EFFECTS OF THERMOMECHANICAL PROCESSING ON THE

MICROSTRUCTURE, TENSILE STRENGTH AND PLASTICITY INDICES

OF 6063 ALUMINIUM ALLOY

BY
OMOTOYINBO JOSEFH AJIBADE

M.Sc (Metallurgical & Materials Engineering)

A THESIS IN THE DEPARTMENT OF METALLURGICAL AND
MATERIALS ENGINEERING SUBMITTED TO THE SCHOOL OF
POSTGRADUATE STUDIES IN PARTIAL FULFILMENT OF THE
REQUIREMENTS FOR THE AWARD OF DOCTOR OF PHILOSOPHY
(Ph.D) DEGREE IN METALLURGICAL AND MATERIALS

ENGINEERING OF THE FEDERAL UNIVERSITY OF TECHNOLOGY,

AKURE, NIGERIA.

FEBRUARY 2008.



CERTIFICATION

We certify that Engr. J.A. Omotovinbo of the Department of Metallurgical and Materials

Engineering. Federal University of Technology Akure, carried out this study.

! ol ot

Prof. 1.8.0. Adeniyi Prof. J.0. Borode

{Major Supervisor) {Co-Supervisor)

B

Dr. JLO.T. Adewara

Head of Department/ {Co-Supervisor)



DEDICATION

This work is dedicated to the GOD ALMIGHTY, whose grace sustained my life until today. He
lifted me up severally from the valley of death and often silently reminded me, “to sueceed you

ﬂ-m{t quit, | am a God that never fails.”

i




ACKNOWLEDGMENT

I would like to thank Professor J.5.0 Adeniyi (the Major Supervisor of this work), whose
supervision has been invaluable. The assistance he provided in the form of advice and fruitful
discussions was always useful and sometimes a source of inspiration. Likewise my sincere
appreciation goes to Prof. J.O. Borode (the Co-Supervisor of this work), for his moral and
academic support. [ will forever be grateful for all the pains you endured in ensuring that this work
came to a logical conclusion.

| am also indebted to my Head of Department, Dr. J.O.T Adewara for his numerous and far-
reaching contributions 1o the success of this project.

My profound gratitude goes to Prof. K. Ipinmoroti of the Department of Chemistry, who in his
capacity as the Deputy Vice Chancellor (Academics) encouraged me to put more effort towards
the successful completion of the work,

The assistance of Prof. P.A. Akinola of the Department of Mathematics, Obafemi Awolowo
University, le-Ife in modeling is very much appreciated, and | sincerely thank him for his
encouragement

I would like to seize this opportunity to remember Late Prof. O.T. Adepoju, the Foundation Dean
of the School of Engineering and Engineering Technology (SEET) and the most senior colleague
in the department of Metallurgical and Materials Engineering, Federal University of Technology,
Akure. The legacy of hard work and togetherness he left behind continues to thrive.

I do acknowledge the contnbutions of the subsequent Deans of the School'of Engineering and
Engineering Technology for sustaining the enabling environment that allowed the school to
progress, and in particular, | must thank the current Dean of SEET, Prof. A.S. Ogunlowo for his

unalloved encouragement. %,

iv




My thanks go to Dr AM. Oguniuase, Dr M.O. Alatise and Prof O.T. Fapetu for their
encouragements. 1 would also like to express particular appreciation to Dr B.O. Adewuyi, Prof.
John Ade Ajayi, and all other academic and non-academic staff members of the Metallurgical and
Materials Engineering department for their prayers and moral support. Same goes to my
colleagues and friends in other departments in SEET.

1 wish 1o acknowledge the materials assistance received from the Nigerian Aluminium Extrusion
Company (NIGALEX), and Tower Aluminium Rolling Mills both in the Lagos metropolis.
Deformation and heat treatment facilities as well as technical assistance were penerously made
available by the Federal University of Technology, Akure (FUTA), Engineering Materials
Development Institute (EMDI), Akure, Obafemi Awolowo University, [DAUI}, lle-Ife, University
of Lagos (UNILAG), and SCUBA METALS, a privately owned heat treatment outfit in Lagos.
The immense contributions of my friends and colleagues in the diasporas are particularly
recognized, Prof. AB Ogwu of the University of Paisley, Paisley, Scotland, and Dr A.G. Odeshi
of the University of Manitoba, Winnipeg, Canada,

| thank the Federal University of Technology, Akure for granting me the opportunity for this
research through the StalT Development Programme. Mr. Muyviwa Babafemi 18 appreciated for his
assistance in word processing.

My gratitude goes to my wife, Rose and my children, for their understanding, patience and pains
throughout the period of this work.

Finally. | commit all those that contributed 1o the success of this work in one Torm or the other 1o
the me:rcE and blessings of God Almighty.

fﬂ“’%fﬁgmym .:g;:

February 2008.



TABLE OF CONTENT

Title of thesis

Certification

Dedication

Acknowledgement

Table of content

List of Tables

List of Figures

List of Plates

List of Symbols

Albstract

CHAPTERS

1.0
1.1

12

2.1
2.2
23
24

25

INTRODUCTION
Aims and Objectives

Background Project

LITERATURE REVIEW

History of Aluminium

Geology of Aluminium

Mineralogy of Bauxite for producing Smelter Grade Alumina
Aluminium and its Alloys

Basic metallurgy of the production of primary Aluminium

PAGES

i
v

vl

XV

XXV

10

11

16

19



16

2.7

28

.10

Pure Aluminium Metal —Properties and Application
Classification of Aluminium Alloys
2.7.1 Wrought Aluminium Alloy
2,72 Cast Aluminium Alloy
273 Temper Specification of Aluminium Alloys
2.74 Non-heat Treatable Wrought Aluminium Alloys
275 Heat Treatable Wrought Aluminium Alloys
Recrystallization of deformed Aluminium Alloys
2.8.1 Deformation of Single Crystals
282 Deformation in Polyerystalline Aluminium Alloyvs
283 Presence of Macro and Micro inhomogeneity in deformed Metals
2.8.3.1 Inhomogeneities due to Friction Forces
2.8.3.2 Inhomogeneities due to excess Phases
2.8.3.3 The Formation of Point Defects in deformation
284 Processes occurring in Deformed Aluminium on Heating
Review of Thermomechanical Processing
2.9.1 Low-Temperature Thermomechanical Treatment (LTMT)
2.9.2 High-Temperature Thermomechanical Treatment (HTMT)
2.9.3 Preliminary Thermomechanical Treatment (PTMT)
Precipitation Strengthening of Al-Mg-Si Alloy
2.10.1 Kinetics or sequence of Precipitation on Ageing
2.10.2 Mechanism of Strengthening or Hardening

2,103 Ageing and Overageing

vii

33

39

43

43

45

46

a0

54

37

6l

69

72



3.0 EXPERIMENTAL TECHNIQUE
3.1 Materials and Preparation
12 Equipment Used
3.3 Solution Heat Treatment
3.4 Experiments on Thermoplastic Processing of Samples
3.5 Experiments on Ageing of Samples
3.6 Experiments on Thermomechanical Ageing
3.7 Determination of Mechanical Properties
3.7.1 Tensile Properties measurement
3.7.2  Impact Energy Measurement
3.7.3 Metallographic Examination
1.8 Development of Mathematical Models
3.8.1 Introduction
3.8.2 Mathematical Model for Thermomechanical Properties 6063

Aluminium Alloy

4.0 RESULTS AND DISCUSSION

4.1 Chemical Composition

4.1.1 Tensile Strength and Plasticity Indicies of Solution Heat Treated (SHT)
6063 Aluminium Alloy. :

4.12 Definition Strengthening or Work Hardening Potential of 6063 Aluminium

Allay

4.1.3 Ageing Charactenistics of Al-Mg-5i Alloy

viii

75

75

75

6

76

77

TR

K2

84

83

BB

86

86

93

93

93




4.14 Thermomechanical Ageing Characteristics 04
4.1.5 Evaluated Models 04
4.2 Discussion of Results %6
42.1 Effect of Solution Heat Treatment on the tensile Strength and Plasticity indices 96
of 6063 Aluminium alloy
4.2.2 Effect of the Variation of Percentage Deformation and Working Temperature
on the Tensile Strength and Plasticity Indices of Thermoplastically Processed
6063 Alloy Ot
423 Effect of the vaniation of Ageing Temperature and Time on the Tensile
Strengths and Plasticity Indices of Antificially Aged 6063 Alloy. 101
424  Effects of the variation of processing parameters on the Tensile Strengths
and Plasticity Indices of Thermomechanically Aged Al-Mg-5i alloy 108
425 Influence of TMA [ treatment on the Tensile Strengths and Plasticity
of Al-Mg-Si alloy. 121
426  Influence of TMA Il treatment on the Tensile Strengths and Plasticity of
663 Aluminium alloy. . 122
427  Influence of TMA Il treatment on the Tensile Strengths and Plasticity of
6063 Aluminium alloy 123
428 Comparism of TMA-L, TMA 1l and TMA 111 124
43 Discussion of Micrographs. o 130
4.3.1 Macrostructure and Microstructure 130
432 Microstructure of solution Heat Treated (SHT) 6063 Al Alloy 130
433 Microstructure of Thermoplastically Worked Al-Mg-5i Alloy 131



43,3 Microstructure of Thermoplastically Worked Al-Mg-5i Alloy
434 Microstructure of Artificially Aged Al-Mg-5i Alloy
4.3.5 Microstructure of Thermomechanically Aged Al-Mg-5i alloy
{a) Microstructure of Thermomechanically Aged 6063 Aluminium allov
samples with an initial 25% preageing.
(b} Microstructure of Thermomechanical aged 6063 Aluminium allov
samples with an initial 30% preageing.
{¢) Microstructure of Thermomechanical agedd063 Aluminium alloy
samples with an initial 75% preageing.
50 CONCLUSION
6.0 RECOMMENDATION
REFERENCES
APPENDIX 1

APPENDIX 11

L1

|40

131

131

152

170

173

173

176

185

156




LIST OF TABLES

TABLES PAGE
2.1. Mineralogical Composition of Tropical Bauxites 13
22 Typical Major, Minor and Trace Components in Tropical Bauxites. L5
23. Nomenclature of Pure Wrought Aluminium Alloys. 24
14, Wrought Aluminium Alloy of Al-Mg-5i Composition 24
2.5, Designation System for Wrought Aluminium Alloys 25
2.6. Designation System for Cast Aluminium Alloys 26
3Ja  Details of the TMA treatments at 180°C for specimens which were preaged for Jhours
before warm rolling(TMAI) ' 79
3.1b.  Details of the TMA treatments at 180"C for specimens which were preaged for 6hours
before warm rolling{ TMAII) 8]0
3.1e.  Details of the TMA treatments at 180°C for specimens which were preaged for Shours
before warm rolling{ TMAIIT) g1
i2 Variation of Percentage Elongation with Deformation Temperature at 10% Degree of 87
Deformation
33 Peaks of experimental values of mechanical properties in aificially aged 6063
Aluminium Allov o0
4.1. The chemical composition in weight percentage of the 6063 Aluminium alloy 93
41a.  Evaluated ultimate tensile strength values from model and experiments in TPP 94
4.1b.  Evaluated impact strength values from model and experiments in TPP 95
41c.  Ewvaluated mechanical property values from models and experiments in AAT, a3
42 Properties of Solution Heat Treated (SHT) 6063 Aluminium Alloy 185

Xl




4.26 Variation of Tensile strengths and Plasticity indices with Ageing time for TMA LI C 193

4.27 Variation of Tensile strengths and Plasticity indices with Ageing time for TMA 11 D 193

428 Variation of Tensile strengths and Plasticity indices with Ageing time for TMA LI E 194

4.29

4.30

431

4,32

4.33

4.34

4.36

Change in Properties with increasing degree of Deformation at 25PA, 8hrs Ageing time,

and 180°C Ageing temperature

194

Change in Properties with increasing degree of Deformation at S0P A, Bhrs Ageing time,

and 180"C Ageing temperature

14t

Change in Properties with increasing degree of Deformation at 75PA, Bhrs Ageing time,

and 180"C Ageing temperature,
Change in Tensile strengths and Plasticity with increasing degree of Preageing
at 104 Deformation, 8hrs Ageing time and 180"C Ageing temperature.
Change in Tensile strengths and Plasticity with increasing degree of Preageing
at 200 Deformation, Bhrs Ageing time and 180'C Ageing temperature,
Change in Tensile strengths and Plasticity with increasing degree of Preageing
at 30% Deformation, 8hrs Ageing time and 180"'C Ageing temperature,
Change in Tensile strengths and Plasticity with increasing degree ut'Pr;-againg
at 40% deformation. 8hrs Ageing time and 180°C Ageing temperature.
Change in Tensile strengths and Plasticity with increasing degree of preageing

at 50% deformation, 8hrs Ageing time and 180°C Ageing temperature.

Xl

154

195

195

195

195

195




LIST OF FIGURES

FIGURES PAGE
2.1 A schematic diagram of the Bayer process 13
22, Typical schematic stress-strain curve for FCC erystals favorably 32

oriented for easy slip.

23. A kink band {Schematic) 39
24.  Effect of grains size on microinhomogeneity of their deformation {schematic). 39
2.5 Pseudo-Binary phase diagram for Al-Mg-58i Alloy System 63
246, Principal schemes of thermomechanical processing of ageing alloys : 55
1.7.  Eftect of percentage deformation on hardness of typical metallic alloy under varied 55

working condition

28  Schematic temperature-versus-time plot showing both solution and precipitation heat 64
treatments for precipitation strengthening.

19  Schematic diagram showing strength (hardness) as a function of the 64
logarithm of ageing at constant temperature during the precipitation heat treatment.

2.10.  Dependence of free energy on composition of supersaturated a-Al mlur.icm. 68
which stratifies with the formation of GP tones, meta-stable [f-phase and stable f-phase.

2.11.  C-curves for the formation of GP zones, intermediate [J- phase and stable [i-phase on 63

precipitation of supersaturated solution in an aged alloy,

2.12.  Individual steps in Orowan mechanism. | 15

2.13. Effect of particle size in the stress required to make dislocations 15
intersect or by pass particles.

3.1, Tensile Specimen Standard design, 82

xiv




3.2 Swress-Strain Curve for the determination of 0.2% proof stress 83
33, Impact Specimen Standard design. 82
4.1, Variation of Ultimate Tensile Strength (UTS) with Degree of Deformation at different

working Temperatures. v
4.2, Variation of 0.2% Proof Stress with Degree of Deformation at different working

Temperatures. 98
43 Variation of Percentage Elongation with Degree of Deformation at different working

Temperatures. e
44 Variation of Impact Energy with Degree of Deformation at different working

Temperatures. 99
45  Variation of Ultimate Tensile Strength (UTS) with Ageing Time at different Ageing

Temperatures. 102
46 Variation of 0.2% Proof Stress with Ageing Time at different Ageing Temperatures. 102
4.7 Variation of Percentage Flongation with Ageing Time at different Ageing Temperatures. 104
48 Variation of Impact Energy with Ageing Time at different Ageing Temperatures. 104

49 Comparative variation of Ultimate Tensile Strength in TMA | and SHT processing routes. 109

4.10. Comparative (.2% Proof Stress in TMA 1 and SHT processing routes. Lo9
4.11. Comparative variation of Percentage Elongation in TMA | and SHT processing routes. 110
4.12 Comparative variation of Impact Energy in TMA I and SHT processing routes, 110

4.13 Comparative variation of Ultimate Tensile Strength in TMA 11 and SHT processing routes. 112
4.14 Comparative variation of 0.2% Proof Stress in TMA 1T and SHT processing routes. 112

4.15 Comparative variation of Percentage Elongation in TMA 11 and SHT processing routes. 113

Xy



I 4.16 Comparative variation of Impact Energy in TMA 1l and SHT processing routes. 113

4.17 Comparative variation of Ultimate Tensile Strength in TMAII and SHT processing routes. 116

4.18 Comparative variation of 0.2% Proof Stress in TMA 111 and SHT processing routes. 116
4,19 Comparative variation of Percentage Elongation in TMA Il and SHT processing routes. 17
4200 Comparative variation of Impact Energy in TMA 11T and SHT processing routes. 117

421 Change of Properties with increasing degree of deformation at 25PA, and 8 hours final

ageing time 125
422 Change of Properties with increasing degree of deformation at 50PA, and 8 hours final

ageing time ' 125
4.23 Change of Properties with increasing degree of deformation at 75PA, and 8 hours final

ageing time 126
4.24. Change in Tensile Strength and Plasticity with increasing degree of preageing at 180°C, 10%

deformation, and 8 hours final ageing time. 127
425 Change in Tensile Strength and Plasticity with increasing degree of pre-ageing at 180"'C, 20%

deformation, and 8 hours final ageing time. |28
4.26 Change in Tensile Strength and Plasticity with increasing degree of pre-ageing at 180°C. 30%

deformation, and & hours final ageing time. 128
4.27 Change in Tensile Strength and Plasticity with increasing degree of pre-ageing at 180°C. 40%

deformation, and B hours final ageing time. 129
4.28 Change in Tensile Strength and Plasticity with increasing degree ufpre—a.gei.ng at 180°C, 50%

deformation, and 8 hours final ageing time. 129

I. ‘B r’

XVi



LIST OF PLATES

PLATES PAGE
Plate 1. Typical microstructure of Al-Mg-Si alloy; as received (SHT) showing particles of

FesSiAlyz (scriptlike), AlsFeSi (platelike) and MgsSi (small biocky form) in a matrix

of Aluminfum-rich solid solution. Etched in 0.5 percent HF, 250x. 132
Plate 1AR. Typical TEM microstructure of the as received Al-Mg-8i alloy showing Fe;SiAl;

particles, dislocations and few B precipitate in a matrix of a-Aluminium rich solid

solution. 132

Piate 3,

Plate 4.

Plate 5.

Plate &,

Typical microstructure of Al-Mg-Si alloy;20% deformation at 180°C, shiowing particles

of FexSiAliz { scriptlike Jand MgsSi (lamellar or small blocky form) in a matrix of
Aleminium-rich solid solution. Etched in 0.5 percent HF 400x. 133
Typical microstructure of Al-Mg-Si alloy; 40% deformation at 180°C, showing particles

of Fe;SiAlyz ( seriptlike Jand Mg:5i (lamellar or small blocky form) in a matrix of

Aluminium-rich solid solution. Fragmented dispersoids are becoming smaller.

Etched in 0.5 percent HF,400x. : 133
Typical microstructure of Al-Mg-Si alloy; 50% deformation at 180°C, showing particles

of Fe;SiAlz (scriptlike) and Mg:5i (small blocky form) in a matrix of Aluminium-rich

solid solution, Etched in (0.5 percent HF, 400, 134
Typical microstructure of Al-Mg-Si alloy; 20% deformation at 240°C, ..?.ht.‘.:wing particles

of FesSiAls: (scriptlike) and Mg.5i (lamellar or small blocky form) ii;. a matrix of

Aluminium-rich solid solution, Lamellar forms of Mg,5i are significantly prominent.

Etched in (1.5 percent HF 400x. 134

x¥li



Plate 7.  Typical microstructure of Al-Mg-5i1 alloy; 40% deformation at 240°C, showing particles
of Fe;SiAl;; (scriptlike) and MgsSi { small blocky form) in a matrix of Aluminium-rich
solid solution. Fewer particles of Mg:Si compared to that of Fe;SiAl; dispersoid.
Etched in 0.5 percent HF 400x. 135
Ple 8. Typical microstructure of Al-Mg-Si alloy; 50% deformation at 240"C, showing particles
of FeaSiAl: (seriptlike) and Mg:Si (lamellar or small blocky form) in a matrix of
Aluminium-rich solid solution. Lamellar forms of Mg:5i are more prominent.
Etched in (1.5 percent HF 400x. 135
Plaie 5, Typical microstructure of Al-Mg-Si alloy; 50% deformation at 160°C, showing particles
of FeySiAly; { scriptlike) and Mg;Si (lamellar, or small blocky form) in a matrix of
Aluminium-rich solid solution. Mechanical fibering prominent.
Etched in 0.5 percent HF, 40, 136
Plate 10. Typical microstructure of Al-Mg-Si alloy: 50% deformation at 220°C, showing particles
of FeySiAla (scriptlike) and Mg:Si (lamellar, or small blocky form) ina n.::ﬂlrix of
Aluminium-rich solid solution. Mechanical fibering evident
.Etched in 0.5 percent HF, 400x. 136
Piate 2TPP Typical TEM microstructure of cold deformed Al-Mg-Si alloy( at 28°C and 20%
deformation) showing fragmented FeiSiAly; particles, dislocations amihfe-w [} precipitate
in a matrix of o-Aluminium rich solid solution. 137
Plate 3TPP  Typical TEM micrograph of Al-Mg-Si alloy showing shallow dimples adjacent to a fine

microscopic secondary crack in 50% deformed alloy at 220°C, 137

xwiil




4TPP Typical TEM microstructures of Al-Mg-3i alloy showing mechanical fibering which are
sites of dislocations. No dimples, no annihilations, and few f-phase evident.
Alloy deformed by 50% at 160°C. 138
STPP. Typical TEM micrograph of Al-Mg-5i alloy, subjected to 50% at 180°C showing several
FesSiAly; dispersoids of size 0.1-0.5pm and numerous finely dispersed lamellar-like
precipitates of Mg:5i, in a matrix of a-Aluminium rich solid solution. 138
i1 Typical microstructure of artificially under-aged (UA) Al-Mg-5i alloy, at 180°C for Bhrs,
showing particles of Fei5iAlz (scriptlike), and few precipitates of Mg:Si (small lamelar/
blocky form) in & matrix of Aluminium-rich solid solution.
Etched in 0.5 percent HF, 500x. 142
12.  Typical microstructure of artificially peak-aged (PA) Al-Mg-Si alloy at 180°C for 12hrs,
showing particles of Fe;SiAl;; (scriptlike) and scanty precipitates of Mg, Si
(small blocky form) in a matrix of Aluminium-rich solid solution. Cells formation
is visible. Etched in 0.5 percent HF, 500x. 142
Platel3.  Typical microstructure of artificially over-aged (OA) Al-Mg-Si alloy ar 150°C for 16hrs,
showing particles of Fe;SiAl;; (modified scriptlike form), and precipitates of MgaSi (small
lamellar/ blocky form), in a matrix of Aluminium-rich solid solution. Noted here is the
clustering of the particles of Fe;SiAlsdispersoids.. Etched in 0.5 percent HF, 500x. 143
Plstel4  Typical microstructure of artificially strongly over-aged (SOA) Al-Mg-Si nillul:nj].n'f at 180°C
for 20hrs, showing particles of Fe;SiAlj; (modified scriptlike form) an::l f&w precipitates
of Mg25i (small lamellar’ blocky form) in @ matrix of Aluminium-rich solid solution.

Coarsening of particles is evident. Etched in 0.5 percent HF, 500x.

