MULTI-AXTAL FORGING OF AA6082/B4sCp NANOCOMPOSITE
DEVELOPED THROUGH ULTRASONIC ASSISTED STIR CASTING

SRIJAN PRABHAKAR

DEPARTMENT OF MECHANICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

NEW DELHI-110016, INDIA
APRIL 2024



©Indian Institute of Technology Delhi (IITD), New Delhi, 2024



MULTI-AXTAL FORGING OF AA6082/B4sCp NANOCOMPOSITE
DEVELOPED THROUGH ULTRASONIC ASSISTED STIR CASTING

by
SRIJAN PRABHAKAR

Department of Mechanical Engineering

Submitted
In fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2024



Dedicated te

My Lovely Wite Safisthi

and

My Delaved Faverts



CERTIFICATE

This is to certify that the thesis entitled “Multi-Axial Forging of AA6082/B4Cy

Nanocomposite Developed Through Ultrasonic Assisted Stir Casting” being submitted by

Mr. Srijan Prabhakar to the Indian Institute of Technology Delhi for the award of the degree

of Doctor of Philosophy in Department of Mechanical Engineering is a bonafide research

work carried out by him under my supervision and guidance. To the best of my knowledge,

the thesis has reached the requisite standard. The research reports and the results presented in

this thesis have not been submitted in parts or in full to any other University or Institute for

the award of any degree or diploma.

Dr. S. Aravindan
Professor
Department of Mechanical Engineering
Indian Institute of Technology Delhi
New Delhi— 110016

Dr. D. Ravi Kumar
Professor
Department of Mechanical Engineering
Indian Institute of Technology Delhi
New Delhi— 110016



ACKNOWLEDGEMENTS

I would like to express my profound gratitude and heartfelt thanks to my esteemed
supervisors, Prof. D. Ravi Kumar and Prof. S. Aravindan for providing me with the
opportunity to undertake this research under their expert guidance. Their mentorship has been
the bedrock of my academic and research endeavours. They have consistently offered
guidance, encouragement, and scholarly insight that have significantly enriched the depth and
scope of my research. Their commitment to fostering intellectual growth has left an indelible

mark on my academic journey. I am grateful to them in all respects.

I extend my heartfelt gratitude to the eminent members of my research committee, Prof.
P. V. Rao, Prof. S. Ghosh, and Prof. S. Neelakantan. The thoughtful critiques, constructive
feedback, and probing questions during various presentations have not only refined the
contours of this thesis but have also broadened my scholarly perspective. Their collective

expertise has been a guiding beacon, ensuring the rigor and excellence of this research.

I wish to express my sincere thanks to the senior research scholars Dr. Amit Kumar,
Dr. Ved Prakash, Dr. Kandarp Changela and Dr. Sunil Kumar. I express profound
gratitude to my lab mates of Integrated Design and Manufacturing Lab (DFM Lab) Mr.
Archit Srivastava, Mr. Vinay Kumar, Mr. K. Mahesh , Mr. Reeturaj Tamuly, Mr. M.
Suresh, Mr. Khanish Gupta, Mr. Salman Ansari, Mr. Subhrajit Chand and Ms. Shruti
Singh. Their camaraderie, intellectual engagement, and collective problem-solving have
fostered an environment that transcends the challenges of research. The synergy within our
research space has not only enhanced the quality of the work but has also made the entire

journey more enriching and enjoyable.

The Central Workshop staff members Mr. Prabhakar Biswal, Mr. Rahul Kumar

Chaurasia, Mr. Madan, Ms. Mamta and Ms. Bharti, with their helpful attitude and

i



willingness to provide their support, deserve special acknowledgment. I would also like to
thank Mr. Pankaj Sansanwal, Mr. Subhash Sansanwal and Mr. Tulsi Ram of Mechanical
Engineering Department for their help and support. Their contributions have been
indispensable, equipping me with the practical skills necessary for the execution of various

facets of my research.

