than 2% with uniform microstructure
(measured through optical microscope and SEM) except for weight fractions of Al,Os
greater than 40% and B4C greater than 30% without any other phase formation (confirmed

through XRD and EDS).
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The experimental Young’s modulus is compared with micromechanics prediction
techniques and is found to lie closely between Ravichandran’s/Hashin-Shtrikman lower
and Ravichandran’s upper bounds for Al/Al,O3 and Al/B4C composites, and close to self-
consistent/Miller-Lannutti methods based single value predictions for Al/Al,O3 and
modified rule of mixture, fuzzy logic and self-consistent methods predictions for Al/B4C.
The experimental Poisson’s ratio, Charpy energy measured through non-FGM samples
and hardness through FGM and non-FGM samples are compared with micromechanics
prediction techniques. 0.2% yield stress, ultimate tensile strength (UTS) and Young’s
modulus increase whereas the fracture strain/ductility reduce with increase in weight
fraction of A12O3 up to 40%. Ductile fracture with reducing dimple size up to 30% weight
fraction of AlbOs and cleavage fracture for AlO; greater than 30% are observed for
Al/AlO3 composites.

Fracture toughness reduces with increase in weight fraction of ceramic and lies
closely between Raveendran’s lower and upper bounds, and close to Raveendran effective

value for Al/A1,O3 and Al/B4C composites.

Quasi static crack growth study indicates that crack on stiff side undergoes stable
crack growth with mixed mode failure with deviation from straight path, whereas crack
on compliance side undergoes unstable crack growth with crack moving in straight line

path with mode-I failure.



TR

$H Helcd, 3T FSHT dTelshdl, 3@d fAfdse gy, 3w [3fdse Jar
AT 3N 96 oTHielel & HRUT HARETAT R HR AIIITAHT 3ehem H
TogAATH T 39T fhar SITaT &1 TegATATa s a1 &1 wd $Hordr 3R
hH TYUT GIORIY & HROT FHD 39T o0 Yeoial equann d @A gl
FedlooT Tolel & & & fAUfAs (Tegf@ar iR ORI #E1gs) & @y
TegAfaae 3muRd urg Afea suifse (veaTad) suaeh g g2 &1 8%
37elTdT, hererk 0T 3R Togefagsr 3menia g AfeFa FAfSe Hr Tcas
3@SAT H GUR A & T [0l F gaorar gemrdr ol g

3YY AMfged #, ToIAGIA/T AT AR TogAiagaw/aNr Freiss
& 0.2% Y% faed, HRhadd Told ALY R Toaal H TFHT & 30%
e e T I B, STafd Tegfaas/veg e Sufae & geareddr ot
T 3Ty fAUfA® & Fad 10% aoid 37 d& fhar a=m g1 e 3R
AT FeATEAAT 0N T JelellcHsh IEATA o 3Tt Fifged H =it fovar
AT gl oGk T SARRT & ITAR, TegHHAIA/TAAT Al Thaliea &r
chad, FAUAS H0T JHR & @Y sHH gaurar R 3ref @fas @ i &
fIRATUT eIR AT T 3YAET HLd gU 37T et fdr arT gl

g Wy, Al/ALO; (3TTMAT & 50% sl 31T o) AR Al/B,C
(SRTT 1SS & 35% Tolel 3 Teh) SHUlfale (I THNTA 3R Thsliva) &
fafeest Srefott (rq fa=ireie, Iifes, Thad 3R riediae IR gie) & deftd
g1 JCArYT Ud ALY AU & e & AU Ao a amgaEecied feRar
(3ugerd f@eRer amaART = 600°C, &e=30 MPa, 31af@=90 fA=ic) %1 e
eh R TR 9T § AR TR a0 FH+, AlOs & 40% Tam B,C & 30%
dofel 3T deh Teh WA F&H EIGAT (T2l geAeed iR TasuA & g@anr
IEITA), 2% T A TIYUAT dTel JAT AT 3T Tol &l 3clfed (VFERST AT
SSITH A JEHOT) dlel UV A0 g

TANTIcHS TaT HIUTeh Sl Jolell HAShIHb ST TAA & HT =0T §1 59
YA H, AVALO; ddT AI/B,C & YIRNcA® T AT Ifadege/gel=-
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EhHe & v geIdd ddT Uddegel & Heehctd AGT & &< 91T a7¢ &1 Al/AlO3
& GAWETcHS TaT AU, ot HIAE/AR-AGIE TUT ASIHIZS &I 3HH
fATFR, Boll difsier 3R deh HATE ARG & HAA: doldls T T gl
TS SHeA U, TR Foll (IR THSNTH eaRT AT I ) TUT ThaATUH
3R IR THSITH @R AT IR HORAT B JAAT AGHI Hebfolrq A A
&1 a=AT g

Al,O3 & 40% aolel 3T T 0.2% b THLH, Hhad Tolig QALY
(Z&Tw) 3R For AR FOgig Al R § S heer fassfareriends
AloO3 & Tofel 311 H 40% o T ig & AU HH 8Id &1 A0z & 30% dolel
37U de, B3Fer & 3R d FAT F ATT SHesd haaw a2dT Al,Os & 30% &
S Tt A & AU, Folldar e & 3dciiehsd Al/Al,O3 HFAITaC & faT
frar /T B