Xix




Plate 6AA

Plate TAA

Plate 3AA

Plate 9AA

Plaie [DAA

Plate 15,

Typical TEM micrograph of under aged (UA) Al-Mg-5i alloy subjected to conventional
artificial ageing (AA) treatment, showing the needle-shaped GP zones, " precipitates,
lathe-like f' precipitates (all strengthening particles). and coarse seript-like particles of
FeySiAlgs all in a matrix of a-Alummivm rich solute solution. No pre ageing in this case, 144
Typical TEM microstructures of Al-Mg-5i alloy showing peak aged (PA) structure of
artificially aged (AA) alloy at 160°C for 16hrs and at 180°C for 12 hrs, few f-phase have
started o emerge. 144
Typical TEM microstructures of Al-Mg-5i alloy showing overaged (OA) structure of
artificially aged (AA) alloy at 180°C for 16hrs and 200°C for 12hrs, Coarser l-phase and

other dispersoids are quite noticeable. 145
Typical TEM micrograph of artificially aged Al-Mg-5i alloy in strongly over aged (SOA)
condition showing coarse particles of FeySiAlj; and coarse precipitates of the intermediate
phases. 145
Typical TEM micrograph of artificially aged Al-Mg-5Si alloy in the post peak aged condition
{aged for 14hrs at180°C), showing the Orowan bypassing mechanism. The vertical *beam’

is one of the larger i’ needles, being bypassed by many dislocations {ap;:mrai as spiraling
around the precipitate). 146
Typical microstructure of artificially under-aged (UA) Al-Mg-5i alloy at 28°C for 6hrs,
showing particles of Fe;SiAl;; (scriptlike) and insignificantly few prem pitates of Mg.5i

(small blocky form) in a matrix of Aluminium-rich solid solution. Nnta:l here are

relatively small clusters of the particles of Fe;8iAl;; dispersoids.

Etched in 0.5 percent HF, 500x. 146

XX




Plate 16.

Plate 17.

Plate 18,

Plate 19.

Plate 20.

Plate 21.

Typical microstructure of artificially under-aged{UA ) Al-Mg-5i alloy at 160°C  for Ghrs,
showing particles of Fe;8iAl); (scriptlike) and precipitates of Mg-8i (blocky form) ina

matrix of Aluminium rich solid solution, Noted here are the clusters of the particles of
Fe;SiAl,; dispersoids and Mg, Si phase. Etched in 0.5 percent HF. 300x. 147
Typical microstructure of artificially under-aged (UA) Al-Mg-5i alloy al 180°C for Ghrs,
showing particles of FesSiAlj(scriptlike) and precipitates of Mg-5i (lamellar/ blocky form}

in a matrix of Aluminium-rich solid solution, Noted here are the clusters and the modified
forms of the particles of FesS5iAljz dispersoids. Etched in 0.5 percent HF, 500x. 147
Typical microstructure of artificially under-aged (UA) Al-Mg-Si alloy at 200"C for &hrs,
showing particies of Fe:SiAlj; (scriptlike) and very few precipitates of Mg:5i (small

lamellar’ blocky form) in & matrix of Aluminium-rich solid solution..

Etched in 0.5 percent HF, 500x 148
Typical microstructure of artificially peak-aged (PA) Al-Mg-Si alloy at 220'C for 6hrs,
showing particles of Fe;SiAly; (modified seriptlike) and clusters of the precipitates of

Mg 5Si (lamellar’ blocky forms) in a matrix of Aluminium-rich solid solution.

Etched in 0.5 percent HF 500x 148
Typical microstructure of artificially, strongly over-aged (SOA) Al-Mg-Si alloy at 200'C

for over 16hrs, with 10 hours final ageing time, showing particles of Fe;SiAlj (scriptlike),

and very few precipitates of Mg;Si { lamellar / small blocky form) iq a mnlnx of
Aluminium-rich solid solution. Etched in 0.5 percent HF 400x. o 149
Typical underaged (UA) microstructure of Al-Mg-Si alloy subjected 1o TMA |A processing
route showing particles of FesSiAl;; (scriptlike) and scanty precipitates of Mg:Si (small

blocky form) in a matrix of Aluminium rich solid solution. Noted here are relatively

|



Plate 25

Plute 26,

L I

Ny "I..l'l'

smaller forms of the particles of FeaSiAly; dispersoids. 'I!.:ltlls formation is noted here.

Etched in 0.5 percent HF, 500x. 149
Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to TMA 1A processing
route with 14 hours final ageing time, showing particles of Fe;SiAlj(scriptlike), AlsFeSi
(platelike), and Mg:Si ( short lamellar’ small blocky form) in a matrix of Aluminium-rich
solid solution . The a-Al rich matrix (light green) consists of well dispersed intermediate-
phase particles. Etched in 0.5 percent HF, 400x 153
Typical overaged (OA) microstructure of Al-Mg-5i alloy subjected to TMA 1A processing
route with 20 hours final ageing time, showing particles of Fe:SiAls{scriptlike),AlsFeSi
{platelike), and Mg.5i { lamellar /' blocky form) in a matrix of Aluminium-rich solid
solution . Etched in 0.5 percent HF 400x. 153
Typical peak-aged (PA) microstructure of Al-Mg-5i alloy subjecied to TMA IC processing
route showing particles of Fe;SiAl (scriptlike), AlsFeSi (platelike), and Mg, Si ( short
lamellar / small blocky form) in 8 matrix of Aluminium-rich solid solution . The a-Al rich
muatrix {light green) has higher solute concentration as a result of 25% preageing.
Etched in 0.5 percent HF 400x. 154
Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to TMA 1IC

processing route showing particles of Fe;SiAl x{scriptlike), and few precipitates of

MgaSi ( small blocky form) in a matrix of Aluminium-rich solid mluti.un1-

Etched in 0.5 percent HF 400x. - 155
Typical peak aged (UA) microstructure of Al-Mg-5i alloy subjected to TMA TTTC

processing route showin particles of FesSiAlis(scriptlike), and few precipitates of

Mg25i ( small blocky form) in a matrix of Aluminium-rich solid solution .




Plage 27

Plale 28

Plate 29

Plate 30

Plate 31

Etched in 0.5 percent HF 400x.

Typical underaged (UA) microstructure of Al-Mg-5i alloy subjected to TMAIID

processing route showing particles of Fe;SiAlj(scriptlike), and few precipitates of

Mg+5i { small blocky form) in a matrix of Aluminium-rich solid solution .

Etched in 0.5 percent HF, 400x.

Typical peak aged (PA) microstructure of Al-Mg-5i alloy subjected to TMAILID
processing roule showing parlicles of FeySiAlo{scriptlike), and few precipitates of
Mg25i ( lamellar / small blocky form) in a matrix of Aluminium-rich solid solution .
Etched in 0.5 percent HF 400x.

Typical over aged (OA) microstructure of Al-Mg-5i alloy subjected 1o TMAIID
processing route showing particles of Fe:SiAl®{scnptlike), and precipitates of
MgaSi { lamellar / small blocky form} in a matrix of Aluminium-rich solid solution .
Etched in (.5 percent HF, 400x.

Typical under aged (UA) microstructure of Al-Mg-Si alloy subjected to TMAIIIA
processing rout showing particles of Fe;SiAl; (seriptlike) and Mg25i (lamellar / small
blocky form) in a matrix of Aluminium-rich solid solution. A s:hangeiin the matrix
colouration due to a further increase in - solute concentration by virtue of 75%
preageing is noted here and for all TMAIII processing routes.

Etched in 0.5 percent HF 400x.

Typical peak aged (PA) microstructure of Al-Mg-Si alloy suhjncl.e.:i 10 TMAILA
processing route showing particles of redistributed Fe SiAl(scriptlike), and few
precipitates of Mg, Si (lamellar/ small blocky form) in a matrix of Aluminium-rich

solid solution . Etched in 0.5 percent HF, 400x
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32 Typical peak aged (OA) microstructure of Al-Mg-Si alloy subjected to TMAIILA
processing route showing particles of FesSiAly; (stretched scriptlike form), and
precipitates of Mg25i (lamellar/ coarse blocky form) in a matrix of Aluminium-rich
solid solution. Etched in 0.5 percent HF, 400x. 158
Plage 33 Typical under aged (UA ) microstructure of Al-Mg-Si alloy subjected to TMAIIIB
processing route showing particles of redistributed FeiSiAl s(scriptlike), and few
precipitates of MgSi ( small blocky form) in a matrix of Aluminium-rich solid
solution . Etched in 0.5 percent HF.400x. 159
Plate 34 Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to TMA 11IB
processing route showing particles of FeiSiAl s{scriptlike), and few precipitates
of Mga5i (lamellar/ tiny blocky form) in a matrix of Aluminium-rich solid solution.
Etched in 0.5 percent HF 400x. 159
Plate 35 Typical over aged (OA) microstructure of Al-Mg-5i alloy subjected 1o TMAIIIB
processing roule showing particles of FeySiAl a(stretched scriptlike form), and
precipitates of MgaSi (lamellar’ coarse blocky form) in a matrix of Aluminium-rich
solid solution . Etched in 0.5 percent HF,4000x ' 160
Plate 36,  Typical peak aged (UA) microstructure of Al-Mg-Si alloy subjected to TMA TIC
processing route showing particles of FeiSiAlj(seriptlike), and few precipitates of

Mg:Si ( small blocky form) in a matrix of Aluminium-rich solid solution .

J
-

Etched in 0.5 percent HF 400x. 160
Plate 37 Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to TMAIIIC
processing route showing particles of redistributed Fe SiAlyz(scriptlike), and few

precipitates of Mg:Si ( small blocky form) in a matrix of Aluminium-rich solid
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Plate 38

Plate 39

Plate 40

Plate 41

Plut= 42

Plat= 43

solution . Etched in 0.5 percent HF, 400x 161
Typical over aged (OA) microstructure of Al-Mg-Si alloy subjected 1o TMAITIC
processing route showing particles of Fe;SiAlyz(scriptlike), and precipitates

of Mg;5i (lamellar/coarse blocky form) in a matrix of Aluminium-rich salid

solution. Etched in 0.5 percent HF 400x 161
Typical under aged (UA) microstructure of Al-Mg-5i alloy subjected to TMAITTID
processing route showing particles of FesSiAlj:(scriptlike), and fow precipitates

of Mg:Si (lamellar/ small blocky form) in a matrix of Aluminium-rich solid solution.
Etched in 0.5 percent HF,400x. ’ 162
Typical peak aged (PA) microstructure of Al-Mg-5i alloy subjected o TMA 1D
processing route showing particles of redistributed FesSiAls(scriptlike)and few
precipitates of Mg2Si (lamellas/ small blocky form) in a matrix of Aluminium-rich

solid solution . Eiched in 0.5 percent HF, 400x. 162
Typical over aged (OA) microstructure of Al-Mg-5i alloy subjected to TMAITIID
processing route showing particles of Fe:SiAlis(scriptlike), and precipitates of

Mg2Si ( lamellar/ coarse blocky form) in a2 matrix of Aluminium-rich solid solution

Etched in 0.5 percent HF, 400x. 163
Typical strongly over aged (SOA) microstructure of Al-Mg-Si alloy subjected to

TMA 11D processing route showing particles of Fe;SiAl s{scriptiike), Bﬂd few
precipitates of Mg:5i (lamellar/coarse blocky form) in a matrix of aﬂn:iuminiu:n-ﬁch

solid solution . Etched in 0.5 percent HF, 400x%. 163
Typical under aged (UA) microstructure of Al-Mg-Si alloy subjected to TMALIIE

processing route showing particles of Fe:SiAljs(scriptlike), and few precipitates

W




of Mg;Si (lamellar/ small blocky form) in a matrix of Aluminium-rich solid

solution . Eiched in 0.5 percent HF, 400x, 164

Plate 44 Typical peak aged (PA) microstructure of Al-Mg-5i alloy subjected to TMA HIE

Plate 45

process showing particles of redistributed Fe;SiAl); (scriptlike).and few precipitates

of Mg;Si (lamellar/ small blocky form) in a matrix of Aluminium-rich

solid solution . Eiched in (.5 percent HF, 400x. 164
Typical over aged (OA) microstructure of Al-Mg-5i alloy subjected to TMA [ITE
processing route showing particles of FeSiAla(scriptlike), and precipitates of

Mg Si (lamellar/ coarse blocky form) in a matrix of Aluminium-rich solid solution.

Etched in 0.5 percent HF, 400x. 165

Plate 9TMA  Typical TEM micrograph of underaged (UA) Al-Mg-5i alloy subjected to TMAI

processing route, showing the GP zones, i", f' precipitates as well as particles of
p-phase and Fe;SiAl); dispersoids all in a matrix of e-Aluminium rich solid

so|ulion. 166

Plate 10TMA Typical TEM microstructures of Al-Mg-5i alloy showing underaged (LIA)

structure for TMA [1 alloy at 180"C, 6hrs ageing time and 10%-50% deformation.
MNeedlelike GP zones, j"-phase, and lath-like B'-phase precipitates of high
dispersity are noticed. Higher solute content accounts for the fairly dark

background. (50% preageing). 166

&

Plate]l ITMA Typical TEM microstructures of Al-Mg-Si alloy showing underaged (LA)

Structure for TMA 111 alloy at 180°C, 6hrs ageing time and 10%-50%
deformation. Needlelike GP zones, "-phase, and lath-like f'-phase precipitates

of high dispersity are noticed. Much higher solute content accounts for the
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background. (75% preageing). 167

Platel2TMA  Typical TEM microstructures of Al-Mg-5i alloy showing few §"-phase (lathlike),

Mg:Si (blocky form) and dispersed Fe;SiAlyz (script-like) particles in peak

aged (PA) condition for TMAL Alloy deformed by 20% at 180°C, aged for 10hrs. 167
Plate I3TMA Typical TEM microstructures of Al-Mg-5i alloy showing peak aged (PA) structure

for TMA TIIC alloy at 180°C, 10hrs ageing time. Precipitate of fB"-phase and

[¥-phase are observed. They appear as very small lath-like forms and evenly

dispersed in the matrix. 168
- Platel4 TMA Typical TEM micrograph of Al-Mg-Si alloy subjected to TMAIII C, 30%
deformation at 180°C, aged for 20hrs, showing a dense network of dislocations
interfacing with precipitates indicating extensive operation of the

Orowan mechanism, [68
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LIST OF SYMBOLS

Symbol Definition

“(G-P Zones™ Guinier-Preston zones
i fully coherent precipitate
[ semi coherent precipitate
i} stable, incoherent precipitate
Sy Ultimate tensile strength (N/mm”)
oz Proof Stress (N/mm”)
a7} MNominal yield strength of matrix.
Yeg Percentage elongation
L] - Experimental Impact energy (1)
Wiy Model Impact energy (J)
T%C Temperature in degree Celsius
F Free energy
AFi Energy barrier of nucleation.
= Surface area (m’)
¥ Free energy per unit area
Yeff Effective interface energy
AFS AFE AFS Energy barrier of nucleation of GP-zones, [i' and [§

precipitates respectively.

J Rate of precipitate nucleation
Q Activation energy of passage of an atom through

an interface

e Exponential constant

K Boltsmann constant

A Experimental Constant

G Shear modulus

Er Energy of dislocation per unit length.

AT



Radius of particle

Staking fault energy of matrix

Stacking fault energy of precipitated phase
Radius of semicircular dislocation.
Poisson’s ratio

Burger's length

Energy of particle-matrix interface
Repulsive force (per unit length)

Distance between dislocation-pinning precipitates
Resolved shear stress

Scaling factor .

Friedel length

Equilibrium shear stress

Concentration of particles in the glide plane
melting temperature

interparticle spacing

stress dependent parameter

density of dislocation

supersaturated solid solution

gain in boundary energy

gain m surface energy

gain in free energy/mole

mobility of grain boundary

rate of precipitates nucleation in‘an ageing alloy
solvus temperature for G.P zone

rate of boundary migration of grain boundary.
recrystallization temperature




ABSTRACT
An investigation has been carried out on the effect of the variation of thermomechanical
processing parameters on the microstructure, tensile strengths and plasticity indices of 6063
Aluminium alloy. It is intended to determine the possibility of developing a high tensile strength-
plasticity indices alloy through refining of microstructure by thermomechanical ageing route,
thereby expanding the horizon of its applications in machine building, automobile, architecture
and civil engineering industries. The as received alloy samples were solution heat treated {SHT)
at 530°C for 2hours and quenched in water to room temperature. The study involved initial
characterization of the thermoplastically worked Al-Mg-Si alloy, after solution hmt treatment, as
a singular operation employing varyving degrees of plastic deformation {10%e-50%) at different
working temperatures (28°C, 160°C, 180°C, 200°C, 220°C and 240°C). Similarly, artificial
ageng of the solution heat treated alloy samples was carmed out at different ageing times (1-
20hrs) and temperatures (160°C, 180°C, 200°C, and 220°C), followed by the characterization of
the aged alloy samples. Both thermoplastic working and artificial ageing were carried out as
preliminary studies. Finally, the solution heat treated alloy was subjected to various
thermomechanical ageing treatments in order to give room for a exhaustive assessment of the
effects of process variables (degree of preageing, % deformation, deformation temperature, final
ageing time and temperature) on the microstructure, tensile strengths and plasticity indices of the
6063 Aluminium alloy. Tensile and impact tests were carried out on the processed alloy samples
a5 means of property assessment, as well as microstructural examinations using the optical and
transmission electron microscopes. Attempt was also made to develop mathematical models

capahle of relating tensile strength and plasticity as a function of processing parameters. The

EXX



results show that thermomechanical processing has significant effect on the microstructure,
iensile strengths and plasticity of the alloy.
 Precisely the properties were enhanced within certain ranges of the values of the processing
parameters, while same properties were impoverished within some ranges of the values of the
processing  variables. However, thermomechanical ageing processing route TMAIIC{%hrs
preageing time, 30% warm deformation, 10hrs final ageing time and water quenched to room
temperature), produced the best results in terms of tensile strength-plasticity indices of the alloy.
It is therefore concluded that thermomechanical ageing technigues could be a highly useful tool
for developing higher strength-plasticity property in age-hardenable alloys, as cﬁe;mnmad in
the studied 6063 Aluminium alloy. Likewise, improved understanding of the fundamental
mechanisms of alloy strengthening by thermomechanical ageing can by appropriate process
control, help in the creative task of alloy development. The success of an alloy development
effort, of course, always depends on the competition with existing materials, and on the search
for new demanding applications on the part of industrial alloy users. Scientifically and
technologically, thermomechanical ageing is ready for such a challenge, in particular for age-

hardenable alloys.
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L0  INTRODUCTION

The evolution of new engineering materials has opened the way for new designs
and structures, especially im machine building, automobile, and civil engineering
industries. Among these new materials are various Aluminium alloys and Aluminium
mutrix composites. Because of their lightweight and high strength-to-weight ratio,
they are employed extensively in aircrafis, machine building, automobiles and
structural works.
An understanding of how these materials behave in service life is essential for their
continued application in indusiry, and everyday life since their lifetime depend on the
level or patiern of response to service conditions. The materials must ab initio possess
good properties, such that the level of damage experience by them is significantly low
during normal service life. By damage, any imeversible change to the
thermomechanical propertics of the material (Melvin, 1991) is intended.
Very imporiant service factors arc load and temperature. Both factors can separately
or jointly bring about appreciable change in shape and size of materials. Essentially,
thermomechanical processing changes the grain size, grain boundary structure,
dislocation structure, and other substructures. It is well known that mechanical
deformation causes temperature changes, but they go unnoticed if the loading is slow,
resulting in an isothermal process. Under fast loading conditions and extensive
delimstion, cousdesble lickting can oot Tesding o localized incliiog, aid Hhis
may contribute to fatigue failure. Analysis of the temperature response to deformation
provides information on the structural state of a material, i.e. its thermomechanical
history.




It is the objeet ol this thesis o discuss the changes in struclure and propertics
pecurring in Al-Mg-Si alloy following the exposure o various regimes of thermoplastic
working and thermomechanical ageing trealments.

LI AIM AND OBJECTIVES
The aim of this rescarch work is to investigate the possibility of developing a
high tensile strength-plasticity indices Al-Mg-Si alloy through relining ol microstructure
by thermomechanical ageing route, thereby expanding the horizon of its applications in
machine building, automobile, architecture and civil engineering industries.
Specific objectives of the research are 1o;

{a) determine the properties of the Al-Mg-Si alloy prior to thermomechanical

ageing;

(b)  evaluate the effect of thermomechanical ageing processing variables on 6063
Aluminium alloy;

¢} examine the relationship between the microstructure and the properties of the
processed alloy;

(d)  establish an optimum value for the thermomechanical ageing processing
variables; and

(e} develop a model describing tensile strength and plasticity as a
function of processing  paramelers.

The research work on completion is envisaged (o;

(i} Provide an established framework lor the understanding of the thermomechanical

ageing mechanisms in a typical 6063 Aluminium (Al-Mg-5i) alloy;



of the metal’s unique range ol propertics which, withoul doubt are still undervalued. In
the same vein & series of educational programmes on Aluminium have been embarked
upon in Europe, Japan and America, lor the next generation of designers and specilicrs,

aimed at all levels from primary schools Lo universities and polytechnics,

Furthermore, and borrowing the words of Byko (2000), “Aluminium has sided
our houses and contained our beer. Since the 1940s, it has had its place in the everyday

andscape of modern living™.

In & World-wide exhibition tapgged *Sheen of Silver, Weight of Air”, opened in
October 28, 2000 and continued through February 11,2001 at the Schneider Museum of
Art, Southern Oregon University, USA, over 350 items covering all facets of Aluminium
were displayed, including its place in architecture, jewelry, the automobile industry and

day-to-day life.

Marvelled, by the versatility of Aluminium, one of the paricipanis in the
exhibition, Sarah Nichols remarked that, “there are two new materials that have sort of

revolutionized how we lived in the 20" century; they are Aluminium and plastic”.

Based on the versatility of Aluminivm, the world of scienee and technology is
interested in harnessing for the benefit of mankind this ubiquitous material, and has
necessitated researches into the development of aluminium alloys for engineering

applications.

In 1906, Wilm developed and patented the Aluminium-Copper-Magnesium
alloys, which then became well known as duralumin, based on their age hardening

properties, This phenomenon was previously unknown and although the alloys were used



during the First World War, the explanation and exploitation of age hardening was not

forth coming until the carly 1920s (West, 1986).

Better strength Aluminium alloys were again developed in the 1940s, the
Aluminium-Zinc-Magnesium types. These are however, susceptible to corrosion and it is

only recently that their application has become extensive.

By 1950, the Fulmer Research Institute, Sweden, investigated the Aluminium-
Copper-Cadmium group as this type showed a very much slower response to reheating
after ageing, hence making them somewhat more suitable for welded assemblics. The
development of more aluminium alloys had continued over the years such that today we
cin find a very long list of Aluminium alloys, which have been broadly dividlcd o two

groups of heat treatable and non-heat-treatable allovs (Woodward, 1981).

Al-Mg-5i and Al-Si alloys were patented about 1930s, and were initially applied
for marine and structural purposes. The level of success recorded led the way to much
wider usape in the post-1945 years, including the packing and building industries.

Today the application has extended to the automotive industry.

The improvement of the properties of these alloys by numerous working or
processing techniques is a subject of current research, especially with regard to the ever-
mcreasing field of Aluminium alloy applications. One of the novel techniques of
enhancing the guality of alloys is thermomechanical processing.