A deeply personal note of appreciation goes to my wife, Sakshi Singh whose steadfast
belief in me, unwavering support, and caring encouragement have been the core of my
emotional resilience. Her sacrifices and understanding have been integral to maintaining focus

and motivation throughout this demanding pursuit.

Lastly, I extend my gratitude to my parents, brother, sister-in-law and in-laws. Their
unwavering love, encouragement, and belief in my capabilities have been a source of constant

inspiration. Their enduring support has provided the foundation for my academic pursuits.

This thesis is not just an individual achievement, but a collective success shaped by the
support and contributions of these remarkable individuals. I am sincerely thankful for the

impact each of you has had on my academic and personal growth.

(SRIJAN PRABHAKAR)

IIT DELHI

il



ABSTRACT

Aluminium matrix composites (AMCs) with nanoparticle reinforcement exhibit
superior mechanical properties compared to conventional AMCs. Stir casting, a widely used
fabrication method for AMCs, faces challenges like agglomeration and poor wettability of
nanoparticles. This study focuses on AA6082/B4Cp, metal matrix nanocomposites developed
through ultrasonic-assisted stir casting, incorporating B4C nanoparticles and Ti-based flux
(K2TiFs) as reinforcement. Ultrasonic vibration, applied post-mechanical stirring, ensures
uniform distribution of nanoparticle using a custom-made setup. The formation of secondary

phases (Al3Ti, TiSi2) refines the matrix microstructure and enhances B4C wettability.

The effect of processing temperature, % wt. of ‘B4C and K, TiF¢’ and vibration time and
interaction of these three parameters on mechanical properties have been characterized. Box
Behnken design and Response Surface Methodology optimize parameters for balanced
compressive strength and failure strain. Under optimal conditions, a 22% improvement in
compressive strength and a 144% increase in fracture strain are achieved, with significant

grain refinement (342 pm to 78 um).

To further enhance AMC properties, multi-axial forging (MAF), a severe plastic
deformation process, is applied. MAF involves subjecting a material to a large plastic strain
by application of sequential compression in all the three principal axes. A true strain of 0.1
(approx.) was imparted in each direction, leading to a total effective strain of 0.3 in each cycle.
The process has also been simulated using finite element method. The strain inhomogeneity
from centre to surface has been predicted by finite element simulation of multi-axial forging
with Voce hardening model and it correlated well with the experimentally determined
microhardness variation. The strain inhomogeneity factor (IF) was highest after cycle 1 and
it decreased significantly later in 2" and 3" cycles for the composite. The peak load predicted

through FE simulation for each pass agreed well with the experimental values for both the
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alloy and the composite. In MAF experiments, it was found that a total true strain of 0.894
(three cycles) could be imparted to the composite in MAF before failure whereas only a total

true strain of 0.293 (one cycle) could be imparted to the AA6082 alloy.

Microstructural changes due to MAF are examined through SEM, EDS, and EBSD.
After three MAF cycles, the composite exhibits a refined grain structure (154 pm to 52 pm)
and a bimodal grain distribution. B4C nanoparticle distribution improves with more MAF
cycles. Dislocation density varies with cycles, influenced by dislocation annihilation and
recovery. An intermetallic phase (AlsFeSi) with a Chinese script pattern emerges with
increasing strain. Crystallographic texture evolution correlates with observed variations in

yield strength during MAF.

Keywords: Aluminium Matrix Composites, Ultrasonic Assisted Stir Casting,
Optimization, Ultimate Compressive Strength, Failure Strain, Multi-Axial Forging, Finite

Element Simulation, Strain Inhomogeneity, Microstructure, Crystallographic Texture.