TegHITAIA/Te AT 3R TegAfAga/aNTsT Fielgs Fuifoe i haa
chord, RafAs & g 3 7 gfg & A wA gt 9l = ¥ Ig wEiee
& fATe AR 390 @A & S, U7 Wigd YA Hed F R 9= =T g
FEIAF W T 3MeTTT Tg 9diar & T 310 Jo7 A Hr b uq
QR #T gig R AR [Aaes Als BoiR & @y @19 oy @ fafod g =i
gl STafeh e Tar A I R BT IR Fr g 3EW 3R Als-l B
& Ay WY gy ) gg I I g
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K : Bulk modulus

Ko . Provisional Stress intensity factor

K,.K,.K, : Stress intensity factor in Mode-I, Mode-II and Mode-III

K, (1=12) :  Bulk Modulus of phase 1 and 2

Ki(V2)/ Ka(V2) Effective bulk modulus predicted by Kerner method
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Kic
(KIC)l
(KIC)Z

Kic(x)

Pmax

P(V2)

-~

—

ui (I =X, y)

V. (i=12)

Fracture toughness

Fracture toughness of phase 1

Fracture toughness of phase 2

Variation of fracture toughness with X coordinate
Length

Mass

Mass of specimen in air and water

Load

Porosity

Maximum load value

Interpolation function

Stress to strain transfer coefficient

Radius of particle

Radial distance from crack tip
Temperature

T-stress

Time

Span/Distance between two roller supports

Displacement in X and y directions

Volume fraction

Volume fraction of phase 1 (matrix) and phase 2

(reinforcement)
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Greek Notations

o
a la

m p

Aa

Width
Strain energy density
Weight fraction of phase 1 and phase 2

Longitudinal coordinate

Transverse coordinate

Kink angle

Coefficient of thermal expansion of matrix and particle

Difference of coefficient of thermal expansion between

two phases
Full width at half maximum

Dislocation strengthening coefficient
Crack tip opening displacement (CTOD)
Interparticle spacing

Strain

Principal strains

Constant for J integral

Wavelength of the incident X-ray
Microvoid spacing

Diffraction angle corresponding to a peak

Location of a point w.r.t. crack axis
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Ps

Pt

Py

Pir P

o, O,

A O—Ioad

A O_Hal |—Petch

A O-Orowan

AOcre

Density

Density of sintered specimen

Theoretical density

Density of water

Density of phase 1 and phase 2

Principal stresses

0.2% proof stress

Yield stress

Ultimate tensile strength

Stress tensor

Gain in yield strength

Yield strength enhancement due to bearing forces

Change in yield strength due to change in grain size of

the matrix

Orowan strengthening

Strengthening due to change in temperature

Poisson’s ratio

Constant used in crack tip displacement field
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Abbreviations

ASTM
BEM
CEQ

CGS

CIT

CMC
CMOD
COD
CPA
CTOD
CVD
DCB

DIC

ECO

EDS
EMA
ERR
FEM/FEA
FWHM

FESEM

American society for testing and materials

Boundary element method
Charpy energy equivalent
Coherent gradient sensing

Cold isostatic pressing

Ceramic matrix composite

Crack mouth opening displacement
Crack opening displacement
Coherent potential approximation
Crack tip opening displacement
Chemical vapour deposition
Double cantilever beam

Digital image correlation
Ethylene carbon monoxide
Energy dispersive spectroscopy
Effective medium approximation
Energy release rate

Finite element method/analysis

Full width at half maximum

Field emission scanning electron microscopy
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FGM
FLM
HCM
HEQ

HIT
HSLB/HSUB
HTM

IET

IKM
IMTM
IPC
IWTM
JCPDS
KM
MMC
MRLB/MURB
MROM
MTM
NDT
Non-FGM
opP

PM

Functionally graded material

Fuzzy logic method

Hopkins-Chamis method

Hardness equivalent

Hot isostatic pressing

Hashin - Shtrikman lower/upper bounds
Halpin—Tsai method

Impulse excitation technique

Inverse Kerner method

Inverse Mori-Tanaka method
Interpenetrating phase composite

Inverse Wakashima and Tsukamoto method
Joint committee on powder diffraction standards
Kerner method

Metal matrix composite

Modified Ravichandran lower/upper bounds
Modified rule of mixture

Mori-Tanaka method

Non-destructive test

Non functionally graded material

Optical microscopy

Powder metallurgy
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PMC

PSZ

PVD

RLB/RUB

ROM/ RROM

SCM

SEM

SENB

SFF

SG

SIF

TPB

TTOM

UTS

uv

VDT

WTM

XRD

XRF

YS

Z1.B/ZUB

Polymer matrix composite
Partially stabilised Zirconia
Physical vapour deposition

Ravichandran lower/upper bounds

Rule of mixture/reciprocal rule of mixture

Self consistent method
Scanning electron microscopy
Single edge notched beam
Solid free form

Specific grid

Stress intensity factor

Three point bending
Tamura-Tomoto-Ozara model
Ultimate tensile strength
Ultraviolet

Vapour deposition technique
Wakashima and Tsukamoto method
X-ray diffraction

X-ray fluorescence

Yield strength

Zimmerman lower/upper bounds
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