Thermomechanical processing of metals is a way of improving the guality of

metals by subjecting the metal to plastic deformation at a specified elevated temperature,



such that there is increase in the density of defects and thus affecting the formation of the
structure in the phase transformations occurring  during the thermal action.

Consequently, not every combination of straining, heating and cooling can be called
thermomechanical processing. For example, if plastic deformation is carried out after all
operations of heat treatment, we are dealing with common heat treatment followed by plastic
deformation, not thermomechanical working or processing. Such treatment has no effect on
the structure formed, through phase transformation since the phase transformations have
taken place before plastic deformation was applied. In thermomechanical treatment or
processing, it is only important that phase transformations take place under the conditions of
increased density of the lattice defects formed through plastic deformation. I;'u’tmi:jn (1965),
worked on the structural strengthening of Aluminium alloys. He emploved the method of
preliminary thermomechanical treatment on Duralumin rods and found a gain in the vield
and ultimate tensile strength, in ageing the alloy, due to the retention of unrecrystallised

structure.

Bernstein (1968), reported that the strengthening effect produced by high temperature
thermomechanical processing is inherited upon repeated heat treatment. However, his
findings concerned sieel profiles. Consequently, the phenomenon of inherited strengthening
in repeated short time heating can be investigated in new materials, as it may widen the range
of application of high temperature thermomechanical treatment. Rabinovich (1972) camied
out some investigation on the dependence of impact toughness of Aluminiﬁmlm the mode of

thermomechanical processing and established a dependence, which is clearly dictated by the

temperature of processing.




Singh and Goel (1990), examined the inlluence of thermomechanical ageing on
tensile propertics of 2014 Aluminum alloy, and confirmed that the pgeneral
strengthening of the alloy is due mainly to the existence of 0", 0 precipitate phases and

dislocation-precipitate tangles. They also concluded that dislocation-precipitate structure

i5 the most effective in stabilizing the tensile properties al elevated temperature.

Hodgson etal, (1993) employed a mathematical model to simulate the

thermomechanical processing of steel. The model was developed 1o follow the thermal

and microstructural evolution of steel during thermomechanical processing. L was

reported that the model has a wide application, such that it could pns:,'iblyl be used to

design new compositions and processing roule to achieve a given package of properties,

Jonas (2000), and Hutchinson (2000); presented a report cach, on the thermomechanical
processing of steel, with a unifying conclusion that thermomechanical processing is an
important scientific and technological field, which must be vigorously exploited in the
new millennium in order to increase the horizon of the applications of metals, especially

steel and Aluminium alloys.



CHAPTER TWO

10 LITERATURE REVIEW

11 HISTORY OF ALUMINIUM

Aluminium is the most abundant metallic element in the Earth's erust and

constitutes about 8% by mass. In nature, however, it only exists in very stable

combinations with other materials (particularly as silicates and oxides) and it was not

until 1808 that its existence was [irst established. Its principal ore is Bauxite which

occurs predominantly in equatorial region. The concentrated form of the ore contains 20-

30% Aluminium as oxide and hydroxide (Meyers, 1989).

Key dates on Aluminium are briefly reviewed below.

| BOH:

| 821:

1824:

Sir Humphrey Davy (Pontian) established the exislence of Aluminium and
named iL

P. Berhier (a8 French chemist) discovered hard, reddish, clay-like material
containing 52% Aluminium oxide near the village of Les Baux in
Southem France. He called il Bauxite, the most common ore of :Munlillum
( Encyclopedia Americana, 1989),

Han Christian Oersted produced metallic Aluminiuim by passing Chlorine
into & heated mixture of charcoal and alumina; the Aluminium chloride
vapour formed condensed in a cooler region ol the system ;;rmllm:l.t:d [rom
air. He then reacted it with pelassivm amalgam 1o produce aluminium
amalgam. By distilling off the mercury in a vacuum, he was able o oblain
a small quantity of metallic Aluminium which he described as having a

resemblance L tin in colour and luster,



1827:

1854:

1855:

Friedrich Wihler (Germany) carried oul an experiment, reacling metallic
potassium with anhydrous Aluminium Chloride in a porcelain crucible and
oblained Aluminium metal (Julin 1988},

Friedrich Wihler established the specilic gravity (density) of Aluminium
and one of its unigue properics- lighiness,

Henri Ste Claire Deville extracted Aluminium from halide salis by
reduction with metallic Sodium and this process was equally used with
some degree of commercial success until aboul 1887 (West, 1986). This is
the date accepled intermnationally as the discovery date for Aluminium
because this process cleared all doubis about the metal.

A bar of Aluminium, the new precious melal was exhibiled at the Paris

exhibition.

1B83-84: William Frishmuth; extracted Aluminiuim from Corundum, producing

| 886:

1888:

about 51kg in 1384,

Processing pure Aluminium from alumina using reactant such as
Potassium was a very expensive process, until 1886 when Charles Martins
Hall in USA and Paul L.T. Heroult in France devised almost
simultancously and completely independently, a process of electrolytic
reduction of alumina which was relatively cheaper; the method involved
the electrolysis of a molten solution of alumina in ll'lu:. mineral cryolite
(MNas AlFes) at a temperature of about 950°'C (West 1986).

The first Aluminium lrms were founded in France, Switzerland, and

US.A,



|889: Karl Bayer invented a process for extracting high-grade alumina {rom
bauxite ore. Pure Aluminium of about 99% and above purity can be goilen
from the high-grade alumina,
The significance of these inventions is that the production of Aluminium metal has
continued to  experience upward  trend since 1890, as exemplilied by the world
Annual outpul below;
1900: Annual output, 8,000 tones
1913: Annual output, 60,000 toncs
1920: Annual output, 128,000 tones
1946: Annual output, 681,000 tones
[999:  Annual output, 24 million tones (Comell & Bhadeshia 1999),

2006:  Annual output 26.4 million tones. (JOM; Nov.2006)

12 GEOLOGY OF ALUMINIUM

In the wvarious parts of the world, Aluminium is produced from Bauxite, in
particular its morphological form called gibbsite. Prominent among the producers of
Aluminium are USA, Ewrope, CIS, China, Australia, and Asia, all accounting for about
79% of world production, while the rest of the world, including Alrica account for 21%
of world production of primary Aluminium in the same year. The most conimon form of
commercial alumina in soils is gibbsite. This is however not found 1o a large extent in
Nigerian soils, The condition lor the formation of gibbsile requires considerable leaching.
Field determination of pore waters associated with gibbsitic and kaolinitic laterite from

Sierra Leone suggests that equilibrium is maintained between the two mineral species

(1]



when the dissolved silica concentration is in the range of 2.1-2Z6ppm SiO2 at 22-24°C
(Gaskin 1975). Under conditions of good drinage, where this concentration is exceeded,
kaolinite is the stable mineral formed. The rmate of silica removal from the zone of chemical
weathering must therefore be high, such that kaolinite is either not allowed to be formed, or if
formed, it degrades immediately into gibbsite.,

Ojanuga (1979) is of the opinion that leaching in savannah soils is just high enough
fior the prevention of montmorillonite/illite, but not quite high as to lead to the degradation of
kaolinite or the formation of Bauxite i.e. gibbsite. Amorphous alumina could, however, be

present in small amounts, usually under 5%  and this is the situation in Nigeria.

13 MINERALOGY OF BAUXITE FOR PRODUCING SMELTER-GRADE
ALUMINA

Bauxite is the principal Aluminium ore from which Aluminium hydroxide (also
called trihydrate), Al (OH) 3 is extracted by the Bayer Process. A pencralized schematic
diagram of the Bayer Process is shown in Figure 2.1. Four to Seven tons of Bauxite is
required to produce two tons of alumina, which produce one ton of Aluminium.

According o Authier-Martin ct. al. (2001), approximately %0% of the world
production of Bauxite is destined o manufacture alumina. That alumina is then dissolved in a
molten bath of natural or synthetic cryolite (Na;AlF;) to produce Aluminium via the Hall-

Heroult process.



Alumina
Al

Figure 2.1. A schematic diagram of the Bayer process. (Afler Authier-Martin et al, 2001)
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Bauxite deposits are known to occur in at least 50 countries, with estimated world
reserves of approximately 25 billion tones. World Bauxite production in year 2000 was 127
million tones, which rose to 140 million tones in 2002, Four countries account for 68% of the
world production (Sehnke, 1996); Australia, 37%; Guinea, 12%:

Jamaical (0% and Brazil 9%.

Bauxite deposits are generally divided into two major groups according to their host
rock; karst  and  laterite bauxites (Bardossy and Aleva, 1990)), and are predominant
throughout tropical and equatorial regions. Regardless of their geographical origin, their
mineralogy can generally be represented by Table 2.1, (Webers and Misra 1987). Bauxite is
the end product of millions of vears of aggressive weathering of primary Alueninium silicates
(e.g. feldspars) and clay minerals, resulting in the dissolution of silica, iron compounds,

bases, and other constituents from alumina-bearing minerals,

Table 2. 1. Mineralogical Composition of Tropleal Bauxites | Afier Authier-Mortin etnl, 20400
Flememnis Mimeral Chemical Compresition
Major
Aluminiem Gibhsite ANOH), or AlD, 3H;0
Baschmite ANCCIH o AdaCl HALY
Sificon LB THT, Sl
KaoliniteHalloysite Al Ei 0 (OH ) or A0y 25100, 2HAD
ko Hemntite Fexl(h
Aluminium Geoihite (FeyAlOH or Feg Al Uy Ha0
Tiannium Analaze T,
Rustibe Tio,
Minor
Carhon Clrpmunic carban Huanic mnterinls
Phospheanus Wavelljie Al POl Oy SR
Crandallite-H Cab{PO, {POOH W OH ],
Calehum Caleite Ca0y
Cramdallile-H CrAd (PO W POLOH U,
Potnssium Iz BoAL S AR WO H
Mangunese Lithiophoriie {ALLiM Oy O,
Mapnesium Magnesits bgCi,
Dolomite CaMpiO0y ),
Sodium Dewwsonite NaAICOOH )
Sirotiem Cedestite 5SSy
Sulphir Woodhoussite CaAld PO M S0 O
Prite Fe,
Linc* Cishmite LAl
Chromnem® Chromile FelCr0y
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Elements Iliniral Chumbeal Composition

Minor S
Vanadium® Schubnelite Fegd ¥ 0y 21,0 E‘_L, oy
Alrconim FATLET ] S i

® A1 feersd sonre of e zivg, cliramim, aod vaaadivn Sove been exiablicied to be present i tie Aluminium goviliiie
Daitive

The principal Aluminium-ore minerals in wopical bauxile exist as several forms
of hydrated Aluminium oxides: gibbsite (Al;05.3H;0) also known as hydrargillite {or
trihydrate) and bochmite (Al0:5.H0), also known as the monohydrate. Gibbsite is
present as the gamma form of Aluminium hydroxide, y-Al(O1);, and bochmite is the
gamma [orm of an Aluminium-oxide hydroxide, y-AlCOLL. Diaspore, 1Iml alpha form of
Aluminium-oxide hydroxide, a-AlQOH, requires much higher temperatures ol extraction
as well as concentrated coustic solutions.

Bauxites vary in chemical composition (Table 2.2) according o the geology of
the deposits and their geographical localization (Ostap 1984). Trihydrate bauxites contain
mostly gibbsitic alumina, with less than 2% bochmitic alumina. Monohydrate bauxites
are predominantly boehmitic, sometimes containing some Jdiaspore,

Mixed bauxites are primarily gibbsitic but contain 2% or more boehmitic alumina.
Two other alumina trihydrate forms exist: nordstrandile, which has  occasionally  been
identified in Jamaica bauxites, and bayerite, # man-made product, Other significant
Aluminium-bearing minerals in bauxite are the clay minerals, kaolinite md hallogisite
(Al0,2510:.2H20), and Aluminium goethite (Fe,AlyOq HaO. Gibbsite occurs as a
loosely aggregated mix of tablets and  prisms  in Guyanese bauxite, and as
elongated hexagonal prisms in Australian Bauxite, and as massive interlocking prisms in
Amazon (Trombetas) bauxite, with a gibbsilte crystal size about the same as in Boke

{Guinea) bauxite.



The silicon-bearing minerals are clays, kaolinite and halloysite {Al,05.28i0,.2H:0),
and quartz (8i0;). The iron minerals are mostly responsible for Bauxite's colour; red
mdicates the presence of heamatite (Fe;(O;) while yellow indicates aluminium poethite
[(Fe,Al}04.H;0]. Heamatite is present as the alpha form of fermic oxide (a-Fex(), and
Aluminium goethite is present as alpha form of goethite [o-  (Fe, ANOOH]. Most Bauxite
ores contain a mix of the two iron minerals. Along with heamatite and poethite, some bauxite
ores  may contain minor or trace amounts of black magnetite (Fe;0y).

The Titanium minerals occur as two simple oxides, Anatase and Rutile (TiO;).
Gallium and Zinc arc present, to some extent in all bauxites. Phosphorus is present in all
bauxites as either crandallite or wavelite. All Bauxites contain ﬂhjﬂﬂjﬂllﬂhltl! amounts of
caustic-soluble phosphate minerals (Ostap, 1984).

14 ALUMINIUM AND ITS ALLOYS

Aluminium is the most abundant metal and the third abundant chemical element in
the carth’s crust comprising over 8% of its weight. Only Oxygen and Silicon are more
prevalent. Yet until about 150 years ago Aluminium in its metallic form was unknown to
mm.TharmunFﬂtﬂﬁsisttutﬁlminimnunlikﬂﬂﬂld.Cuppﬂ,hnnmSﬂ;ﬂ,dmnm
| exist as a metal in nature. Because of its chemical activity and its affinity for Oxygen,
Aluminium is always found combined with other elements, mainly as Aluminium oxide.
As such it 18 found in nearly all clays and many mincrals. Rubies and sapphires are
Mbosiosinn: e oolowsd by ipeitics-snd Earmdum; i Al vxids: i fhe
second hardest naturally occurring substance on earth- only Diamond is harder, It was not

ontil 1886 that scientists leamed how to  economically extract Aluminium from
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Aluminium oxide via electrolytic reduction. Yet in the more than 100years since that
time, Aluminium has become the second most widely used of the approximately 60
niurally occurring metals, behind only iron,

Aluminium ‘is a light-weight, silvercoloured metal that can be formed into
almost any shape. It can be rolled into thick plates for armoured nks or into thin foil
for chewing gum wrappers. It may be drawn into wire or made inlo cans, Aluminium
does not rust, and it resists wear rom weather and chemicals. Pure Aluminium is soft and
has little strength, For this reason, Aluminium producers almost always alloy (mix) it
with small amounts ol Copper, Magnesium, Zine, Silicon and other clements e form
Aluminum alloys. The added elements give Aluminium strength and other properties that
make it a very useful metal.

The largest share of Aluminium alloy production goes o the packaging industry
for use in such items as beverage cans, bollle caps, loil pouches, loil wrappers, and food
containers. The construction indusiry uses alloys for gutlers, panel, roofs and sides of
buildings, tubes for electric wires, and window/door frames. Manulaciurers of
transportation equipment use huge amounts of Aluminium in aeroplanes, cars, boats, and
railway camriages. Aluminium is used widely in  electrical equipment, including light
bulbs, power lines, and telephone wires. Many other products also contain Aluminiwm.
These products include cooking utensils, goll clubs, knitting needles, paints refrigerators,
rocket luel, toasters, and zip fsteners. While commercially pure Aluminium (delined as
at feast 99% Aluminium) does lind application in electrical conductors, chemical
equipment and sheet metal work, it is a relatively weak material, and its use is restricted

to applications where strength is not an important factor. Some strengthening of the pure



|

o ship because the containers weigh less than those made of other metals. To make

Aluminium alloys lighter, the lightest metal, Lithium, is added to the Aluminium,

2.5 PRODUCTION OF PRIMARY ALUMINIUM.

Aluminium, which has a strong affinity for oxygen, is never found in ils pure state
Aluminium 15 obtained from bauxite which is the name given to ores usually containing 4()-
0% hydrated Aluminium, togeiher with impurities such as iron oxides, silica and Titanium.
Production of primary Aluminium from bauxite involves two distinet processes. First high
grade alumina called Aluminium hydroxide or Aluminium tribydrate (Al;03.3H,0),
especially written as Al (OH)3) is extracted from bauxite almost exclusively by the Bayer
process. The process essentially, involves digesting crushed bauxite with strong caustic soda
solution at temperatures up o 240°C (Polmear, 1989). Most of the alumina is extracted
leaving an insoluble residue known s “red mud”, consisting largely of iron oxide and silica,
which is removed by fltration. After cooling, the liquor is sceded with erystals of alumina
irhydrate being precipitated and the caustic soda recycled. The whole process can be
represented by the chemical reaction;

Al (OH); + NaOH = NaAlO; + 2H,0 (1}

The alumina trihydrate [Al {OH) 5] is then calcined in a rotating kiln at 1200°C 10

remove water of erystallization and alumina (Al;04) is preduced as a fine powder,

Alumina has a melting point of 2400°C and is a poor conductor of clectricity, In fact, it is a

ceramic or refractory material.
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The key to the successful production of Aluminium lies in dissolving the alumina in
molten cryolite (Na;AlFg), and a typical electrolyte contains 80-90% of this compound

and 2-8% alumina, together with additives such as Aluminium and calcium fluorides.

The alumina is then electrolyzed in a multi-anode (outer casing). The bath runs al
around 950°C and cells are arranged in series so called “Pot lines™. This electrolytic
techmology of extracting Aluminium from high grade alumina was developed by Charles
Martin Hall in the United States and Paul Heroult in France, more than 118years ago.
This technology, while different in design today, has changed little since il was
discovered and developed in 1886. Currents loading are now as high as 250,000A with a
voliage drop of approximately 5V across each cell. In electrolytic process, metals in Lhe
liquid siate, sinks to the bottom of the cell and is periodically tapped off. The cell-apped
Aluminium has iron and silicon as major impurities. The overall reaction can be written

ik
IALO, +3C 3 4A1 + 3C0; ] 2)

Aluminium from the electrolytic cell is taken to large refractory-lined fumaces where
it is refined before casting. Alloying clements may be added with the fumace charzes

here.

In the refining operation, the liquid metal is usually purged with chlorine gas to
remove dissolved hydrogen gas, which is followed by skimming of the liquid metal
surface o remove oxidized metal. Afterwards, it is screened and chst into ingots for

further processing (Polmear, 1993).
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It is worth noting that despite research work to develop an alternative production

route, the Hall-Heroult process remains the foundation of the Aluminium industry.

Today, there are over 136 Aluminium smelters in the world producing approximately
23.3 million tones of primary metal annually (Hale, 2000}, The smelters are of two basic
types; Prebake Cells, where the anodes are produced outside the cell in a designated
area of the plant, make up73% of the cells in the world, while cells called Soderberg
produce the balance, These differ from the Prebake version in that the anode is produced
in the cell through a self-manufacturing process, in which a petroleum coke and coal tar
pitch mixture is calcined to an electrical conducting anode by the heat of the process.
While the technology has a multiplicity of anodes numbering from six {6) to thirty-two
{32), which are changed out on a periodic basis as the anode carbon is consumed, the
Stiderberg design has one large anode that stays in the cell. The anode i1s replenished
with new material periodically when the semi-liquid paste is applied to the top of the
existing anode. The Siderberg cell has two variations, the horizontal and vertical studs.
These vanations differ by the way the electrical conducting elements, or “;:-ins" are

inserted into the anode.

Few new smelters are planned, and existing smelters are ageing. This fact relates
w the capital-intensive nature of the industry and the ability for the q:relramrs to
incrementally improve the process of an existing plant through building n¢w1c-‘e|pucil:r' on
an existing site (brownfield ) or increasing the capacity of the installed eguipment
(capacity creep).

However, work by several larger aluminium companies and enginecring firms

shows that the installed cost of a new plant could drop to below M448, 000,00 ($3,2040)
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rer tonne wilh innovations in cell design, building construction, and plant layoul. This could
be fhe catalyst for the next wave of plant installations- lean design and organization, buill for

purpose but not overbailt.
16 PROFERTIES AND APFLICATIONS OF PURE ALUMINIUM

Pure Aluminium is relatively sofl and has a low strength. 1t has a tensile strength of

no more than 90MN/mm’ in the annealed condition and for most engineering purpose is used in

the alloyed form to enhance strength.
Aluminium has a low density (2.70g/ cm’) and a low melting point (660°C).

Pure Aluminium is used widely as a conducling material. It shows a high electric
mrﬂmﬁvilj when il is almost free l'mm impurilies and crysial Iatlice defects. |ligh-punity
Aluminium (with a total of impurilies of 0.002%) and commercially pure Aluminium (with &
tolal impuritics of 0.2% - 0.5%) are widely used as conducling malerials in clecirical
engineering. High-purity Aluminium has a high ductility and is suitable for making thin foil
(6-Tpm) for capacitors. Commercially pure Aluminium is used in the manulaciure of wires

for cables and mrrmll—m}rjfiug conductors.

Aluminium is inferior to copper as regards the electric conductivity and strength, but
it is substantially lighter and more common in nature. When Aluminiom is used in wires as a
nﬂnﬁtule for copper, the diameter of wires must be increased 1.3 times, but their mass will
then be only 50% of that of copper wires. Like copper, Aluminium is employed in the

annealed or work-hardening state.

Current-carrying wires of aerial power lines are produced  from  Aluminium alloys

(of the Al-Mg-Si system), which are stronger than pure  Aluminium. Aduminium
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and its alloys have no temperature limit of cold brittleness and remain tough even at
temperatures of -253'C  to -269"C. On cooling, their tensile strength {0y, increases by
35-60%, og2 by 15-25%, and the imle; strength decreases monotonously to 0.5-02
MJ/m* (Hale,2000),

The failure toughness Kic, is not practically diminished, which means that
Aluminum alloys on cooling have a lower noich sensitivity than at 25°C. In view of the
high thermal expansion and substantial thermal conductivity of Aluminium, high thermal
stress  inevitably appears in rigidly fixed Aluminium structural elements.

One other property of Aluminium that is responsible for the wide use of the metal
is its corrosion resistance. It readily forms an oxide film on its surface which protects the

pure metal below from environmental attack.
LT  CLASSIFICATION OF ALUMINIUM ALLOYS

The selection of Aluminium a]lpys for use in engineering has often been difficult
becanse specification and alloy designation have differed from country to country. For
this reason, the introduction of an Intemnmational Alloy Designation System (IADS) for
wrought and cast products was made. The system is based on the classification used for
many years by the Aluminium Association of the United States of America.

These Aluminium alloys can be divided into two broad groups; wmug!:l and cast
alloys, based on the method of production (Timing 1989, Lakhtin 1990), |

Wrought alloys are those alloys whose mechanical properties allow them to be
formed by a variety of processes including forging, rolling, extrusion and drawing. They

may be heat-treatable or non-heat treatable. On the other hand, cast Aluminium alloys are
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alloys which can be used successfully for casting by a variety of processes including
sand-casting and die casting. They may be heat-ireatable or non-heal treatable.