ARIA

SAeAehUT FESTT & Y TogAli=rgd HAigerd Hulfole (Tuae) TRUNS TTHAHAT i
JoleTl #H dgcR Fitaeh 0T JeRld Xl &1 FeX wricer, voae & fav sams &0
J 3T AT S qren AT geufa, Adtwu & v 3R @ 3ifeRar
ST AT T FHAT I &1 TG IEATA fogram-31REes X wiecar &
AGH @ AT AA6082/B,C, U] ARFH seihediiae W&o &, o
FedloT & & H B4C oAcllshvll 3R Ti-3MenRel welerd (KoTiFg) 1 enfder fohar
I §1 IHogrIleieh HYa, ifeh FeRer & aQ o], U wecA-AHAT A3 &1
3YANT FIHh AAIROl HT FAA fAROT FARTT Far &1 gfachiaes Hotet (AlsTi,
TiSi2) &1 AT ARFT AsEReFR & TAM™T Far § 3R B,C e #r
FEIdT g1 JEERIOT digaATd, 'BsC 3R KoTiFe' &1 9faerd R 3R &l @ 3R 5T
et HIICST & HATET T o7 Hevfoteher IO TR ARTAT Toharm aram &1 slerd defohed
f3omgeT 3R Reurd @y AYSlel ddiod ddise Afed 3R fAheldr = &
foT ATUESt &7 3icfeper A &1 e TRFEUTART &, ddisa afed 7 22% gur
3R ShaR da F 144% 7 gefr iffer @ S 8, fowed Fecayet e ete
(342 AZHA A 78 FTSHI) @ 2l

TUAET T[0T @Y R TG & T, HeEI-UTraaer BT (THTU), Teh 313 coTieesh
fa®aor gfghar, oy &1 Sl §1 vAves H |l et yo@ 31ef 7 hide ddis
& 39T GaRT Teh HIHA I d3 CAFeeh delld & 3TefleT el AR &1 Tcdeh
feRr & 0.1 (oRTemT) 1 aredfds TaT gl fohar I, 58 93s ash # Fel
gHTar ¥T 0.3 8 IATI 37 YThdT Hl HISasc Tlelde fafer &1 39T dhich oT
3TTeRYOT fRdT IRIT | WISHSE dod AN & HATETH & chey & Tclg ofeh sh Tdepict
AT T GalTAE fohar amm § 3R I8 J@RIcAs &9 & EiRa Aghiesad
TATIErAr & AT 3T G & TITd BT | eIl ATHAARIAT FRe& (3STF) Ih 1 &
9TE 3TIaH A1 AR d1g & FEdifele & v ga 3R dR T # Ig HrhT wA g
AT T I & TAT UhS A & AETH @ 3T IRhdd HR A
g AR AT el & AT galencAs qedi § 36T oig HeAd ol THUTH I
A, Ig 9T AT TR [QWeldr @ Ugel TAUUG H FFqifaic &l 0.894 (el dsh) ol
el dREdideh delld Yl fohar ST @ehdr o1, Sidfeh AAB082 A &g T dhael
0.293 (Tsh Tsh) HT Fel AEATdh TATd Feled foham ST Fehll M|
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TAUUG & HROT gl el oA TXaellcds aRadal @ ofg TastH, $8uw 3R
SATUHST & HTEIH & SIiaT a7 &1 cliel UHUUG shl & d16, HFaifolc Th TRShd
g TG (154 um & 52 pm) 3R v gfadAsd g1 favor vefia sar g
Hh TATUR ehi & AT N4AT AAIRoT IO H JUR BT &1 cIaEAT H
efcd ekl & AT F&eldl Bl §, S 37eaedl & faamer iR gavifta & genfad
gIar g1 I o Yoot & a1 v ScxAcioed WOT (AlsFeSi) sed dad & arY
3T g1 fohecaanthes deide &7 A THATTE & SR 3usT AfFd F &Y 15
fafaeranstt & @efoa g

AET Ueq: TogiAlegd AFH FUiive, ol 3faes X Hiiec,
JifCeAEad, 3ecAe FIABT TA, FeadR T, FHe-UiFaIad Hifordr, aRFAT
ded TR, Tl SAgIASTACT, ATSshIEcFNR, fhecelaithe FarR|
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NOMENCLATURE