.71 WROUGHT ALUMINIUM ALLOY

Aluminium alloys produced in the wrought form (i.c. sheet, plate, extrusions, rod
and wire) are classified according to the major alloying element(s) they contain. A four
digit numerical designation is used to identify wrought aluminium alloys. The first digit
is assigned on the basis of the major alloying elements. The second digit, if different from
0, denotes a modification in the basic or original alloy. The third and fourth digits form
an arbitrary number which identifies the specific alloy in the series. A brief illustration of
the nomenclature of wrought Aluminium alloy is given in Table2.3 and 2.4

Table 2.3. Nomenclature of Pure Wrought Aluminium Alloy (Robert, B, Ross 1992)

l 0 35

! T I

Aluminium purity at least [ No  special  alloying | Aluminium Purity of 0.35%
09.00% procedure above 99.00%.

Table 2.4. Wrought Aluminium Alloy of Al-Mg-5i composition (Robert, B. Ross 1992)

6 0 1

T ] T

Mg and Si are used as the | No special alloying | 5i and Mg added to the
major alloying elements procedure alloy according to the stated

amount; 1%Mg & 0.6%Si
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The table below shows the designation system for wrought aluminium alloys.
Table 2.5. Designation System for Wrought Aluminum alloys. (After Polmear, 1995)

Alloy Type Designation

Aluminium, 99.00% minimum and greater  1xxx

purity.

Aluminium alloy grouped by major
alloying elements:

B e e 2xxx
e R A daxx
Magnesium SAXX
Magnesium and Silicon (i3 %5 4
Zine - Taxx
Other elements Bxxx
Unused series Oxxx

112 CAST ALUMINIUM ALLGYS.
Cast alloys are those thal are poured molten into sand (sand casting) or high-strength stecl

{permanent mould or die casting) moulds, and are allowed to solidify to produce the
desired shape. The wrought and cast alloys are quite different in composition; wroughi
alloys must be ductile for fabrication, while cast alloys must on melting, be fluid enough
for castability. A cast alloy is assigned a three-digit number followed by a decimal. Here
again the first digit signifies the alloy series or principal addition; the second and third

digits identify the specific alloy; the decimal indicates whether the alloy composition is
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for the final casting (0.0) or for ingol (0. or 0.2). A capital letter prefix (A, B, €. efc.)

indicates a modification of the basic alloy.
The designation system for cast Aluminum alloys is shown in Table 2.6.

Table 2.6. Designation System for Cast Aluminum Aloys { After Polmear, 1995}

Description or Major Alloying Element Designation.
99 (0% minimum Aluminium 1xx.x
Copper 2xx.x
Silicon plus copper and for magnesium LEE S
Silicon A
Magnesium SXX.X
Unused series Gxx.X
Line Tax.x
Tin Bxx.x
Other element Oxx. %

173 TEMPER SPECIFICATION OF ALLUMINIUM ALLOYS

Specification of an Aluminum alloy is not complete without designating  the
metallurgical condition, or temper, of the alloy. A temper designation syslem, umigue for
Aluminum alloys, was developed by the Aluminum Association and is used for all wrought
andl cast alloys. The temper designation follows the alloy designatiomn, the two being
separated by a hyphen. Basic lemper designation consists of letters: subdivisions, where

required, are indicated by one or more digits following the letter, The basic tempers are:
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F— As Fabricated Applies to the products subjected to shaping processes in which no
special control over thermal conditions or strain hardening is employed. For wrought

products there are no mechanical property limits.

O—dnnealed. Applies to wrought products that are annealed to obtain the lowest
grength, and to cast products thal are annealed to improve ductility and dimensional

stability. The figure () may be followed by a digit other than zero.

H—Strain-Hardened, Applies to wrought products that have their strength increased by
grain hardening, with or without supplementary thermal treatments. The H is always

followed by two or more digits.

W—Solution Hear Treated. An unstable temper condition applicable only to alloys that
spontaneously age at room temperature after solution heat treatment. This designation is

specilic only when the period of natural ageing is indicated; for example: W |

T—Thermally Treated to Produce Stable Tempers Other than F, O, or H. Applies to
products that are thermally treated, with or without supplementary strain hardéning, to

produce stable tempers. The T is always followed by one or more digits.

Apart from the above groupings, wrought Aluminum alloys are equally classified into
two classes on the basis of heat treatmenl. The two classes are heat-treatable wrought

Aluminium alloys and non heat-treatable wrought Aluminium alloys.

174 NON HEAT-TREATABLE WROUGHT ALUMINIUM ALLOYS

The non-heat-treatable wrought Aluminium alloys as the name implies are
wrought allovs that do not respond significantly to heat trestment except annealing, but

cin only be strengthened by cold working. A typical non-heat treatable wrought
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Aluminium alloy contains approximately 1.00 to 1.5 % Magnesia, this increases the

tensile strength without materially affecting the excellent ductility of pure Aluminium.

Another non-heat-treatable-wrought Aluminium alloy contains Magnesium, which is

highly corrosion-resistant, particularly in marine environment.

175 HEAT-TREATABLE WROUGHT ALUMINIUM ALLOYS

Heat-treatable wrought Aluminium alloys are wrought alloys thal respond to
strengthening by heal treatment, and in particular to the processes known as solution
treatment and precipitation hardening, These alloys are covered by the three Hr:;iﬁ: 2axx
(Al-Cu, Al-Cu-Mg); 6xxx (Al-Mg-58i) and Txxx (Al-Zn-Mg, Al-Zn-Mg-Cu). All depends
on age hardening to develop enhanced strength properties and they can be classified into
two groups; those that have medium strength and are readily weldable (Al-Mg-51 and Al-
Zn-Mg), and the high strength alloys that have been developed primarily for aircrafi
construction (Al-Cu, Al-Cu-Mg and “Al-Zn-Mg-Cu) most of which have very limited

weldability.
18 RECRYSTALLIZATION OF DEFORMED Al-Mg-Si ALLOYS

Primary recrystallization is the process that takes place during heating of cold
worked Aluminium metal. In particular, it diminishes or fully eliminates the additional

structural imperfections which have been caused by prior deformation.

It is then clear that the nature, density and distribution of imperfections,
especially the dislocation structure of the deformed metal, should have the decisive eifect
on the trend of recrystallization. The .Jim:lur: of the deformed material dependd on the

mechanism of deformation. The principal mechanism of plastic deformation in metals,
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and in all crystals in general, is the shear movement of some portions of a crystal (o
crystallite) relative to other portions; it is effected through various dislocation

movements, including movements along grain boundaries (Honeycombe, 1993).

The dislocation and diffusion mechanisms determine the development of
intragranular and intergranular deformation. Shear deformation can occur by a number of
parlicular mechanisms, the principal ones being dislocation slip and eross-slip, twinning
and kinking. In most cases, several mechanisms are operative at once, with one of them
being predominant. The contribution of a particular mechanism (Gorelik, 1981) is

determined by many factors, among which are;

I, Pattern and condition of deformation,

L. Tvpe of crystal lattice,

L Stacking fault energy,

4. Crystal orientation relative to the external stresses,

5, Size and shape of grains prior to deformation,

b, Chemical and phase composition of the Aluminium metal,
1. Size and plasticity of excess phase particles.

The phenomenon of structural changes in deformed metals is quite complicated. ’Il'his is

why many of the problems associated with the changes in structure and properties of

plastically deformed metals have been analyzed only qualitatively.
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Maodern concepts of dislocations and their behaviour in metals and alloys, and
structural analysis of stress-strain curves can be effectively used to study and interpret the

structural changes in deformed Al-Mg-Si alloys.

These concepts have shown that plastic deformation by slip is the displacement by
shear of individual dislecations on the erystal planes which are filled most densely with
sioms and are respectively characterized by the largest interplanar distances. In
Aluminium, dislocation slip usually occurs on {111} planes in [101] directions. The four
sclahedral planes of the type {1111 and the three directions of the type [110] form 12

possible slip systems in Aluminium lattice.

In Aluminium and other alloys with an F.C.C lattice, slip on the planes of the
cube can also occur along with slip on octahedml planes. At elevated lemperatures,
around 40% of slip lines belong to cubk planes in Aluminium, When analyzing the
process of slip under the action of an external stress, it should be remembered that shear
i caused by a tangential stress operating on the slip plane in the slip direction. This is
termed the resolved shear stress 1. Plastic deformation in a given slip system will oceur
when 1, reaches the critical shear stress 1., the latter being an imporiant characteristic of

the mechanical properties of a material.

Direct studies of dislocation structures in deformed metals and alleys are
msociated with appreciable difficulties. In the first place, the methods used should
provide for a very high resolution. On the other hand, this results in ever greater
localization of the volumes being investigated and, therefore generates the need to resort

to statistical analysis for higher reliability. In this connection, it is quite important to

obtain data on the hardening effect produced by deformation, This remarkable peculiarity
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of metals is directly associsted with dislocation structure that forms on deformation and
prevents further deformation of the metal. As a resull, the critical shear stress 1., required
for further deformation & varies in the course of the process, and it does so more intensely
when the dislocation structure formed by prior treatment offers an increased resistance to
dislocation movement.

Novikov and Tiraspolsky (1970), remarked that stress-strain curves (hardening
curves) actually show what amount of shear stress should be appiied to-canse further
plastic deformation at a_ given dislocation density and dislocation distribution formed by
prior treatment

Plastic deformation is analyzed in the following way. The initial data are the
hardening curves obtained for various metals and alloys under various conditions of
deformation. These data are used to develop (construct) dislocation models and explain

the Tr- £ relationships established

Stress (T) 4

11

L
. Strain (g)
Figure 2.2. Typical schemaiic stress-straim curve: for F.C.C crystals favourably. oricsted for sy shin

(After Gorelik, 1981)
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The curve for an F.C.C crystal is most typical of the structural changes at various stages ol
hardening. It shows clearly that hardening passes through three stages as shown in Figure

11
Apart from the lattice type, other factors that afTect the pattern of stress-stram curves are:

{1} The stacking fault energy:

{2) The purity of the material in respect of type and quantity of impuritics and
alloying additions;

(3) The temperature and the rale of deformation.

The three main stages of the stress-strain curve are understood or analyzed thus;

Stape |

Ihe specific structural change at the first stage is that shear occurs through dislocation slip on
gsinule primary slip system due 1o the sources that existed prior o deformation. There are no
mibstantial obstacles to dislocation movement, and therefore the free path of dislocation as a
mie long. Trials of a large number of dislocations, which have moved on one and the same
plane, are revealed metallographically as slip lines. They can be defected on a polished
sirface of single crystals by optical microscopy. Electron microscope reveals rather

uniformly distribuled long lines with jogs of a relatively low height {(50-100 x 107 em)

The first stage has two portions; (a) the initial linear portion representing elastic
deformation and (b) the portion of plastic  deformation which is a bend  as deformation
progresses into stage 11, According to Hooke’s law, the work-hardening coéfficient for the

first portion is  sequel o the shear modulus G, The work- hardening coellicient 0 for
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the later part of this stage is very low and is of an order of 107 G for F.C.C metals, For

this reason, the first stage can be called the stage of easy slip. The critical shear stress T,
and the highest shear strain £, are also important parameters of this stage.

Stage 11

The second stage is also characterized by a lincar relationship T=F{), but the work-

hardening coefficient al this stage is appreciably higher than & by a factor of 30
(Cavaliere, 2002). This stage is less affected by various factors than the - first. In
particular, the work hardening coefficient 8 is independent of temperature, though the

moinent at which the second stage passes Lo the third stage is variable.

Stage 111

The portion of the curve corresponding to the third stage diminishes with increasing
deformation, and the phenomenon is called dynamic recovery. The onset of stage three is
especially sensitive lo the lemperature of deformation, Ta. As this temperature riscs, the

onsel of stage 111 shifts towards lower values of &,
18.1 Deformation of Single Crystals

The hardening effect obtained in such an ideal case is associated with long-range
interaction of dislocation loops in the primary slip systems, which are spaced at a
distance Ro apart. According to Seeger (1957), parallel dislocations of the same sign,

which are located on parallel planes, produce a long-range stress field whose maxima, are

separated by distances of an order of B!, For a dislocation to move between two like -

33



fislocations, it should overcome the inverse long-range stress. To effect this, the stress

applied to an edge dislocation must be,

Gh

" 2R ¥

where G is modulus of elasticity in shear, b Burger’s length, v Poisson’s rafio and

that to a screw dislocation,

= (*)

with an increased number of dislocation loops, the inverse stress Y, that acls on
dislocation sources grows. When Y, becomes equal to the increased shear stress,
generation of dislocation loops ceases. The work-hardening coefficient is,

Q='hr F

B[ L ] )

I where L is the length of dislocation.

From the results obtained from variows investigations, an inference was drawn,
that a reduction of test temperature prolongs stage | in F.C.C crystals,{Gorelik,1981) and

reduces the rate of hardening 6. In metals where upper yield limit is experienced, the

appearance is due appreciably to locking of dislocations by impurity atmospheres. In
crystals of high stacking fault encrgy, 1y, such as Aluminium, the second stage is less

prancunced. The second stage of hardening is less influenced by orientation than the first

sage.
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The third stage of hardening which has a parabolic stress-strain relationship is
characterized by a reduced intensily of) hardening. At this stage, (y is a variable that
diminishes with increased strain. This stage is much less sensitive 1o most of the factors
that are es=ential at stages | and [, such as crystal orientation, impurities, and the type of
lattice. Exceplions are the temperature of deformation and the stacking fault energy; these
two factors have s substantial effect on the onset of stage 111 hardening and on its

contribution to the total deformation.

As the temperature of deformation rises, the third stage begins to act at lower

drains and its contribution to the total deformation becomes progressively predominant.

According to Kuhlmann-Wilsdorf {1962), the stress Ty lor the onsel of the third stage

diminishes with increasing temperature by a logarithmic law;

rn[?i] - rn[—““"‘ ] B (6)
) G

where B is a cocfMicient, and Ty ¢ and G (o are the stress and the shear modulus at b

respectively, This relationship has been verified experimentally for Aluminium alloys

and many F.C.C metals.
The stacking fault energy Y, has a similar effect. In materials with high values of

Ya such as Aluminium, the transition (o the third stage occurs at lower temperatures than
in materials with low ysfsuch as copper or silver. (Mott, 1956).

As it is known, the stacking (ault energy is largely responsible for the ability of a

material to develop thermally activated cross-slip. These [acts, as expressed above, have
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suggested a conclusion to the effect that the third stage begins when dislocations have the
possibility to bow (by cross-slip) around the dislocation locks they have formed on their path

it the second stage, in the first place, Lomer-Cottrel locks.

Seeper (1957) derived the following expression for the shear stress Ty reguired to

compress dissociated leading dislocations of a dislocation pile-up:

26"
A b

T = '7 (7)

where n is the number of dislocations in a pile-up, Using this expression and expenmental

values of Tin for Aluminium at 4K, it has been found that n =25.

Deformation twining is one of the mechanisms of plastic shear deformation, Twinning is
usually a fast process and is often accompanied by energy release in the form of sound. On
the stress-strain curve the portion corresponding to twining has a tooth or saw-like shape

(Blewitt., et al, 1967). The onset of twining should evidently be pile-ups acting as local siress
concentrators. On the other hand, T gw remains appreciably lower than the siress
corresponding (o the theoretical strength. On that ground, twining cannot be associated with
simultaneous movement of all atoms in a twin and is probably realized through successive
displacement of atoms, ie, as in dislocation movements. In modem views, twining is

associated with the movement of pariial dislocations, resulting in a situation that the sites

occupied by atoms on both sides of slip plancs cease to be equivalent:The quantitative
relationship between the twining shear stress T ) and stacking fault energy, as proposed by

Duggan and Roberts (1975), is of the form
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where b is the Burger " vector of the twining dislocation, G is the shear modulus, and a is

the radius of a hall-loop  of the twinning dislocation.
Twinning is realized when v is low and Ty, ;g i5 smaller than T, gy This agrees
well with the results of experimental observations. For instance, twins {(and especially

ennealing twins) are ohserved very frequently in Copper ( ¥sf < 6 x 10" em® ) but are

very rear in Aluminium (Ysf> 2 X 10°Vem? ).

Apart from slip and twinning mechanisms of plastic deformation in metals, other
means of mechanisms also exist, causing structural changes in the metal. Deformation by
irregular rotation of the crystal lattice is noted. However, deformation of this type has not
been studied thoroughly. It was (irst discovered in compressed minerals and later in rock
salt crystals. In 1952, E.Orowan, observed the formation of a hn::—ahap:‘hinh: in a
cadmium rod on its compression in a direction almost parallel to the slip plane. The
region in the knee was much similar to the tilt regions in minerals and was called the kink
bend. Kink bands were later observed in Aluminium crystals on tension. Generally in
fe.e. crystals, kink bands form perpendicular to the planes and direction of slip. The
crystal lattice is rotated in them relative to the remaining lattice around an axis in the slip
plane and perpendicular to the slip direction. These bands contain local regions of curved
lattice as represented in Fig.2.3, consisting of two zones of opposite curvature. On heavy

deformations, kink bands become locks for dislocation movement (Honeycombe, 1993),
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Figure 23 A kink band (Schemstic) (After Gorelik, 1981)

ST

Figure 2.4 Eﬁ:&dﬁ—‘-ﬁ:u—'nil—p-i;iﬁ
(After Gorelik, 1981)*



Regions of large curvature are sites where the formation of recrystallization nuclei

occurs at the highest rate.

18.2 Deformation in Polyerystalline Aluminium Alloys.

In polycrystals, which are encountered most often in practice, the nature of
deformation and the shape of T-e curve. especially at the initial stage of hardening,

greatly differ from those in single crystals. On the other hand the principal features of the
changes in single crystals in the second and third stages of work-hardening are

essentially the same as in polycrystals.

The main changes result from the fact that every crystallite in a’ polycrystal is
oriented in space, and therefore relative to external forces, in a different manner than are
the surmounding adjacent crystallites from which the crystallite in guestion is separated
by grain boundaries. Also every crystallite experiences the action of neighbouring
crystallite which may have a different onentation. The nature and the result of the
influence of adjacent crystallite on a given crystallite depend appreciably on the type of

grain boundaries and their ability to impede the movement of dislocations.

In cases of cold deformation, grain boundaries are always stronger than the intemnal
volumes of grains. At high temperatures, when the contribution ol diffusion
processes becomes tangible, boundaries turn out to be less strong than grains proper.
The temperature at which boundaries and grain volumes have the same strength is called
equicohesive temperature. In cold deformation, the strength of boundaries depends on the

angle of misorietation, i.c. on the dislocation density at the boundaries.
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Chalmess and Clark (1954) have demonstrated on bicrystals of Aluminium that
fhe efastic limil and the yield limit increases appreciably (1.5 and 4 times respectively)
with an increase in the angle of misorietation up to approximately 60°. This implies that
grain houndaries grow in imporance as barriers for dislocation movement and cause
dislocation pile-up. This does not mean, however, that the deformation ceases as it
reaches a grain boundary. The latter may be and usually is the site of a sharp deformation
gradient, Usikov and Utevsky (1961), observed the excitation of dislocation sources on
grain boundaries in e, polyerystalline materials such as Aluminium and nil:klfl allowvs
under the effect of stresses that induce in a given grain the dislocations of an adjacent
grain, which come to the boundary and stand arrested by it. The authors called this
phenomenon the “relay race™ (grain (o grain) transmission of strain, The transmission nol

withstanding, slip systems on the two sides of a grain boundary are different.

Grain boundaries are responsible for a highly inhomogeneous delormation of grains
that results, for example, in dislocation pile-ups on grain boundaries. In fine-grain
materials, regions of multiple slip propagate from grain boundaries and extend mtl:r the
bulk of crystallites. Furthermore, the interaction of dislocations moving from various
boundaries of a grain can occur within the grain in such a material, The result is that fine-
grained materials undergo a more intensive work-hardening than coarse-grained ones
because the grain boundaries are closer in line-grained alloyvs than in mm:—gr;in;:d ones

{fig.2.4).

Investigations have shown that polycrystals have a greater number of operative slip
systems than are usually found in single crystals of the same materials. For instance, Boas

and Ogilvie (1954} examined polycrystals of Aluminium and a-brass upon relatively light



deformations and detected trails of six slip systems in some grains, including on
{111},{100} and {110} plancs. Since different slip system may be operative in various
volumes of a grain, polycrystals exhibit a non-uniform deformation in these volumes,
which causes bending and local rotations of the lattice such as twinning, kink bands, strain
bands and microbands. Cahn (1963) observed in polycrystalline Aluminium, deformed
40% by pressing. that the total misorientation within individual grains roughly 700pm in
size reached 52°. At 50% deformation, cach grain had at least one microband. Owing to
sharp misorietations, microbands, like grain boundaries, become the preferable sites for the
formation of recrystallization nuclei.

In addition to intragranular inhomogeneity, deformed polycrystals are charactenzed by an
appreciable intergranular inhomogeneity, ie. by non-uniform deformation of adjacent
grains. This feature makes itself felt heavily at relatively low stmins ond substantially
influences the nature of subsequent recrystallization.

According to Honeyeombe (1993) elongation in some pgrains of coarse-grained
Aluminium may vary from 2-14% or even more, with average clongation of a specimen
MmMﬁshﬂhuMﬂMiﬂﬂﬁr&vﬂmﬂ
microhardness in local regions. The almost complete absence of the first stage of the T«
curve in polycrysials is because multiple slip begins in crystallites upon relatively light
deformations, in the first place, in boundary regions. According to Jaoul {1967), strain £

in Aluminum at the first stape of deformation does not exceed 2%. In many other

metals, £ is still lower. However the second and third stages are more pronounced, and

obey the same laws. A decrease in the stacking fault energy extends the
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second stage (Fig. 2.2) to higher degrees of deformation and increases the absolute value

and intensity of work-hardening. Consequently, in high-purity Aluminium, which has a

high value of  ¥sl and a relatively low melting point, the second stage is not detected at

all on deformation al room temperature. The third stage is described by a parabolic curve
fas with single crystals) and depends in a similar manner on the temperature of
deformation and stacking fault energy.

Weissmann et al. (1963), remarked that in pure aluminium, cell structure begins
9 form on rolling at a 5% deformation. Al 30% deformation, cells become .r.urr!mnded by
a clear network of dislocation boundaries,

At heavy deformations of 70% or more, the dislocation density grows sharply,
individual dislocations in cell walls usually cannot be resolved, but dislocation pile-ups in
the walls are retained. He also demonsirated that small-angle boundaries of cells in
heavily deformed aluminium become more asymmetrical and “twisted” and that the

dislocation density in walls increases.

One of the most important consequences of plastic deformation in polyerystals is
that their properties become anisotropic to some extent; ie. grains which have been
randomly oriented prior to deformation acquire a preferable crystallographic orientation

which 15 called the texture,

During deformation of a metal specimen, its ervstalliles also change their shape

and tend to orientate themselves definitely according to the external deforming forces.

Practically, it is never possible to cause all crystallites in a body to line up on deformation

strictly on the direction they tend to. Some subgrains and grains always remain more or
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less disorienied relative (o the ideal direction, in which case a scatfer ol lexture s said to
lake place, In heavily deformed metals deformation lextures are most pronounced, with
lexture scatter of 5 to 10 degrees. It should also be noded that owing o0 a complicated
internction with adjacent grains texture scatter may be appreciable not only between
grains, but also within grains,

Dillamore and Roberts { 1964), explained that metals of high stacking fault cnergy

Ter such as Aluminium, give a {1I0R(T12) & [112)(111) texture, which is called metal

texture, However, the Tormation of rolling textures in [e.c metals and alloys is found to
be dependent on cross-slip. Il a cross slip i3 impeded, a simple single component
(103 112) texture forms. As cross slip becomes easier, the [112}(111) orientation
appears and ils contribution becomes more and more important. This is why the
{1103(112) texture, which is olten called “alloy texture™ or “brass texture”, usually forms
in f.c.c metals and alloys with low stacking fault energy 7. Only materials of very low

stacking fault emergy ¥y, can retain a brass texture up to rather high temperatures of

rolling (0.5Tm).

2.8.3. Presence of Macro and Micro inhomogeneity  in deformed Alloys.

28.3.1 Inhomopengities due 1o friction forces,

Under frictional forces acting between a deforming tool and the metals heiﬁg 1:.IEFnrmed,
the rate of plastic deformation and other parameters of metal I]ng- may vary over the
workpiece cross section. This involves difTerences in the structure, and texture aver the
cross section and the appearance of inteinal stresses between the surface and core layers

of the metal. These microstructures, also called zonal stress or first order stress, are
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counterbalanced in macrovolumes of the metal. Friction forces depend on the conditions
of rolling, including the diameter and temperature of rolls, the temperature of the metal
being rolled, the rate of deformation, the presence of scale or lubricant on metal surface
and somie other factors.

In Le.c metals, such as aluminium, cold rolling forms the (001 }{110) texture in surface
layers of the metal, though no such textures appears in deeper layers. The depth to which
this orientation penetrates increases with increasing coefMicient of Triction, ju, and the
amount of deformation per pass. Al very high values of i, a weak component of the

HTHOT 1) texture appears on the surface,

Other methods of deformation, such as drawing, extrusion, forging and stamping,.
ean also produce texture inhomogeneity over the cross section, Non-uniform conditions

of metal Mow can cause the appearance of zonal stresses apart from the formation of

bexlures,

The zone where the Mlow of metal during deformation has been more intensive
(surface layers in rolling and core layers in extrusion) is subjected to the residual
compressive stresses, and the zone with a lower rate of metal Mlow experiences residual

tensile stresses.
2832 Imhomogeneities due fo exeess phases.

The appearance of a secondary phase in an alloy may have an appreciable effect

on the nature of the dislocation structure that forms on deformation. This effect is
especially high if particles of the secondary phase are very hard and large in number,
Ashby (1964), Usikov and Utevsky { 1964), Honeycomb (1993), and Biclder 1. al. (2002)

hirve given convincing evidences that dislocation density increases more quickly in alloys
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which contain excess phase particles, and that these excess phase particles can serve not
mnly as barriers to dislocation motion but also generate dislocations in heat treatment
processes (heating, cooling, thermocyling) owing (o the differences in thermal expansion

and unit volume between these particles and the mairix.
2833 Inhomogeneliies due to the formation of point defecs.

The above mentioned structural changes occurring during deformation are only
associated with changes in the density and distribution of dislocations. The picture will be
incomplete iF we disregard the problem of how deformation alTeets the concentration and
distribution of point defect, in the first place, of vacancies which play an important part in
subsequent  processes of recovery and recrystallization. Plastic  deformation s
pceompanied by the formation of two types of point defects, vacancies and interstitial
atoms, of concentrations a few orders of magnitude greater than the equilibrium
concentration. The mobility of interstitial toms in metals is quite high and their flow Lo
dislocations and boundaries occur at rather low temperatures. For this reason, the effect
of interstitial atoms on recrystallization can evidently be neglected, which is not the case
with vacancies,

Though a major portion (about 70%) of vacancies is formed in deformation run off at a
lemperature below the recrystallization point, a certain fraction (20-30%) probahly
remains in the metal until the onsel of recrystallization, and alfects the m;mdifiumlﬂ and the

rale of the processes of dislecation climb and dislocation redistribution,

Further, vacancies, like impurities aloms, can form atmosphere around dislocations and
thus lock them. This has been confirmed by the results of comparative mechanical tests

of metals with varions concentrations of vacancies. For instance, the critical shear stress



in hardened Aluminium, (having an elevated concentration of vacancics), has tumed ot
lo be five times that in Aluminium alloy slowly cooled down from a high temperature

(Kaczorowski, 1984,

The particular mechanisms of the formation of peint defects on the course of
deformation have not been fully investigated due o certain experimental difTiculties.
Some of them can however, be specified from the geometrical analysis of the interaction
of dislocations. Ballulfi et al. (1963) suggested that one of the principal mechanisms is
mssociated with non-conservative movement of dislocation jogs whose Burgers vector has
a different orientation o that of the main dislocations. IT stress 15 applied (o a screw
tislocation with jogs (which cannot slip), the dislocation will be bent between the locking
jogs. Vacancies will form on the jogs mving to thermal activation, and this will enable the

dislocation to slip forward. The vacancy so formed will diffuse into the volume of

ervsiallite,
184, Processes Occurring in Deformed Al-Mg-Si Alloys on Heating

The elementary processes which can oceur on heating of a deformed Aluminium

alloy and decrease the activation energy are :

(1} Diffusion of point defects and their disappeasrance into dislocations and
boundaries, resulting in partial annihilation of vacancies with interstitial atoms
and deformation of complexes and groups of point defects:

(2} Redisuibution of distocations by formation of simple and .umss-siiu

dislocations and by narrowing of dislocation loop.
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(1)

(4)

{3

{6)

{7

%)

Redistribution of dislocations by climb, which, in combination with
dislocation slip results in "flattering”™ or sometimes, on the contrary, on
unraveling of dislocation arrays and their crystallographic orientation,
Formation of low-angle boundaries associated with processes indicted in (2)
and (3) above.

Migration of low-angle boundaries and large-angle boundaries into the
deformed matrix accompanied by annihilation (sweeping out) of defects;
Migration of grain boundaries between recrystallized grains and coarsening of
the grains. |

Dissolution of second phase particles

Homogenization of dissolved second phase particles

It is, however, necessary to realize that the above categorization is only conditional
md many of these elementary processes are not yel studied thoroughly. The above-
mentioned elementary processes can occur either successively or  superimposed in one

- molher depending on the amount and nature of delormation, the rate and time of

 hieating, the nature and purity of the material and some other factors.

- As a result, the effects of eold work on the structure and properties of Aluminium alloy

gan be eliminated in different ways and to a different extent.

Summarily, the following stages are distinguished in the process of elimination of

the effect of cold work on heating, (in order of increasing activation energy).

Recovery:

{a)  point defects annibilation;
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(h) polygonization;
{2} Recrysiallization:
{a) primary recrystallization;
(b} grain growth (umiform)
{c}  Secondary recrystallization (often called “exagperated grain
growih™)
Recovery should be understood as the process of structural perfection of a work-hardened
metal by redistribution and annihilation of point defects and, besides by redistnbution
and partial annihilation of dislocalions either without the formation of new boundaries

{point defect annihilation proper) or with the formation and migration of low-angle

boundaries only {polygonization).

Recrystallization is the process in which some grains of a given phase are
replaced by the same phase grains of a higher structural perfection and lower encrgy. The
process occurs through the appearance and motion of large-angle boundaries {primary
recrystallization) or only through the motion of these boundaries (grain growth and
secondary recrystallization). This definition makes a distinction between recrystalization
and polygonization, which is associated with the formation and motion of low-angle
boundaries. (Gorelik,1981). The rate of recrystallization at any of its stages is primarily
determined by a gain in free energy AF. This gain serves as the driving force of the
process. The gain in free energy related per mole is usually denoled as Py, and is a

function of a number of other enerpies as represented below.

Pa =EPi =Py + Pyt P, ()

Where I, is gain in volume energy,
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Py is gain in grain-boundary energy

Py is gain in surface energy.
Under real conditions, one should consider the factors which can lower the driving force
of growth of nuclel and thus retard recrystallization. These include solute impurities, and
encess-phase particles. The force that retards boundary migration is denoted as Py All
e stapes of recrystallization except for the formation of recrystallization nuclei are
malized through the migration of large-angle boundaries. The rate of boundary migration
depends on P, which determines the dircction of motion of a boundary, and also on

mobtlity M of the boundary proper, which is determined by the structure of the boundary.

The rate of boundary motion and the rate of recrystallization can be wrilten in a

peneral form as, V=MEPL e e £ ]

For primary recrystallization, Vpr = MPv; {Yh);
for grain growth, Vo =MPy; -{9c);
for secomalary recrystallization, Ve =MPy =MP,,= MP,, {9d);

dependding on the particular conditions, Reparding the retarding forces, the rate of

toundary migration may be found as V=M (Pg - Pu). (9e).

Generally, on the basis of plastic deformation alone, recrystallization may be
understood as a process which takes place in metals and alloys following distortion and
fragmentation of constituent crystals by severe mechanical deformation, in which some
fragments grow at the expense of others so that larger strain-free grains are formed; it
progresses. slowly al room temperature, but is greatly speeded by annealing. It is

pertinent to mention here that the Al-Mg-Si alloy like most Aluminium alloys do not
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undergo polymorphic changes during heat treatment or thermoplastic processing as

clearly revealed by the psendo-binary phase diagram of the alloy in Figure 2.5.

Figure 2.5 Pscudo-Binary Phase diagram for Al-Mg-Si alloy (Afier Polmear, 1989).
19 THERMOMECHANICAL PROCESSING
Thermomechanical working is a kind of processing involving plastic deformation
and heat treatment, which increases the density of defects and affects the formation of
the stroctures, as a result of phase transformations occuming during the thermal
deformation actions. Plastic deformation causes a change in the pattern of distribution
and an increase in the density of imperfections, such as dislocations, vacancies, stacking
faults, low- and high-angle boundaries in an alloy. Since crystal lattice defects produce a
strong effect on the formation of structure in alloys during phase transformations, plastic
feformation before or during phase transformations can be used to form optimum
structure in a heat-treated alloy.
Consequently, not every combination of straining, heating and coollilg anhe
cilled thermomechanical processing. For example, if plastic deformation is carmied out
after all operations of heat treatment have been completed, then we are dealing with

common heat treatment followed by plastic working rather than with thermomechanical
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processing. Such is the ease of plastic deformation afler ageing, which will produce strain
hardening and increase strength properties. However, this has no effect on the structure
formed through phase transformations, since these transformations have faken place

before the plastic deformation was applied.

IT plastic deformation was eflfected prior to heat treatment and produced no
decisive effect on the final structure formed in an alloy during phase transformations, it
should be regarded as a simple combination of plastic working and heat treatment, rather
than thermomechanical processing, This is the case of cold rolling followed by solution
heat treatment, and both thermal transformation and deformation are not simultaneously
causing significant structural changes. The process of plastic deformation and heat
treatment in  thermomechanical processing may be either combined in a single
technological operation or made with a time interval of up to a few days one after the
other. 1t is only important that phase transformations take place under the conditions if

mcreased density of the lattice defects formed through plastic deformation {(Novikov

1978).

Al present, various methods of thermomechanical processing being emploved in the
industry are presented schematically in figure 2.6, The first method is called low
temperature  thermomechanical treatment (LTMT), the second |s high temperature
thermomechanical  treatment  (HTMT), the third s high-low temperature
thermomechanical treatment (HLTMT), and the fourth is preliminary thermomechanical
treatment (PTMT). All of them include plastic deformations which produce the decisive
effect on the lormation of the structures in allovs on ageing or during polymorphic

transformations.
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Fig. 2.6 Principal schemnes of Thermomechanical processing of ageing alloys.

(After Novikov,_1978)

Thermomeochanical processing as applied to ferrous metals, steels in particalar, consisis
of the: following cetrgories or types;

(1) Controlied rolling

{(2) Hot-cold working

()] Ausforming
(4) Isoforming
) M _

(© Coymofivining sl
(7'  Thomomechanical annealing.



Each of these operations involves heating deformation at a particular temperature and
eventual cooling to obtain a desired structure and properties. Details of each ol these
methods are found in literature; (Rajan et. al. 1988, Lakhtin 1990, and Gulaev, and

Leshinskava, 1980,

Thermomechanical processing of non-ferrous alloys 18 commonly applied to the age-
hardenabie alloys, The process consists of plastic deformation of alloys followed by
ageing trestment, This is in contrast to thermomechanical treatments applicable o steel,
which consist of plastic deformation and simultaneous phase transformation, However
this is classified as a thermomechanical process because the mechanical working has
been performed o effect and promote favourable ageing process, This is distinet from the
case when the mechanical processing is carried out after no further ageing process can
take place. Significant amount of work has been done on thermomechanical processing of
non-lerrous alloys. Aluminium, Copper, and Nickel base precipitation hardenable alloys
have been suceesslully subjected to thermomechanical treatment (Rabinovich, 1972;

singh andGoel, 1990; El-Baradie and El-Sayed, 1996; Celentano, 2002)

However, microstructural modeling of thermomechanical processing is well
established as a valuable procedure for oplimizing processing conditions in the steel
indusiry {Beynon and Sellars, 1992) and is currently the subject of major research efTorts
in the Aluminium industry,(Vatne elal,, 1996). Depending on the Em;amiture of
deformation, the process can be divided into two major classes, namely, low temperature
thermomechanical processing (LTMT) and high temperature  thermomechanical

processing {(HTMT).
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Low-tcmperature thermomechanical trestment of ageing alloys is the oldest, (introduced
in the 1930s), and most widely used method of thermomechanical trestment. It is mainly
used to enhance the strength properties of alloys.

With LTMT, an alloy is first quenched by a common technigue and then
ﬁmmﬂmnﬁum

values of uitimsie tensile strength, yield sirength, hardness and toughness but lowers

ductility indices. Curve (1) in figure 2.7 shows how the degree of cold deformation

affects the hardness of a quenched nickel alloy, a typical £c.c alloy, while curve (2) is for
deformation and ageing at 160°C for 16 hours.
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Fig2.7 Effect of percentage deformation on hardness of typical metallic slloy under

I- Cold drawm ; 2- Deformed and aged at 160°C for 16 hours (Novikov |, 1978)



According to Bemstein, (1968), the hardening effect produced by LTMT may be
explained by two principles. Firstly, the cold deformation produces sirain hardening, so
that the subsequent precipitation hardening beging from a higher initial hardness level of
the alloy. Secondly and most importanl, cold deformation enhances the effect of
precipitation hardening. With increasing degree of cold deformation, the hardening effect
on ageing increases continuously (see the diverging curves 1 and 2 in ﬁg 2.7). With 90%
reduction, the gain in hardness produced by apeing has amounted to 1 75kglimm®
(17T16MPa). Consequently, cold-working in the case considered has enhanced the

hirdening effect on ageing by one order of magnitude.

Experimental evidence and detailed analysis show that the effect of strain-hardening on

ageing may be quite complicated. The nature of this effect depends on the
{a) structure of the alloy and type of precipitates,
ih) super saturation condition, .
{c) quenching condition,
{d) ageing potential, and
{e} amount of previous ageing,

The effectiveness of LTMT is decided by the strengthening phase that precipilates
on ageing. Usually, heating for ageing purpose afier cold deformation is carried out to
achieve only recovery and polygonization processes which diminish somewhat the

hardening effect provided by LTMT (Novikowv, 1978).

The formation of stable incoherent precipitales instead of semicoherenl metasiable

precipitates during ageing of a strongly strain hardened solid solution can diminish the
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hardening effeet (Rabinovich, 1972). For this reason, the strength of aged alloy afler a
heavy deformation may tum to be lower than that of a less deformed alloy,

notwithstanding, the strength level of the former before ageing.

Pre-ageing prior to plastic deformation accelerates micro structural changes as
well as enhances the hardening effect in subsequent ageing process. One of the probable
causes may be that plastic deformation of a preliminarily aged alloy forms a more
favorable structure characterized by a high density of uniformly distributed dislocations.
It is only reasonable that a time interval 15 allowed between quenching and cold
deformation in LTMT of naturally ageing alloys. For instance, in LTMT of sheets and
tubes of certain 6xxx alloy, this interval was observed to be at least 2 hours in order to
obiain the maximum strengthening or hardening effect (Nes, 1995). Pre-ageing can be

either natural or artificial,

Even though increased slmng}h can also be obtained by using common cold
deformation afier ageing, LTMT ensures for same strength, higher ductility, lower
residual stresses and a structure possessing a higher thermal stability. When resorting to
LTMT, one should abways consider the possible adverse effects, such as a reduced
ductility, which is characteristic of most alloys, a lower creep resistance in some

Aluminium alloys and anisotropy of properties.

In recent times, LTMT takes different forms, and is widely used in the
manufacture of semiproducts and products from ageing copper, austenitic alloys, and

some Aluminium alloys. Among the products produced in this way are sheets and tubes,



192 HIGH TEMPERATURE THERMOMECHANICAL TREATMENT
(HTMT)
High temperature thermomechanical processing of  alloys  includes  hot

deformation, quenching from deformation temperaiure, and ageing.

Hot deformation increases the density of dislocation and produces hot strain
hordening effect, which can be partially or fully removed owing to the development of

dymamic polygonization and dynamic recrystallization.

The stress-strain curve of the process has an ascending section of creep stresses,
which corresponds to the stage of hot strain-hardening and a descending stress section,
which is due to the development first of polygonization and then of recrystallization.
With dynamic polyvgonization, as is also common in static polygonization which is
observed in heating afler cold deformation, the formation and migration of low-angle
boundaries are controlled by dislocation climb. In contrast to static polygonization
however, dislocations are continuously “pumped” into the body of subgrains under the
action of the stress applied in the course of hot straining. A similar difference exists
between siatic recrystallization and dynamic recrystallization. In the course of hot
deformation, the processes of hardening by increasing the dislocation density and
afiening due to  decreasing number of dislocations in  polygonization and
recrystallization, altemate continuously, Gorelik (1981), affirmed that, dcpcmlﬁng on the
nature of alloy, temperature, rate, degree and pattern of straining, the metal at the end of
hot deformation may either strain-hardened or have a polygonized, recrystallized or

mixed-type, partially polvgonized and partially recrystallized, structure.
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A fully recrystallized structure with the minimum dislocation density corresponds
to the most stable state. If the structure has not been recrystallized, or has been
recrystallized only partially at the end of hot deformation, there forms a stimulus to static
recrystallization, Upon straining with a high degree of deformation, a very quick
recystallization without any induction period may be observed, since the nuclei of
recrystallized grains are formed in the course of hot deformation. According to Fridlander
(1971}, this process is called metadynamic recrystallization. In his words, the aim of
HTMT in Aluminiom alloys is o form a supersaturated solid solution “:ith non-
recrystallized structure upon hot deformation and quenching. In this respect, a structure
having an increased density of imperfections (subgrain boundaries and free dislocations)
results. An alloy of such a structure oblains belter mechanical propertics on subsequent
ageing. In most cases, the polygonized matrix of the quenched alloy is the best choice.

When using HIMT, at least three requirements must be fulfilled;
(a) a non-recrystallized structure must form at the end of hot deformation,
{b) probable recrystallization upon hot deformation must be prevented,

(c) the degree ol supersaturation of the solid solution must be sulficient for

subsequent ageing.

The use of HTMT is limited by a number of factors. An alloy may have a very namow
range of lemperatures of heating for quenching so that it is practically impossible to
maintain the temperature of hot plastic working in the same narmow range for instance
within 15°C with Duralumin{Novikov,1978). The optimum temperature range of hot
geformation may be substantially lower than the range of lemperatures of heating for

quenching. For instance, the rate of deformation in pressing of Aluminium alloys{without
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the sppearance of surface cracks), will be lower, the higher the temperature of
deformation, 1f it is required to substantially increase the temperature level of heating for
guenching, the rate of deformation must be inevitably reduced, which lowers the
productivity, With an alloy having susceptibility to recrystallization, it may be difficult to
form unrecrystallized structure towards the end of deformation and retain it in the period

between the end of deformation and the moment when the temperature will drop down to

the recrystallization temperature ] , in cooling.

Omotoyinbo, etal, (2006) reported that HTMT is used to improve the strength
properties and ductility of steel compared with the properties they have in the
merystallized state. They established the fact that the coarser the grains, the better
ductility because more extensive slippage can take place during plastic deformation

Formation of fine and uniform precipitates from the solid solution with very fine
grains structure, ensure high level of strength, and ductility upon HTMT. In contrast to
LTMT, which noticeably lowers the ductility, the additional hardening effect prm:lumd
by HTMT is obtained with the ductility being virtually unchanged. In Aluminium alloys,

the ductility and impact toughness can even increase upon HTMT.

The hardening effect produced by HTMT can be retained at a higher temperatures
than that obtained through LMTM. An increased heat resistance of alloys on HTMT may
be attributed 1o the toothed shape of grain boundaries, which inhibit intergranular fracture
ind to the appearance of subgrain boundaries locked by precipitated particles. (Jensrud

mnd Pedersen, 1998).
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In particular, Al-Mg-Si alloys, being heal treatable are oflen subjected 0 HTMT, to

explore the effect of such treatment on the quality of the alloys.

Aluminium may be characterized by high stacking fault energy, so thal
pelvgonization, can occur in it guite easily, Pressing usually forms a very stable
pelygonized structore in Aluminum alloys, so that special measures to form and retain

this structure in HTMT are not useally needed, (Kevorkijan, 2002).

With ageing alloys, HTMT is used less frequently than LTMT in the industries,
mainly because of the processing limitations and the lower hardening effect. A
combination of HTMT and LTMT, called high-low temperature thermomechanical
processing has been pul to use in reeent times. It comprises quenching from the
deformation temperature, followed by cold deformation and ageing. The process gives a

higher ultimate strength and a lower ductility than HTMT.

193 PRELIMINARY THERMOMECHANICAL TREATMENT (PTMT)

In preliminary thermomechanical treatment or processing (PTMT), the processes
are such that a semiproduct, which has an unrecrystallized structure upon hot
deformation, retains this structure during heating for quenching. PTMT differs from
HTMT in that the operations ol hot deformation and heating for quenching are performed
separately {See Fig 2.5). According to Dobatkin (1965) and Nes, (1995), PTMT enhances
structural strengthening in Aluminum, and the gain in the ullimate strength and yield
strength in ageing Aluminium alloys i3 attributed o the retention of unrecrystallized
siructure which may be about 10-40 percent.  Ageing of an uncrystallized alloy produces

8 higher hardening effect by increasing the difference between the properties of
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recrystallized and unrecrystallized semi-products. The ductility is higher in alloys in

recrysiallized state.

Both in PTMT and HTMT, the formation of an unrecrystallized structure is
favoured by higher temperature and lower rate deformation, a lower degree of
deformation and by the patiern of deformation approaching uniform compression. It is
worth noting that pelygonization can develop intensively in Aluminium alloys and this
produces a stable network of sub-boundaries, which can cause an unrecrystallized

structure (o be easily formed especially by pressing.