Hv- Vicker’s hardness

Tm- Melting Temperature

gy~ Yield Strength

0,- Overall lattice resistance to dislocation movement
Kjp- Hall-Petch Constant

d- Grain Size

@- Inner Die Angle

W- Outer Die Angle

&- Strain applied in each pass

vol.%- Volume Percentage

wt.%- Weight Percentage

0- Contact Angle

K- Mass Matrix

Mi- Mass Matrix

w;- Natural Frequency of I'" Mode Shape

u;- i™ Eigenvector (Mode Shape)

k- Number of Factors/ Variables

Y- Response Variable

n- Number of Variables

Bi, Bii and B;j- Coefficients of Linear, Square, and Interacting terms
Xi and Xj- Independent Variables or Factors

&- Random Error

m- Interface Friction Factor

7- Shear Stres
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op- Flow Stress

0,- Normal Contact Pressure

€;- True Strain in Height for 1% Pass

&,- True Strain in Height for 2™ Pass

&3- True Strain in Height for 3™ Pass

hy and hy- Final and Initial Dimensions of the Sample in the Direction of Compression
&- Effective Starin

&¢- Failure Strain

oy,- Surface Energy of Al Melt in Vapour Phase
0,- Surface Energy of Reinforcement Particles in Vapour Phase
o~ Surface Energy of The Particle in Liquid

u- Maximum Velocity of Acoustic Streaming

- Frequency of Ultrasonic Vibration

a- Amplitude of Vibration

o- True Stress

K- Strength Coefficient

€- True Strain

n- Strain Hardening Index

A, B, C, K, €,- Material Constants

h;- Initial Thickness

hg- Final Thickness

Ah- Change in Thickness

e- Engineering Strain

penp- Dislocation Density

1 Step Size of EBSD Acquisition Process

b- Burgers Vector of the Material

Xviil



ABBREVIATIONS

AMCs- Aluminium Matrix Composites
ANOVA- Analysis of Variance

ARB- Accumulative Roll Bonding
BBD- Box Behnken Design

CCD- Central Composite Design

CG- Coarse-grained

CNT- Containing Carbon Nanotubes
DLS- Dynamic Light Scattering

DoE- Design of Experiment

DRX- Dynamic Recrystallization
EBSD- Electron Backscatter Diffraction
ECAP- Equal Channel Angular Pressing
ECAP- Equal Channel Angular Pressing
ECAP- Equal Channel Angular Pressing
EDS- Energy-Dispersive X-Ray Spectroscopy
EDX- Energy Dispersive X-ray

FCC- Face Centered Cubic

FE- Finite Element

GPB- Guinier-Preston—Bagaryatsky
GRG- Generalized Reduced Gradient

HAGBs- High-Angle Grain Boundaries

XiX



HIP- Hot Isostatic Pressing

HMI- Human Machine Interface

HPT- High-Pressure Torsion

HPT- High-Pressure Torsion

IF- Inhomogeneity Factor

IPF- Inverse Pole Figure

IQ- Image Quality

KAM- Kernel Average Misorientation
LAGBs- Low Angle Grain Boundaries
MAF- Multi-axial Forging

MAF- Multi-Axial Forging

MCC- Multiple Constrained Compression
MDF- Multi-Directional Forging
MMCs- Metal Matrix Composites

NI- National Instruments

ODF- Orientation Distribution Function
ODF- orientation distribution function
PCS- Photon Correlation Spectroscopy
PDI- Polydispersity Index

PID- Proportional-Integral-Derivative
PM- Powder Metallurgy

QELS- Quasi-Elastic Light Scattering

RPRF- Repetitive Press Roll Forming
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RSM- Response Surface Methodology
RTF- Room Temperature Forging
SEM- Scanning Electron Microscope
SFE- Stacking Fault Energy

SL- Semisolid-liquid

SPD- Severe Plastic Deformation

SS- Semisolid-semisolid

SSE- Sum of Square of Errors

TEM- Transmission Electron Microscope
UCS- Ultimate Compressive Strength
UFG- Ultrafine-grained

UTM- Universal Testing Machine
UTS- Ultimate Tensile Strength

UV- Ultrasonic Vibration

WEF- Warm Forging

XRD- X-Ray Diffraction

YS- Yield Strength
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