Structural strengthening of Aluminium alloys subjected to PTMT, has found a
wide application in large-lonnage mass production of semi products and is an example of

effective industrial use of thermomechanical processing,

L10  PRECIPITATION STRENGTHENING OF Al-Mg-Si ALLOYS.

The strength and hardness of Al-Mg-5i alloys and some other metal alloys may be
enhanced by the formation of extremely small uniformly dispersed particles of a second
phase within the original phase matrix. The process by which this is accomplished is
called precipitation strengthening or hardening.  The small particles of the new phase (the
seeond phase) are termed “precipitates™. “Age hardening or strengthening™ is also used to
designate this process because the strength of the alloy develops with time or as the alloy
ages.

The phenomenon of natural ageing was first discovered in Aluminium-Copper
alloy, containing some amount of Magnesium, by Alfred Wilm, a German engineer, in
1906, He found that a quenched alley of Aluminum with Copper and Magnesium

{duralumin) increase its hardness when stored for a while at room temperature.
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Heat treatable Al- Mg-58i alloys of the 6xxx series are known for their medivm 1o
high strength, excellent formability and good corrosion resistance (Murtha 1995; Kamat
el al, 2002), making them more appropriate for cerlain applications than the stronger
Al-Zn Txxx series. Al -Mg-5i alloys can be strengthened through the precipitation of the
metastable  precursors of the equilibrium B{Mg:5i) phase. A number of studies on the
ageing behaviour of experimental Al-Mg-Si alloys (Murayama e, al., 998, 2001;
Murayama and Hono, 1991; Matsuda ¢t. al., 1999; Takeda et. al., 1998) and commercial
Al-Mg-8i, 6016 (Moons et. al., 1996; Gupta et. al., 2001), 6063 (Siddiqui et al., 2000)
are available.

In their attempt to study the ageing behaviour of the 6xxx series alloys, Miao and
Laughlin {1999, 2000), suggested the following precipitation sequence in the Al-Mg-Si
alloy, (e.g. 6022 allov);
af S88) -— GPzones — ["needles—'rods + lath-like particles —p+

Si {various morphologies)

where o (855) is the supersaturated solid solution and GP EL‘JIIE:.S are spherical
clusters with unknown structure,

Precipilation strengthening involves two distinct stages. The first is the solution
heat treating of the alloy and the second is the precipitation heat treating. Both are
schematically represented in Fig.2.8. |
Often it is more useful and convenient to present the data on the growth of the precipitate
P particles in terms of the strengthening achieved with time. In this respect, the tensile

strength, yield strength or hardness obtained at a temperature (T'C) is plotted as a
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finction of the logarithm of ageing time. A typical chamacteristic curve of the ageing
process for the Al-Mg-Si alloy is shown schematically in Fig 2.9. (After Callister Jor_, 1997)

1 Precipitation heat freatment

Tempearature

T

Figure 2.8 . Schematic iemperature-versus-lime plol showing both solution Tirne:
and precipitation beat treatmients for precipitation strengihening

(Afier Callister Jur., 1997)

Strength  [hardness)

Logarithm of Ageing time
Figure 2.9 Schematic disgram showing strength and hardness as a fusction
of the logarithm of sgeing time st constant tempersture during the
precipitation hest treatmend
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Ihere are three principal zones.
Sage I- GP zone formation
Sage |1- Formation of intermediate metastable phase
 Stage [11- Formation of intermediate stable phase
- L10.1. Kinetics and Sequence of Precipitation on Ageing.
- Figure.2.10 shows the dependence of fiee energy on the composition of supersaturated o
- solution which stratifies with the formation of G.P zones, metastable B’ - phase and
-gzble B — phase.

T Sy (e

huuw&hwmmf mpcsmmmicd oAl selld
soltinn widch ciretffies with the fiumstion of G zomes, sctastybie §7-nhese a0 steble

g (%)

f-phese (Afier Novikov,1978)

'_Fh.cﬁae::nergyiuanallu}rmmpushimcu(ufﬂuﬁj-Mgﬁiaun}r]mdumﬁmm
sppreciably on the precipitation of the stable B-phase than on the formation of

atermediate f'-phase and GP zones, ie. ad> acab as shown in the Figure 2.10. This.



however, by no means implies that the probability of formation of a stable phase in
ageing is always greater. The ordinate axis in Fig 2.10, gives the values of the volume
free energy. As has been  established, the sequence of phase formation is controlled by
the energy barrier on nucleation of a new phase, rather than by the attainable level of
volume free encrgy.

The energy barmier of nucleation or the work of formation of a eritical nucleus
{AF &} without elastic component, is equal to one third of the surface energy as expressed
below

AF g™ 1/38y (10}

5 is the surface area of the crystal and y is the free energy per unit area.

The surface energy is at its minimum in G.P. zones and at its maximum with the
incoherent precipitates of a stable phase. Therefore, AFY "< AF" <AF? <AF". |In
ageing, the energy barrer to nucleation of precipitates is formed due to elastic
deformation of the lattice, as well as to the formation of an interface.

The elastic deformation on nucleation of semi eoherent precipitates n_f B - phase is
greater than that on nucleation of incoherent precipitates of B - phase.

Then, inequality AF” < AF” can only be satisfied if the gain in surface encroy
outweighs the possible loss in the elastic strain energy.

The rate of precipitates nucleation in an ageing alloy is determhined by an

expression such as
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Mgy A

J = Ae ¥ g% (11)
() is the activation energy of passage ol an atom through an interface.

¢ *T is a factor, that determines the number of eritical nuclei.

¢*T is a factor, that determines the frequency with which atoms are attached o a
nucleus,
Il has been established that as the degree of undercooling increases, the number of

critical nuclei formed in a unit volume per unit time owing to energy fluctations also

]

increases, and their number should be proportional 1o the factor, e M {Edwards, et. al.,
1998).
A critical nucleus becomes a center of crystallization only when it has attracted

one or a few atoms of the mother phase. The frequency with which atoms are attached to

g
a nucleus is proportional to the factor, ¥, where () is the activation energy of passage

of an atom through an interface, or the activation energy of diffusion of T]IIE: element
having the lowest dilfusion rate.

(i.P. zones, intermediate metastable and stable phases can be characterized by their
own C-curves (Fig.2.11). The upper branches of C-curves approach asymplotically the
respective solvus temperatures Tgp, Ty and Tp. |
Sections of the figure are the induction periods for each Cecurve. An induction period is
understood as the time before precipitation starts. With increasing temperature of ageing,
the induction period first shortens owing to 2 higher diffusion mobility of atoms, and then

increases due 1o lower supersaturation of the solid =olution relative to a given phase,
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m‘ﬁ-_ﬁﬂhﬁli_hﬁﬂ'
| mome metastslbile intermediste phases bofbwe ( if over) veaching a stable intermediate
phase §. In fignee 2.11 for cxample, sgeing at;

Tyemlisin o— GP.— F—f,

Ty rosulisin” o [—f, d

Tymesalizin a—f.

Tempermiure
TES Al

Fime

Fig.2.11 C-curve for formation of GP sones, inoreodisic §-ples: sl sisbhic f-phasc on
precipitstion of superssiwmied solufion in s aged slloy (shemstically) Tar, Ty, Tp-
solvus temponsturcs of precipitates in Co alloy in figare 2.10. (Afler Novikov,1978)

fi is even possible 1o have more C-curves for which the transihonsiion of e-ssirix conld
be of the types a— G P — f* — f—fi or a—=GP.1+G P2+ i* — ['—fi, doponding on
iemperature. ' .

The sequence of formstion of precipilalss = oflen wrilles 88 a— GP— F—fi, (v
@ GP—s §" — [—f). At ageing tompersinre T; which is higher than the solvus



iemperature of G.P. zones, the [i-phase is first precipitated from the supersaturated
solution followed by the precipitation of the B-phase, i.e. by the a— i'— P sequence of
precipitates formation. At the temperature T, exceeding the solvus temperature of the ' -
phase; only the stable p-phase can precipitate from the supersaturated solution. The
above explains the peneral rule stating that, the lower the degree of supersaturation of the
solid solution relative to a stable phase the smaller 15 the number of intermediate
transformations (Frank, 2004)

The statement of the process of supersaturated solution precipitation @ — G.P — fi'— A
only indicates the tme (al constant lemperature) or temperature (al constant holding time)
sequence of the appearance of various precipitates. This formula should not be
understood as if G.P, zones always transform due to lattice rearrangement into i - phase
and latter, into B - phase.

Three possible ways for the formation of more stable precipitates are identified:
1. Direct transformation of less stable precipitates into stabler ones, i.e. a change in
the types of lattice, allotropic transformation within the volume of a precipitate
without the participation of the matrix. This method is only feasible at a low
difference in the structures of precipitates, and is therefore used only rarely,
G.Pl— >GP2 (0" eg. in AlCu.
2. The nucleation of a i - phase at G.P zones and the growth of B - precipitates in the
matrix and finally, the nucleation of p - phase at [i' - precipitates and the growth of
- particles in the matrix.
3. An independent nucleation of a stabler phase in the matrix far from the precipitates

of a less stable phase and far from G.P. zones.
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1.10.2 Mechanism of Strengthening or Hardening.

Phase transformations in alloys can generate particles or precipitates of a second
phase, which may differ from the matnix by their composition and structure, whether
crystalline or amorphous. Important parameters of precipitation — hardening in alloys
are the strength of the precipitate phase, its relative volume and volume fraction, and
dispersion of the particles in the matrix, their mean sizes and the typical distance between
them.

Two distinct or major mechanisms are recognized.
ia) Interaction mechanisms between particles and dislocations.
ib) The Orowan mechanizm

(a) Interaction mechanisms between particles and dislocations. Precipitated particles
can effectively obstruct the motion of dislocation in the matrix by one or more of the
following mechanisms,

i) Parelastic interaction: The particles interact with dislocations via their stress
field, generated by a volume contraction or expansion associated with phase
transformation, or by coherency stresses between the particle and the matrix.

ii) Diclastic interaction: The particles alter the shear modulus G of the matrix.

Since the energy,

E, -ﬂi{!-rLsm Q}b{ 1)
dr

of a dislocation per unit line length (Frank, 2004), is proportional to the shear

modulus G, a local change of G implies an attractive or repulsive interaction between the



dislocation and the particle, R is the upper limit and R, the lower limit of the radius
within which Hooke’s law is valid.

{iity  Particle intersection: Il the particle is coherent with the matrix, thus if the glide
planes of the matrix continue through the particle, a dislocation can intersect the particle,
then glide through it, However, this will shear one hall of the particle versus the other by

h, the  Burger's length, Since the particle shape is generally convex, in order to minimize
the energy ¥, (per unit area) associated with the particle — matrix interface, this process

mcreases the interface areas and therefore requires additional interfacial energy. This

implies a repulsive force (per unit length) of

E'-1'n|r||' = ‘rrl['i-'pq (13}

where 1, denotes the radivs of the particle.

i) The (hvowan Mechanizsm,

The line energy of a dislocation implies a line tension — the dislocation tends to shorten
iself, like a rubber band. Consider a dislocation segment between two dislocation —
pinning precipitales separated by a distance . Under a resolved shear stress t, the
dislocation segment bows out until the line tension balances the force penerated on the

dislocation segment by 1.

Consequently, the shape of the dislocation segment becomes a semi-circle with

radius
E,
ey (i4)
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However, if the distance | between the pining points is smaller than ., the dislocation
becomes unstable and “swells” until the neighouring segmenis recombine behind the
obstacles and leave behind a dislocation loop around it Figure 2.12 illustrates the
individual steps of this so-called “Orowan™ mechanism.

Inserting r,=! in the equation above, and solving for t yields the “Orowan stress”
— the minimum stress required for the Orowan mechanism to operate

< LB @
Figare. 2.12 Individual sieps of the Orowan mechanism, by which a dislocation can

overcome pinning obstacles like precipitses. (After Frank, 2004)

2GH v Y. E
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(15)
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where 1 is a scaling factor accounting for the interaction between the dislocation segment
under consideration and neighbouring segments, and E; has been approximated by

12GH.

2.10.3. Ageing and Overageing
It is a well established fact that, the hardening effect of precipitates depends on two
parameters: the particles size (rp) and the particle spacing (/). In a model developed by
Fleischer (1964), one considers the “Friedel length™ Iy, the mean distance between the
particles that a dislocation touches under a resolved shear stress ©. With increasing shear
stress 1, the dislocation touches more particles, thus J; decreases, For a maximum force,

Fuax between the dislocation and particles, mechanical equilibrium implies
teq:.h-jr_' Fimax (16}
since the Friedel length Iy is related (o the concentration Ca of particles n the ghde plane

GE,
rbCa

iper unil area) by the expression, £, =ij (17 -

then the preceding expression implies
r i | 1
Ty - |femta (18)
6EH

For each kind of interaction, Fy,. can be replaced by a term y.r, with an “effective”

mterface energy ¥ (for the parelastic interaction, ¥y = Ghi], where & denotes the radial

strain). This leads 1o R £L (19}
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where, Vp denotes the volume fraction of the particles.
Let us consider an alloy with a certain dispersion of precipitates, thus with a certain mean
particle size and inlerparticle spacing. We assume that the volume fraction of the
precipitated phase corresponds o the equilibrivm volume [raction. On tempering the
material, no farther precipitation will occur. However, large particles will grow at the
expense of small particles in order to reduce the total energy of the phase boundaries in
the system — “Ostwald ripening”. The question arises as to whether the strength of the
material will increase or decrease. A fine dispersion of small particles, as it may exist al
the beginning of the tlempering process, will nol effectively strengthen or harden the alloy
ecpuse small particles are no strong obstacles for dislocations. A coarse dispersion of
large particles, on the other hand, as it will form afler prolonged annealing times, will not
effectively strengthen or harden the alloy either.

While the particles are large and interact strongly with dislocations, their spacing
i correspondingly large, Therefore, the dislocations can easily pass them via the Orowan
mechanism,

Optimum  strength or hardness, therefore, will result from dispersion between

these two extremes. The particle radius r_at which the hardness should reach its

maximum for a given volume fraction Vp of precipitated phase is obtained from the

llowing equation;

Gb  Gb rr J:r’;r ¢
—=pg—_JF = £ L 2 i}
Graet Jﬁmh’ 0 ET Vil

Again, the dislocation line energy has been approximated by 1/2Gh
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Slving the sbove equation for the particle dismcter, yiclds the particle dimmctes

puticles size as long as dislocations can intersect the particles
unuihmhnﬁhuﬁmpupﬂu.ﬁum
mchanism, incressing particle size decresses the sirength. This behaviour is
shematically illostrated in figore 2.13.

uilparticies pass particles

Figure 2.13 Effects of particle size on the stress required 1o make dislocations intersect or
by pass particles (After Novikov,1978)
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CHAPTER THREE
EXPERIMENTAL TECHNIQUES

MATERIALS AND PREPARATION
The 6063 aluminium alloy of commercial purity, used in this study, was obtained
from the Nigenan Aluminium Extrusion (NIGALEX) Ple. Lagos, The matenal
was produced as hot extruded, 16mm diameter rods of about 600mm length. The
determination of the chemical composition of the alloy was camried out at the
guality control laboratory of the same company using a computenized spark
spectrometer. The results obtained are as presented in Table 4.1.
EQUIPMENT USED

The following major facilities which are situated in the laboratories and workshops
ol the School of Engineering and Engineering Technology, Federal University of
Technology, Akure were used in this study; they are Carbolite heat treatment
furnace, Monsato tensile testing, lathe, grinding, and polishing machines. Also
used are impact and hardness testing machines that are located at the laboratory of
the depariment of Material Science amnd Engineering, ﬂha.fen:ni Awolowo
University, lle-lfe. (ihers include laboratory rolling mill situated at the
department of Mechanical Engineering University of Lagos, compulerized spark
spectrometer located in the quality control unit of the Nigerian Aluminium
Extrusion (NIGALEX) also in Lagos, and optical metallurgical microscope
situated at the Engineering Materials Development Institute, Akure. The
transmission electron microscope at the department of Chemical and Materials

Engineering, University of Manitoba, Canada was used for the TEM micrographs.
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SOLUTION HEAT TREATMENT (SHT)
The as-received Al-Mg-Si(6063) alloy from NIGALEX was solution heat
treated{SHT) by heating to 530°C for 2hrs in a carbolite electric fumace situated
at the laboratory of the Metallurgical and Materials Engineering Department,
Federal University of Technology, Akure and finally water quenched to room
temperature. This treatment is fundamental to all ageing processes on which the
thermomechanical ageing operations depend. Consequently, all the samples were
solution heat treated before subsequent ageing, thermoplastic working, and
thermomechanical ageing.
From the solution heat treated samples, tensile and impact tests ﬁpt;:cimen.-: were
prepared using the lathe machine under liberal cooling to minimize heating and
machining stresses. The specimens were tested accordingly and the resulis of the
tests presented in Table 4.2 in appendix1.
THERMOPFLASTIC PROCESSING OF SAMPLES
(NO ARTIFICIAL AGEING)
Some as-received samples after solution heat treatment were subjected to
varying degrees of deformation at 28°C( room temperature),160°C, 180°C,
200"C,220°C and 240°C warm temperatures by rolling .a process hereby referred
to as thermoplastic processing (TPP). Soaking time at each temperature was 45
minutes and the percentage deformation employed varied from 10% -50% at
intervals of 10#%.
The purpose of this treatment was to assess the effects of the temperature and
degree of deformation, without ageing, on the tensile strength and plasticity

indices of the alloy. For the purpose of this investigation and in accordance with
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recent nomenclature of working temperature for allovs of this category (Goel
and Singh, 1990), this temperature range (160"C-240°C) is considered “warm”
temperatures. Below 150"C constitute “cold” temperatures while those above
300°C belong to “hot™ temperatures (Gracio et.al. 2004).
The degree of plastic deformation is expressed in this experiment as percent warm
work rather than as strain. Percent wamnm work (% WW) is defined as;
o WW= Ay Ag/ Ap x 100,

where Agp is the original area of the cross section that experiences deformation,
and Ay is the cross sectional area after deformation at the chosen working
temperature above 150°C. -
Tensile and impact tests specimens were machined from the thermoplastically
worked samples and the mechanical properties of the worked alloy computed
after the tests were carmied out. The results are presented in Tables 4.3- 4.8,

AGEING OF SAMPLES (NO PLASTIC DEFORMATION)

The as-received 6063 alloy from NIGALEX was solution heat treated (SHT) by
heating to 530°C for 2hrs and water quenched to  room temperature. Tensile
and impact tests specimens were prepared from the solution heat treated alloy,
and aged artificially at 160°C, 180°C,200°C, and 220°C for ageing times varying
from Thour to 20 hours at Zhours intervals, afier which they were quenched in
water. Thereafier the specimens were tested using standard procedures to
determine the tensile and impact properties. The results of the tests are

contained in Tables 4.9- 4.13 in appendix 1.
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THERMOMECHANICAL AGEING
Thermomechanical ageing of the 6063 alloy was carried out according to the
work schedules presented in Tables 3.la, 3.1b, and 3.lc. The following
operations were performed sequentially on the samples;

(a) solution heat treatment by heating the alloy to 530°C for 2 hours and water
quenched to room temperature,

(b} some samples of the alloy from (a) above were aged at 180"C for 12hours
and water quenched to room temperature after which the average hardness
value was determined. The result obtained gave the peak hardness value
for the alloy at 180"C ageing temperature. The different dﬁgre;es of
preliminary ageing (pre-ageing) carried out on the alloy in the
thermomechanical ageing (TMA) schedules 1, 11, and 111 are based on the
time for peak ageing (12hrs) at the said temperature. For TMAL pre-
ageing time was 3hrs, referred to as 25% pre-ageing: for TMAIL, the pre-
ageing time was 6hrs (50% pre-ageing); for TMAIL, the pre-ageing time
was 9hrs { 75% pre-ageing),

{¢) warm rolling at 180°C with degree of deformation that varied from 10% to
50%, at 10% intervals,

(d) final ageing at 180°C for ageing time varying from | hour to 20 hours at
Zhours intervals, and

{e) water quenching to room temperature.
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Table 3.1a: Details of the TMA treatments al 180°C for specimens which were preaged
for 3hours before warm rolling (TMAT).

TMA IA-IE

Treatment

Schemalic Bepresentalion

Details of treatment

dHiEmliun
As

Duenched
fAQ)

KN

() Sohsion hest trestment (SHT) at 530°C |
Tor s,

(h) Water-quenched 1o room temperature.

Peak aped
(PA)

{a} SHT

ik} Water-guenched

{c) Aged at 180°C for Zhrs

{d) Water quenched o mom temperature.

TMA TA

t *!4: ir

(a) SHT
ib) Water-Quenched

() Pre-speing of FEO°C for Jhrs
id) 10% worm rolling nt 180°C
i#) Final ngeing at 180°C.

()} Water quenched 1o room temperature,

TMA 1B

{a) SHT
(b} Water-Cuenched

{c) Pre-ageing ot 180°C fow Shre

{d) 20% warm rofling at 180°C

{2} Final ageing at 180°C.

(1) Waler quenched to room lempernture

TMA IC

{a) SHT
(b} Water-Cruenched

{(c) Pre-apgeing at 180°C for Thrs

{d) 30% warm rolling ai 1807

(e} Final ageing s 180°C,

(1) Water quenched (0 moom lemperature

TMA D

{2) SHT
(b} Water-Quenched

{c) Pre-apeing ai 180°C for 3hrs
(d) 0% worm rolling i [807C
{&) Final ageing at 1807

(1) Water quenched i0 room
emperaiure

T TMAIE

{a) SHT
(b} Water-OQuenched

(c) Mre-ageing af 1R07C

{d} 50% warm rofling at 180"
(e} Final ageing at 1807,

{1} Water quenched i0 room
femperature
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Table 3.1h: Details of the TMA treatments at 180°C for specimens which were preaged
for Ghours before warm rolling (TMAIT).

Treatment
Uesignﬂu'un

Schematic Representation

TMA TTA

[—nl/c! L

Details of Tre_.nlmenl-

() SHT
() W ater-Oaenched

() Pre-ageing at 180°C for Ghrs
{dy 10% warm rolling at 180°C
(&) Finnl ngeing i 18070,

(1) Water quenched 10 room

tempeniure,

TMA 1B

(a) BHT

(b} Water-Ouenched

{c) Pre-ageing at 180°C for 6hrs
{d) 20% warm rolling af 180°C
(e} Final apeing ai 180°C,

(1} Water quenched 0 poom
lemperalure, '

TMA NIC

{a) SHT

(h) Waler-Cheenched

(c) Pre-agelng st 180°C

(d) 30% warm rolling af 1807C
{e} Final sgeing of | B0°C,

(T Water quenched 10 room
temperature.

™A D

e

{a) SHT

(b) Water-Cuenched

{c) Pre-ageing st 1R0°C For fhrs
{d) 40% warm miling ot 180°C
{e} Final ageing s 1280°C.

{1} Water quenched 10 moom
temperalure.

{a) SHT ;

{h) Water-OQuenched

{c) Pre-ageing ot 180°C for 6hrs
{d} 50%% warm rolling at 1B0°C
{e} Final ageing sl 180°C,

(1) Water quenched 10 mom

{empesature

RO




I'able 3.1c Details of the TMA treatments at 180°C for specimens which were preaged
for Shours before warm rolling (TMAIIT).

Treatment
designation

Schematic Representation

Details of Treatment

TMA THIA

{a) SHT

(B) Water-Quenched

{c) Pre-ageing i 180°C for Thrs
{d} Warm rofling af 180°C

{e) Finnl ngeing a1 18070

{1 Wader quenched 10 mom
temperaiore

TMA IR

TMA IC

{a) SHT

(b} Water-Chrenched

{c} Pre-ngeing at 180°C for Shes
() 20% warm rolling s 180°C
{e) Final ageing at 1B0°C.

i Water quenched 10 room
temperature

(a) SHT

{b) Water-Dhcnched

{c) Pre-ppeing at 13070 for Phrs
() 20% warm mlling of 130°C
{e) Finnl ageing of 180°C

(1) Water quenched 10 moom
temnperaire

TMA D

e

(n) SHT .
{h} Waler-Ouenched
(c) Pre-ageing al  [BO7C Tor Yhes
(d} A warm relling at |R0°C
(e} Final ageing al FR0°C,
() Water quenched 0 room
iemperaiure

{a) SHT

(b} Water-Cuenched

{c} Pre-ageing of 130°C fwr Shes
() 50% warm rolling af 180°C
(e} Final ageing af 180°C.

{1} Wnter quenched 10 room
temperature

Peak ageing to peak hardness level of 93HRB, done for 12hrs.
75% pre-ageing = holding up to Shours ageing time,
50% pre-ageing = holding up to Ghours ageing time.
25% pre-ageing = holding up to 3hours ageing time.
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Tensile and impact ests specimens were machined from the thermomechanical by
aged rods and the tests for mechanical properties camied out at room temperature.
Multiple tests were performed in each case and the average values for teasile
sirengths and plasticity indices computed. The results are contained in Tables
4.14- 428 in appendix |
a7 DETERMINATION OF MECHANICAL PROPERTIES
Tensile and impact test specimens were prepared for the determination of
mechanical properties of the Al-Mg-Si alloy in various processed conditions. All
machining operstions for the production of lest pieces were carcfislly done on the lathe
machine under liberal cooling to prevent excessive heat or deformation capable of
altering the structure and propertics of the alloy.
374 Tensile Properties Messuremest
Tensile test specimens conforming to standand dimensions such as laid down by the
British standard BS131 were prepared and used for the measurement. The dimensions of
e i
= |"— o | et W
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Figure 3.1 Tensile fest spacimen Standard Design
L =475, G=25, B =6, A=3b, C=125, D=625 R= 5
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Test specimens were subjected to tensile loads using the Monsanto tensometer. The
loads were measured as the specimens stretched gradually 1o therr breaking points.
From the tensile test results, properties such as ultimate tensile strength, vield strength,

and ductility were determined using the expressions;
Ultimate tensile strength (O us) = Maximum load
Original cross sectional area of the specimen

The yield strength o, is determined using the 0.002 strain offset method. This is shown
graphically in Figure 3.2

Elastic | Plast

Siress

— [—0.002 Strain

Figure 3.2 Stress-Strain curve for 6063 Aluminium alloy for the detenmnalmn of
yield strength using the 0.002 strain offset method. :

The 0.002 strain offset method gives us the 0.2% proof stress which is taken as the

vield strength of the alloy.



We assessed ductility from the percentage elongation of the test piece using the
relationship;
Percentage elongation (% E)=  Change in length x 100

Original gauge length of test piece
Impact Energy Measnrement
The lzod impact test method was used in this study. In the Lzod test (the
specimen machined according to the British standard BS131), the specimens are
55mm long by 10mmx10mm. They have a 45" angle notch with root radius

0.25mm cut across one face to a depth of 2mm. Details of other specifications

are contained in Fig.3.3.
o
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Figure 3.3 Impact Specimen Standard Design



The test specimens were produced from the solution heat-treated, aged, thermoplastically
worked, and thermomechanically aged samples, using the lathe machine.

During testing, the specimen is supported in a vice and the energy of a swinging
pendulum with a 27.2 kg hammer, is translerred to the specimen. The energy (in joules)
shsorbed by fracturing the specimen, or bending it to allow free passage, of the pendulum
i obtained from the decrease in amplitude of the pendulum.

173 Metallographic Examination

Specimens were obtained from the different samples of Al-Mg-5i alloy that have been
athjected to some kind of heat treatment and thermomechanical processing. In Ill1'rs
respect, specimens were prepared for optical and transmission electron microscopy.

All specimens for oplical microscopy were cut under liberal cooling. This is to minimize
heating associated with cutting operations. The specimens were subjected to normal
processes of grinding, polishing, and etching in the Metallurgical and Materials
Engineering Iaboratory, Federal University of Technology, Akure.

Polishing of the samples was carried out gradually using different grades of emery papers
in succeeding order of fineness starting (rom the conrsest. Samples were rotated by 90" at
the tum of each grade of emery paper in order to remove or lessen the amount of surface
scratches.

Also prior washing in water was done before polishing on different grades of emery
papers. The grades used are 20, 320, 400, 600, and 800 grits. At the completion of
polishing on the last finest emery paper, the samples were washed and dried. Final

polishing was carried out using & micron and -micron emery cloth with diamond paste.

l The samples were subsequently washed with alcohol and dried. Etching was done using a
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freshly prepared etchant containing hydrochloric acid, nitric acid, hydrofluoric acid and
water, The etching time was not more than 15-30 seconds. Microstructural examinations
of the etched specimens were conducted on a high-resolution power metallurgical
microscope, available at the Engineering Materials Development Institute ( EMDI),
Akure. The images were downloaded on a computer and printed out.

Samples for transmission electron microscopy (TEM) were sent to the Department of
Mechanical and Materials Engineering, University of Manitoba, Canada, courtesy of Dr.

AG. Odeshi, where all specimen preparations and TEM micrographic works were done.

38 DEVELOFMENT OF MATHEMATICAL MODELS

izl Introduction

Mathematical models for relating the major thermomechanical processing parameters o

evolving mechanical properties of the alloy were developed. The processing parameters

are treated as the independent variables while the evolving mechanical properties are the

dependent variables. Thermomechanical processing . a dynamic system in which there

i a possibility of the growth or improvement of mechanical properties of alloys by virtue

ol imposed thermal and mechanical loads. Data in Tables 4.3-4.8 in Appendix | for

thermoplastically worked alloy was used to generate a relationship as contained in

Table 3.1

381 MATHEMATICAL MODFELS FOR THERMOMECHANICAL
PROPERTIES OF 6063 ALUMINUM ALLOY

Some mechanical properties of 6063 Aluminium alloy such as the ultimate tensile

stremgth, the yield strength and impact energy were investigated and lor these, pertinent
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geometric and mechanical characteristics were identified. Invoking the mathematical
eoncepl of non-dimensionalization and defining appropriate logarithmic variables, an
mlerim  implicit - model  was  oblained. Using & submodel constructed  from a
subexperiment on clongation against deformation temperatures for thermoplastically
worked alloy, we upgrade this to a full model (i.e. an explicit model), Values of the
ohtained thermomechanical properties from this model and from experimenis are
displayed in tables 4.1a - 4.1c.

Table 3.1 Variation of percentage clongation with deformation temperature at 10%

degree of deformation

Temperature of Deformation Percentage elongation
28'C 20%

160°C 14.71%

180°C 15.38%

200"C 16.26%

H°C 15.98%

240°C 1. 98 %0

Suitable indices amounting to nondimensionalization procedure for the parameters of the

processes under consideration are given as follows:

. INT) E(T) . _ATY
Ly St fp i by =
DO E(O) AO)

LMDV 0, E@)£0, A 20, L (21)

where,
DT} is the amount of deformation at temperature T,

E(T) is the amount of percentage clongation at temperature T,
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A(T) is the amount of evolving mechanical properties at temperature T,

This need for nondimensionalization procedure cannot be overemphasized for any
physical process, since this is what will enable us, design engineers, extend any
fesult/denudation obtained from models to prototypes and vice versa.

Now, if we know the slope and a point through which a line passes, we can plol the graph
of that line. Logarithmic relation provides this opportunity, as it naturally endows a line
through the origin and of a given slope.

For this, we define (involve) the two new variables £ (T) and w(T) from the carlier

defined three indices, so thal we have,

&1y = rn[ "] W(T) = fn[fi] 5
o " '

Now, we plot E[T) against w{T) and obtain a slope v. From logarithmic properties we
obtain the model;
Loy = UugryY Gogry )™ (23)
Consequently, putting (21) in {23) we obtain the thermomechanical property {dependent
variable) A(T) in terms of the geometnc parameters {processing paramelers or the
independent variables) E(T) and D({T):

A(T) = CE(T)" D(T)'", (24)

where C = A(T) | (25)
E(TeT)

MNow, (24) is an expression relating one dependent variable 1o two independent
variables. We say this is an under-determined system (or non-explicit or implicit or open

system). To make it closed we carry out sub-experiment or invoke sub-model (or
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itermediary model.). For this, we consider the model (sub-model), arising from
experiment on elongation against lemperature.

KE(0)

K+ Enn{ %?_—_- ?—ﬂ]
4]

The plot of E(T) against w(T) has a slope of, i.e. ¥ = 0.23 and 1y =0.77, for A(T)=0us.

Eery = k=10, 0=0.75; K.Eiqy = 2. (26)

where a1, . 15 the ultimate tensile strength.

Reflecting (26) in (24) now makes (24) explicit and gives the desired model.

AT =C mn'r (27)

Using this model we establish in turn the values when the interested dependent variable
{the mechanical parameter) A(T), is the ultimate tensile sirength oy vield strength o,

and impact energy iy For the ultimate tensile strength, yield strength and impact

energy the models are of the form ga = CE(T)" DT, oy = C, BT D" ™ and

Wimp = CuBE(TY" ™ D(IY™ respectively; C,=2071, Cy = 1545, and Cyy = 373,

symilarly, the concept of non-dimensionalization was used for developing models for the

artificially aged and thermomechanically aged 6063 Aluminium alloy.
Tables 4.9-4.13 in Appendix 1, for artificially aged 6063 alloy were summarized by
plotting the mechanical properties against ageing lime al difTerent temperatures on the
same graph. The peaks of the different mechanical properties were then taken as recorded

in Table 3.2. The table is then used for modeling.



Table 3.2 Peaks of mechanical properties in artificially aged 6063 alloy.

TC | Ageing | %E | ouy o, | Wimpld)

time hrs Nmm® | Nimm® | expt.

expl. expt.

48 120 164 | 31381 | 233.46 | 30.05
160 | 16 13.0 33785 | 272.05 | 35.54
180 |12 12.6 34338 | 279.01 [ 30.02
|20 [8 13.01 [ 35430 [ 297.43 | 30.00
720 |6 1200 | 36062 | 30368 | 25.33

T(T) - amount of holding time t, where t is measured in hours.
A (T} - amount of evolving propertly in time i.

E(T}) - amount of strain or ductility inherently posed in time L

The indices are:
it :m‘ i zﬁ‘ i =@
W MO Ry YA

ET) = fr{ i} W(T) = en[i*J
I )

L = L:HTJ' {:m VT o)

. R P o |

RS W )R | USSRV, | .
% W7

MTy=KEZ e ih K = A Ei)l 1)

For ow. [=2/3:

8
BRI i R e D)

"
K=313.80164) 20 < 3138207 ) 14
{16.4}3‘5

For oy, P=3/5. gy = kET)™ymy¥?
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For w, f=3/4. w =k E{T}‘”J II[T}""}

Therefore o= K. .F-” ,f[;f

i -:"
oy = 't;rf-'”;. TE R EaaELs sy ree (A3}

The concept of non-dimensionalization put eminence on how propertics are changing rather
than how big or small they are. The trend of change of parameters i1s proloundly important.
The data in tables 4.14 - 4.18 are summarized in the plots of property changes against ageing
lime presented in figures 4.9- 4.12 and are used in developing the models,

Again we define the parametric indices as, deformation index .= DOUAYD{D), property
index ipa=PUAYPO); process Ellhllll;'.'-'l:ml.'lﬂ index igga= EUAYE(D), 1A denotes final
ageing time in thermomechanical ageing processing.

The process enhancement index is a function of both the ductile nature of the material and
the ageing time.

W= define the usual corresponding logarithmic variables as Z(tA) = In tpgay fogsand w{iA) -
I ipgay iigag. T the case of thermomechanical ageing schedules emplayed in this investipation, a
number of factors come into play in determining the property changes, These factors arc:
1} the degree of preageing which directly affects the solute concentration,

2) the degrez of warm deformation which influences the number of precipitation sites,

3} the final ageing time which controls the size and distribution of the precipitated partices.

The initial ductility of the alloy is considered an important enhancement factor since inherently brittle

alloys cannot be worked. We take the percentage elongation of the alloy at the minimum ageing time
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employed as the initial enhancement factor E(0). The subsequent values of this factor sre derived

KE(o)
K4 fm[ XA - .i.d!n-]

iAa

using the expression, Ty, = for different chosen ageing times,

The models obtained for thermomechanical ageing processing are;

CE. DT
- = U for TMAL where y=-0.58 for o, C) = 1048.40
0.25 pai

1 g | F
T'F":'ﬂ-‘]1II i)

By ™ —— for TMAII
LT !
R {—F""”n““” for TMAILL;
P 075

where i accounts for the nature of precipitated phase. For [, py is 4.02, for [V o is 367 and for
[, e is 4.03.
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CHAPTER FOUR

RESULTS AND DISCUSSION
Chemical Composition.
Results of chemical analysis are shown in Table 4.1,

Table 4.1. The chemical composition in weight percentage of the 6063 Aluminium alloy

Element % composition
Si 0.4430
Fe 1638
Cu 0.0041
Mn 0.0132
Mg 0.5835
Zn 0.0005
Cr 0.0024
Ti (0.0078
Ca 0.0003
sr URLLLM
Al Balance

From this table, the main effective alloying elements are 0.443%5i and 0.583%Mg. The
other element, which is 0.1638% Fe, exists as deleterious element within the acceptable
limit. This Al-Mg-Si alloy has compositions, which offer good age-hardening potential
especially for both artificial and forced ageing.

Tensile Strength and Plasticity Indices of Solution Heat Treated 6063 Alumininm

Alloy

The average tensile strength and plasticity indices of solution heat tredited Al-Mg-Si

alloy are shown in Table 4.2 in appendix 1.

L1 Deformation sirengthening or Work hardening Potential of 6063 Aluminium alloy

The effects of thermoplastic processing on the tensile and plasticity properties of the

93



Al-Mg-5i alloy at different working temperatures are shown in Tables 4.3- 4.8
in appendix 1, and the corresponding graphs are presented in Figures 4.1-4.4
4.1.3 Ageing Characteristics of Al-Mg-5Si alloy
Results of the tensile and plasticity properties of aged samples are contained in
Tables 4.9-4.13 in appendix 1. The ultimate tensile strength, yield strength,
percentage elongation and impact energy varied substantially with ageing
parameters as shown in Figures 4.5-4.8
4.1.4 Thermomechanical Ageing Characteristics
Results of the tests carried out on the thermomechanically aged samples are
contained in Tables 4,14-4.28 in appendix 1, and the graphs are presented in
Figures 4.9- 4.20.
4.1.5 Evaluated Models
1. for the ultimate tensile strength o, the model is obtained in the form
Gy = C. }?D":}T (28)

By appropriate estimation C=2071, therefore ow = 2071CE;]DS), which
vielded the result in the Table 4.1a

Table 4.1a Evaluated ultimate tensile sirength values from model and experiments in TPP

TC Em Dy o, N/mm” o N/mm®
by model Experiment
28 0.20 0.1 244,52 241
160 [016588 |01 260|230
180 0.16413 10.1 232.09 238
200 0.16261 0.1 231.60 | 239 '
220 0.16127 0.1 231.17 231
240 0. 16008 .1 230.70 230

For impact energy, C=373.06; y=0.80 1-y=0.20
Impact Energy, W(T)= ti'&.',,’,,,ﬂ";{ I

W(T) = 373.06 EX% Do



Table 4.1b Evaluated impact strength values from model and experiments inTPP

TE Emn Dy W) W(T) (J)
I by model Experiment
28 0.20 01 6549 46.27
160 016588 0.1 55.93 42 66
F11] 0.16413 0.1 55.45 56.65
0 0.16261 0.1 55.04 58.29
20 0.16127 .1 54.68 64.56
240 016008 (.1 5436 [ 64.01

Tables 4.9-4.13 in Appendix 1, for artificially aged 6063 alloy were summarized by
plotting the mechanical properties against ageing time at different temperatures on the
same graph. The peaks of the different mechanical properties were then taken as recorded
in Table 4.1¢. The table is then used for modeling.

Table 4.1¢ Evaluated mechanical propertics values from models and experiments in
! AAT

T'C | Ageing | %E Gy O, Wimp Tirrs o, Impact
time hrs Nimm® | N/mm® | ImpactE | model | model | model
()

28 |20 16.4 313.81 233.46 | 30.05 313.79 | 233.46 | 30.05
160 | 16 13.0 337.85 272.05 | 35.54 247.60 | 183.52 | 23.79
| 180 | 12 12.6 343.38 279.01 | 30.02 273.14 | 210.60 | 25.09

200 | B 13.01 | 354.30 297.43 | 30.00 350.37 [ 290.34 | 2994
220 | 6 12.00 | 360.62 J03.68 | 25.33 358.51 [ 306.73 | 29.56




42  DISCUSSION OF RESULTS

4.1.1 Effects of Solution Heat Treatment on the Tensile Strength and Plasticity
Indices of 6063 Aluminium Alloy.

The solution heat treated (SHT) 6063 Aluminium alloy, which is coined as the as-

received alloy had on the average an uliimate tensile strength of 297,36 N/mm®,
vield strength of 227.76N/mm’, 18.96% elongation, and 40.49 joules impact
energy when tested severally within Thour to 20hours at room temperature. The
solution heat treated condition 15 essentially retained during quenching o room
temperature, Because the alloving elements are greatly supersaturated at lower
temperatures, precipitation occurs at room temperature over a period of days or
weeks and the property of the alloy changes accordingly.

41.2 Effects of the Variation of Percentage Deformation and Working
Temperature on the Tensile Strength and Plasticity Indices of
Thermoplastically Processed 6063 Aluminium Alloy.

Plastic deformation produces deformation strengthening in Al-Mg-5i alloys at
low working temperatures and the strengthening increases with increasing
percentage deformation (Figs.4.land 4.2).

However, deforming at elevaled temperatures caused reduced kv hardening or
strengthening which decreases further with increasing temperature. In fact, for
temperatures greater than 180°C there was drastic drop in ultimate tensile
strength and yield strength for percentage deformation greater than 20%. This
shows that a combination of high working temperature and E{ﬂl degree of

deformation caused rapid
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- mecipitation of the stable }-phase (Plates 78,10 and 3TPP) which resulted in very low
gtimate tensile strength and yield strength. There was a corresponding reduction in
guctility and toughness for deforming at temperatures less than 180°C as shown in
Figures 4.3 and 4.4, for reason of increased strain hardening.
Deformation at temperatures greater than 180"C caused a rise in ductility and toughness
of the Al-Mg-Si alloy. This is because of working above the recrystallization
emperature. The ohserved behaviours of the alloy due to thermoplastic working, in the
weence of imposed ageing, conformed with those reporied in similar works conducted by
El-Raradie and El-Sayed (1996), Dutkiewicz and Litynska(2002), as well as Wang and
Pragnel I(2002).

The changes in microstructural features, in particular increasing density of
gruciural imperfections and their interactions, account for the property variations

shaerved,

Girigoriev and Kojaspirov (1981), and Cimenoglu et. al.{1999), remarked that the
tasic factors that cause increased strength during thermoplastic working are increased
diskocation density, and their more uniformly distributed pattern within the metal volume,
{her factors include the creation of dislocation bamriers in the forms of grain boundaries

i subgrains, twin boundaries, dispersed secondary phases, and dislocation forests.

It was also affirmed that decreased grain size, and the formation of substructures that are
bounded by dislocational barriers, as well as increased degree of dispersion of secondary

phases contributed largely to the strengthening of worked alloys. Substructures such as
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grain boundaries and twin boundaries among others, act as barriers to dislocation motion,
thereby restricting the motion of these dislocations, In order to move these dislocations,
higher deformation forces are required, which culminates in increased strength of the
metal. Therefore, higher strength is an indication of increased barrier to dislocation
metion.

At 0% deformation, for each working temperature the value of ultimate tensile
strength, and yield strength are much lower than st 50% deformation, but the ductility
and impact energy values are higher at 10% deformation. This is in agreement with the

fact that ductility is usually sacrificed for increased strength of an alloy.

The micrographs differ in details culminating into different values of tensile strengths and
plasticity indices. At higher deformation temperatures and percentage deformations, the
secondary phases are more in number and varied considerably in size compared to the
room temperature situations (Plates 8, 10),

The decrease in strength and the increase in plasticity indices as the processing or
working temperature is increased are as a result of increased mobility of the dislocations.
Increased temperature assisted the dislocations o overcome the energy barriers o their
motion, hence less foree is required to cause them to move, culminating in decreased
strength (Dutkiewicz and Litvnska 2002,

Furthermore, deformation increases the density of dislocations and caum them o
interact in such a manner that their further motion is impeded. If deformation is
performed at elevated temperature, thermal activation eliminates or overcomes most of
these impediments to the dislocation motion, and thus the rate of strain hardening is much

reduced, amounting to reduced strength.

100



From the results of this preliminary investigation, it could be concluded that
fermoplastic working of 6063 Aluminium alloy at a working lernp-erlmr: nol greater
#an | 80°C improves the tensile strengths as the percentage deformation increases, at least
within the deformation limit employed in this study. The plasticity indices however,
mduced with increasing percentage deformation, though the decrease was not drastic.

On the other hand, increasing working temperature resulted in decreased strength

e improved plasticity for the reasons highlighted above.

j Effects of the Variation of Ageing Temperature and Time on the Tensile Si}tnglh.ﬂ.
aid Plasticity Indices of Artilicially Aged 6063 Aluminium Alloy.

Figures 4.5-4.8 show that the Al-Mg-Si alloy under study responds very well to

precipitation strengthening or age-hardening process, both ol mom and elevated
wemperatures.

It is clear that maximum ultimate tensile strength and yield strength (Figs.4.5 and 4.6)
were ol obtained afler ageing at room temperature for 20 hours. On the other hand,
percentage elongation and toughness progressively reduced (Figs4.7-4.8). Within the
fime frame of 20 hours, there was an increase of 49.35N/mm’ (ageing at 28"C) for
ultimate tensile strength and 34 80N/mm’ for yield strength, (Figs.4.5 and 4.6).

Ageing at elevated temperatures of between 160°C and 220°C caused peak values ta
sccur at short ageing times. This is in respect of ultimate tensile strength and yield
sicength, Such peak values are indicative of structural changes, precisely the formation of

metustable [V and [’ phases and the more stable -phase from the solid solution matrix.
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It is clear from Figures 4.5 and 4.6 that the higher the ageing temperature, the higher the
peak values of ultimate tensile strength and yield strength, and are obtained at shorter ageing
periods. These observations are in agreement with the findings of Moon et.al.{1996), and
Cai et.al.(2004) but slightly deviated from the findings of Gracio et.al.(2004) and Siddique
et. al. (2000). According to Paviov (1983), such deviations bordered on the fact that
evolution of properties consequent upon processing parameters are often stochastic, since
some of the material propertics are independent on the metallurgical conditions.

Another observation reflected from the isothermal ageing curves in Figures 4.5- 4.8 is the
fact that the form of the curves is independent of the treatment temperature. In each case,
there is an initial increase in tensile strengths (underage condition) until the peak- aged
condition, and, finally a decrease in tensile strengths as the specimens become over-aged, A
reverse trend is observed for percentage elongation and toughness (plasticity indices), where
progressive decrease in values are obtained at shorter ageing times before a rise at a much
longer ageing times. This means, at the early stage of ageing, embrittlement occurs which
reverls to toughening at a later stage. There is therefore the need o conduct ageing at a
convenient temperature for optimum properties. For this work, ageing at 180"C was found to
be appropriate and was chosen for further work

The curves in Figures 4.5-4.8 also demonstrate that each ageing condition imparts certain
specific mechanical behaviour to the alloy.

Optical micrographs in Plates 11-20, and the TEM micrographs in Plates 6AA-10AA, show

that the ageing products increase with increasing ageing time and lemperatures,

A comparison of Plates 15, 16, 17, 18 and 22 also gave credence to the fact that ageing

products increased with increasing ageing temperature.
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Mates 6AA-10AA are typical TEM micrographs showing the sl_rcngtheLing particles and
some other integral features of the underage, peakape, overage and strongly overage
conditions

Consideration of the individual ageing temperatures, reveal the gains and loses in
tensile strength and plasticity indices with respect to each processing condition.
At 160°C ageing temperature and 16 hours ageing time, the ultimate tensile strength and
yield strength reached an average maximum valve of 337.85N/mm’ and 272.05N/mm’
respectively, compared 1o 207 36N/mm® and 227.76N/mm’ respectively for the as-
received sample (Figs. 4.5 and 4.6). However, a percenlage elongation of 13% and
impact energy of 35.54joules were recorded against a percentage elongation of 18,96%
ind impact energy of 40.4Y joules for the as-received alloy { Figs.4.7 and 4.8).

In olher words, at the point when the tensile strengths assumed the highest values,
the plasticity indices assumed the minimal values.

At 180°C ageing temperature, the behaviour of the alloy do not depart appreciably
from that observed at 160"C, except that the time taken 1o reach the maximum values of
ultimate tensile strength and vield strength was shorter than that of 160°C { Figs.4.5 and
4.6). In this case, at 12 hours aging time, oltimate tensile strength and vield strength
values of 343N/mm® and 279N/mm’ respectively were recorded, as well as c?mrumdirtg
vilues of 12.6% clongation, and 30 joules impact energy. Similarly, at 200°C, it took
only & hours for the alloy to reach a peak value of 354N/mm’ Iultirnale tensile strength
und 297N/mm’ yield strength, with 13% elongation and 30 joules impact energy. The

peak values obtained at 220°C ageing temperature for the ultimate tensile strength and
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jield strength were 361N/mm” and 304N/mm’ respectively, recorded al 6 hours ageing
ime, Correspondingly, 12% elongation and 25 joules impact enrrLy values were
recorded at this ageing time and temperature for the alloy.

Obviously, a general trend of increasing peak of ultimate tensile strength and
yield strength with increasing magnitude of ageing temperature was observed within the
chosen range ol temperature. Similarly, the peak of the plasticity indices decrease,
improves with increasing ageing temperature within the same processing window.

The initial increase in strength, in each case, corresponds to certain structural
thanges in the alloy. The solution treated alloy, which is a supersaturated solution, is
thought to be precipitating the excess solute dissolved at the much higher solution
treatment temperature. The precipitation that takes place in stapes is characierized by a
mechanism as reported by Siddigui etal, (2000), Umreta etal, (2001, Cai etal. (2004),
mnd Ciarrett et.al, (2005).

As carlier remarked, the Torm of the curves (Figs. 4.5-4.8) is independent of the
treatment temperature: An initial increase in strengths (or decrease in plasticity indices)
afier | hour ageing time, until the peak —aged stage is attained and linally, a decrease in
stremgths (or increase in plasticity indices) as the alloy becomes over-aged. However, a
cursory look at the curves, reveal that the peak-aged condition itsell depends strongly on
the trestment temperature; that is, the higher the ageing lemperature, l.hel laster the
response. This is in accordance with literature (Hatch, 1984; Takeds et.al., (1998},

Froam an industrial point of view, it is interesting o note that at high temperalures
the artilicial ngeing response is quite mpid. In this cose, aller a limited time intecval of 3

hours, at 220°C {Fig. 4.5}, the ultimate tensile strength increases from 291 N/mm® (1 hour
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weing time) to 361N/mm’ (6 hours ageing time), while the yield strength increases
amespondingly from 240N/mm’ to 304N/mm’, The ductility de:creaseJ from 21% 1o
2%, while the impact energy shows a little decrease from 27 joules to 25 joules.

The mechanism of precipitation of secondary phases in Al-Mg-5i (6063) alloy,
Muring ageing is well documented in literature (Gupla and Lloyd, 1992; Edwards

dal.1998; Siddiqui et.al., 2000, Murayama et.al., 1998, 2001), and the sequence of
fmation of precipitates is oflen wrillen as:
it (585) =—=-=> GP Zones -—-> ['needles---->f'rods + lath-like particles-—-> [,

Clisters or aggregates of alloying clements which form in the supersaturated “solid
wlulion (@0 -358) al the onsel of ageing, and which are detectable by structural methods
we called the Guinier —Preston zones (GP-Zones), (Plate 6AA). They have the same
wrysial lattice as the @-solid solution matrix, but are very fine particles that are coherent
with the matrix solid solution, They are acicular in shape. The f"and i particles are
III precipitated at an ageing temperature or heal content, higher than the solvus temperature

f the GI* Zones, These are fine, metastable secondary phase particles (Plate 6AA ), which

eventually impart strength to the alloy when they are trapped in the metal under specific
| produetion conditions. The increasing strength displayed by the alloy during the carly
moments of ageing (under-ageing) is in parl due to the particle size of the GP, ", and [
precipitates as revealed by the TEM micrographs. The peak strength (peak ageing) is
accounted for largely by the particle size of the [i-phase, interaction of dislocations, and
the onset of the stable [-phase precipitation.

The reduced strength of the alloy, which is observed afler the peak strength, is because of

the presence of large numbers of stable [i-phase precipitates, arising lrom over-ageing.
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The contributions of particles, grain size, and dislocations to the overall strength of the

alloy can be combined in an additive form as suggested by Cai (2003), in equation 35;

8 - o+ kyphir + ked ® + ksubyp (35)

where @, is the yield strength of the aged alloy. 6, is the yield strength of the matrix, b is
the H-urge;E vector, | is the shear modulus, r is the mean radius of the precipitate, d is the
mean grain/ subgrain diameter, @ is the stress/ microstructure-dependent parameter, 2 is the

density of dislocations and k; (i= 1, 2, 3) are the constants.

The differences in precipitate size, dislocation density, and grain structure determine the

mechanical properties of the aged 6063 Aluminium alloy.

4 Effect of the variation of processing parameters on the temsile strengths and
plasticity indices of thermomechanically aged 6063 Aluminium alloy.

Figures 4.9-4.20 show the effect of thermomechanical ageing on the tensile strength and
plasticity of 6063 Aluminium alloy. The alloy was preliminarily aged (pre-ageing) a1 180°C
in batches for 3hours, G6hours, and 9hours corresponding to 25%, 50%, and 75% degree of
pre-ageing respectively, This treatment was succceded by 10% to 50% degrees of
deformation of the alloy at 180°C, which in tum was followed by final ageing at the same
temperature for ageing time ranging from Thour to 20 hours,

The characteristic curves for each thermomechanical ageing route in the Figures 4.9 - 4.20,
show initial increasing values for the ultimate tensile and yield strengths, leading to a
maximum value in cach case before dropping off. All ultimate tensile .mngth curves
obtained in the thermomechanical ageing routes with 25% preageing, are

significantly lower than that of the ultimate tensile strength curve obtained from the solution

heat-treated alloy (Fig.4.9).
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expected, the ultimate tensile and vield strengths were raised with increasing degree of
rmation and this is particularly glaring in figures 4.17 and 4.18.

significantly higher values of the ultimate tensile and yield strengths in these figures
#ow that the stage at which plastic deformation is carried out in the thermomechanical
ing route is important. Early application of plastic deformation ( shorer preageing
ime) produces reduction in ultimate tensile and yield strengths, while optimum values
were obtained in the much longer time of preageing due to the guantity and morphology
af the precipitates.

feak values occur for ultimate fensile and yield strengths between 8-12hours of final
weing time, afler the imposed plastic deformation, for all thermomechanical ageing
Rales,

Thermomechanical ageing only caused some increase in the yield strength (Fig.4.10). This
i seen from the position of the curve for the solution heat-treated Al-Mg-Si alloy. There
were high increases in yield strength with increased degree of preageing (Fig.4.14), and a
mich significant increase is obtamed with further increase in the degree of [n'i;agl:ihg
[Fig.4.18),

Percentage clongation reduces gradually with increasing ageing time before reaching a
minimiim af 10-12hours ageing time (Figs. 4.11 and 4.19) and at B-10hours ageing time
(Fig.4.15).In general minimal values of yield strength are obtained between 8-12 hours
ageing time after which, there is a gradual increase in the values of yield strength.

In figores, 4.0 1 and 415 thermomechanical ageing treatments genel:nlly reduced ductility
when compared with thal of the solution heat-treated alloy, However, figure 4.19 shows

hat an averagely moderate degree of deformation at 180°C appeared to increase the
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fuctifity in thermomechanically aged Al-Mg-5i1 alloy, This is obvious in TMAIIC
processing route, which vtilized 30% degree of deformation.

The increase in ductility reflects on the nature of precipitates formed and their interactions
with dislocations formation, mobility, and annihilation (Plates 1 1TMA and 13TMA). These
have affected the final state of the alloy,

Impact energy curves presented in Figures 4.12 and 4.16, show a sharp drop in loughness
after agemg for more than Zhours, and practically leveling out after abowt £-12 hours of
ageing. Figure 4.20 shows a progressive reduction in impact energy, reaching a minimum
value after 8-10 hours of ageing time before increasing.

Crenerally, toughness reduced with thermomechanical ageing of the allu}rI{Fig.d-Eﬂ} when
compared to that of the solution heat-treated alloy. However, in figure 4.16 it is clearly
shown that the toughness of the thermomechanically aged 6063 alloy increased substantially
after Bhours of final ageing time, obviously due to 50% preageing, and 50% post preageing
degree of plastic deformation.

In Figures 4.9, 4.11, and 4.12, it is clearly reflected that the solution heat-treated 6063 alloy
had high ultimate tensile strength, ductility, and toughness compared to when it is
thermomechanically aged especially at higher final ageing time of the TMA processing
route.

Microstructural examinations of the thermomechanically aged samples show that TMA
clearly affects the structure-property relationship of the alloy. Typical optical micrographs
of the TMA processed alloy are shown in Plates 23 to 65, while Plates 9TMA-14TMA arc
representative TEM micrographs showing the type and distribution of the strengthening

precipitates, and other striking features,
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Accordingly, the property changes obtained in the 6063 Aluminium alloy subjected to
TMA processing are explained in terms of size. shape and distribution of precipitates and

their interaction with dislocations. These microstructural features are affected by:

(i) degree of pre-ageing, which affects the solute concentration:

{ii) degree of deformation, which affects the potential sites for the

{iii) precipitation of intermediate phases and enhances the diffusion rates; and
(iv) final ageing treatment, which governs subsequent ageing steps and

interaction of precipitates with dislocations (Petersen et.al. 1998; Martin 1998; Celentano,
2002; Engler and Hirsch, 2002; Gamrett et.al.2005).

The strengthening effects in the studied 6063 Aluminium alloy after ;.rariuus T™A
treatments may be considered to be due to (i) coherent precipitates . (ii) partially
coherent [ precipitates and (i} dislocation substructures(Plates 9TMA-14TMA),
According 1o Miao and Laughlin {1999, 2000), Urreta etal. (2001), the following
precipitation sequence for the studied Al-Mpg-5i alloy may be sugpested based on the
microstructure obtained;

(558 )---->GP-Zones——>P needles—->P rods +ath-like particles-—>f'

The degree of strengthening arising from the GP-zones. B, and ﬂ-' precipitates is a
function of their size, mean interparticle spacing, volume fraction and their distribution in
the matrix (Myhr et.al. 2004 and Cai etal, 2004). All these factors are interrelated. The
GP-zones, B, and ﬂ: particles may be cut by the dislocations (“chemical™ Ii'lﬂ.rdening} at
stress levels much above those required to move dislocations through the matrix. On the
other hand, the GP-zones, [\, and [, particles, may also resist cutting and the dislocations

may be forced to take a path around the obstacles, that is, they can act as strong
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\mpenetrable particles through which dislocations can move only by sharp changes in"
wrvature of the dislocations (Orowan mechanism). It is belicved that the Ilrst mechanism
i operative only in the presence of GP-zone and [\, while in the presence of semi-
wherent i particles the second mechanism appears to be operative. A dislocation may in
mssing through the matrix, be arrested by the dispersion of B* particles (Jensrud, 1997).
Ihe pattern of the variation of tensile strength and plasticity indices in TMAL TMAIL
anc TMAL tally with the above reasoning.
However, the stress requires] 1o bulge round the particles according to Sheljaskov
- (1994), is given by

T= 20/ {36)

where, (i is the shear modulus, b the }'iurg,n:t-'r.5 vector and L is interparticle spacing.
This relation clearly shows that for a given volume fraction of GP-zone, p and fi, a
higher stress T, is required for a liner size of precipitate parficles because this would
resulff in & smaller interparticle spacing A

Afler bulging through between the particles, the dislocation line reforms; leaving
# dislocation loop around the particles, effectively increasing its size and decreasing the
spacing between nearby particles, so that an ever increasing stress is required to push
suceessive dislocations through, This culminates in an increased tensile strength.
Besides the contribution of GP-zones, [}’ and B particles, the dislocation substructure
produced in the TMA  trestments also plays a vital role in overall strengthening
mechinism. The dislocation substracture produced in TMA treatments consists of angles

of dislocations and dislocation cells (Urreta et.al,2001). The strengthening is caused by
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work hardening effects produced between moving dislocations and the dislocation
substructure.

According to Thompson and Kramer, {1994) the flow stress is also related to the
dislocation cell size in the form,

© = akGhd (37)

a is a constant of the order 0.5, G is shear modulus. b is Burger® vector , d is the

dislocation cell diameter, and k is a constant for a given material. Higher Mow stresses
have been observed in smaller cells in accordance with this equation.

The existence of Fe,5iAl; dispersoid contributes to the strengthening of the alloy
only weakly and in contrast o the contributions of GP-zone, i, i and dislocation
substruscture, their effects on overall strengthening may be neglected.

These dispersoids are very coarse in size, and can be seen easily under an optical
microscope at low magnifications (Plates 23-65).They are also mechanically weak
particles and are observed fo break at low stresses (Hascpawa and Yakou, 1980).

Because the nucleation of i and ¥ is enhanced by the presence of dislocations {produced
in large numbers through plastic deformation), the strength will be high when fine fi and
[ particles are formed in a dense dislocation cell substructure.

The strength in the peak-aged condition is therefore proposed to be associated
with the presence of " and i. However, in all the thermomechanically aged samples, the
peak strength is found to be associated with 1 only, as no evidence of B is seen in the
peak-aged samples.iplates 12TMA-13TMA).

A cursory Took at the resulis obtnined from the TMA treatments revealed the fact

that maximum incrense in ultimate tensile strength and yield strength was oblained in
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TMAIIC treatment. In this study, the TMAINC treatment provided enhanced vield
~strength of the alloy from 227.76N/mm’ (achieved in SHT condition) bo 420M/mm’ and
ultimate tensile strength from 297 36N/mm’ 1o 504N/mm’; percentage elongation from
19% to 21% ; a steadfast hold on impact energy at 40joules.
These results represent the oplimum values obtained in the TMA treatments and show
that thermomechanical ageing is capable of providing improvement in the strength and
plasticity of the Al-Mg-5i alloy if appropriately utilized. Precisely, Grigoriev and
Kojaspirov  (1981), obtained improved strengih and plasticity of stainless sieel
concurrently through thermomechanical ageing processing of the alloy, whil:'ﬂingh and
Goel (1990, also  obtained  similar  resulis  for  Al-Co (2014)  alloy  through
thermomechanical ageing, even though for Al-Cu, the gain in plasticity indices was not
gquite substantial.

In the case of 2004 Aluminum alloy worked upon by Singh and Goel (1990}, the
stabilization of uliimate tensile strength and yield strength values is directly linked to the
dislocation density in the dislocation substructures produced by different TMA

reatments. Furthermore, il was popularly remarked in literature that most Aluminum

alloys will stabilize by the same mechanism since the g@-matrix material is the [ec

crysial lattice.

Consequently, maximum stabilization in ultimate tensile strength and yield
strength at elevated temperature is expected in the alloy afler TMATIC treatment which
is presumed to produce the densest dislocation - particle tangles (1lmmela elal 2001),
However, plosticity indices are expeeted to rise steeply in response (o small drops in

iensile propertics aller prolonged exposure (o elevated temperature,
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The stabilization of strength properties at elevated temperature is considered to be
specifically due to the presence of fine E' particles in the deformed strocture, which inhibit
recrystallization { Takeda et.al, 1998).

The discussions that follow look at the specifics in each of the TMAL TMAIL and TMAIII
processing schedules.
Influence of TMAI treatment on the Tensile Strength and Plasticity of 6063
Alominium alloy

Figures 4.9 to 4.12 show the plots of tensile strength and plasticity indices obtained
in TMALI, against ageing temperature. It is seen that in all cases of TMAI, the strength rises
to higher values, with increasing ageing time up to a maximum, and I;helmﬂcr start  to
decrease with further increase in ageing time. In contrast, the solution heat treated (SHT)
alloy show no remarkable decline in tensile strength properties (Figs.4.9 and 4.10).

A close look at the results obtained from the TMA I, A-E treatments, show that
TMAIE gave the best indices in terms of strength, where a peak ultimate tensile strength of
292N/mm’ and vield strength of 256N/mm® were recorded after about 11 hours of ageing
time at 180°C. However. the plasticity indices are very low, 10% elongation and 19 joules
impact energy. which are considered not good enough for heavy structural works,

The plasticity indices recorded for TMAIC at 12 hours ageing time, show beiter
values, which are 13% elongation, and 21 joules impact energy. Notwithstanding, the peak
ultimate tensile strength and yield strength were 277N/mm” and 242N/mm” respectively.

These values are a little lower than that of TMAL
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InfMluence of TMAII treatment on the Tensile Strength and Plasticity of 6063
Aluminium alloy.

Figures 4,13 o 4.16 graphically represent the variations in tensile and plasticity
indices with ageing time obtained for the alloy by virtue of TMAII treatments. Again
the tensile strengths ( ultimate and yield) increase to higher values with increasing ageing
time and reach a peak , and thereafler decrease with further increase in ageing time.
Simultanecusly, the plasticity indices decrease to lower values as the ageing time
progressed, reaching a minimum value after which the parameters show increase with
further increase in ageing time. In fact this is the observed behaviour for all the TMA
reatments. Gracio etal, (2004), remarked that the higher the ageing T.E:I'II‘J;EI'HIIJIE and/or
degree of deformation, the faster the response.
In a similar manner to what obtained in TMAIE, the peak values of ultimate tensile strength
and yield strength are highest in TMAIIE, (321N/mm® and 279N/mm’ respectively), while
plasticity parameters ( percentage elongation and impact energy) are 12% and 32 joules
respectively. TMAIIE is the best of all the TMAII treatments. Here the tensile strengths and
the plasticity indices are comparatively superior,

Furthermore, these values were obtained at about 8 hours ageing time, faster than
the rest even though all were subjected 1o the same ageing temperature of 180°C and
preageing time, however, the percentage deformation here (50%) surpasses the others. This
suggests that the extent  of plastic deformation has a vital role to play in the improvement of

the quality of deformed alloys.
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:'.I' Influence of TMAIIl treatment on the Tensile Strength and Plasticity of 6063

Aluminium alloy.

Figures 4.17 to 4.20 show the vanations of tensile strength and plasticity with ageing
time for the TMAIIl processing routes. Unlike the previous TMAIE and TMAILIE
reatments whereby the strength (ultimate and yield) were higher in comparison with any
other within the respective schedules, the strengths (ultimate and yield) in TMAIIE, are
lower than any other one within the TMAIILA-E options. Same is true of the plasticity
indices. This appears to be a strange development despite the fact that the percentage
deformation is 50%. One tend to suggest that, there is a likelihood of very intensive strain
Banitemtng. Brevorsd 308 defoemmtion;: wihikdl siight. ve: genemiod. some: Sosel eradka: or
dimples within the alloy matrix, and this situation in conjunction with possible annihilation
of dislocations as the ageing time is prolonged may have subsequently lowered the
resistance of the alloy to deformation. Evidence of such possibilities abound in plates 36
and 3TPP.
TMAIIC processing route imparts a peak ultimate lensile strength of S04N/mm”, vield
strength of 420N/mm”, minimum of 21% elongation, and 40 joules impact energy 1o the
alloy. These figures when compared to all others reflect the highest quality of the alloy as
obtained in this study. Surprisingly this is happening at 30% deformation. TMAIID also
produced a product whose strength and plasticity indices are hugh when compared o those
of TMAI and TMAIL

Above all, it appears that TMAIN schedules pave better improvement on the strength

and plasticity indices of the alloy with the exception of TMAIIIE. The much-
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mproved properties wilnessed in TMAII trestments may be accounted for in part,
possibly by the degree of pre-ageing (75%), the highest in this study
Comparison of TMAL TMAII and TMAIIL

The comparisons were made at B hours ageing time, by virlue of its relevance to
mdustrial setting, but the comparison could also be made al any chosen ageing time.

In fig.4.21, we observed the changes in properties with increasing degree of deformation
for TMAIL schedule. The tensile propertics are enhanced as the degree of deformation
mcreases with TMAIE showing the highest value of ultimate tensile strength and yield
drength, However, the plasticity parameters decreased from TMATA o TMAIE!

Al this ageing time {8 hours) and temperature (180"C), there is no pronounced advantage
of any TMAI processing route over the other.

In fhg. 422, the TMALT processing roules are compared also at & hours ageing time. 1L is
observed here thot the processing routes TMATID and TMAINE have pronounced
advantage over the others, in lerms ol higher wvalues of lensile properties.
Notwithstanding, the impact energy recorded in TMAIID is much lower than that
recorded in the other variants, but one could rellect that the results oblained in TMAIIE
are hetier than the others in terms of tensile strength and impact energy.

Figure 4.23, represents the comparative variation of properties in TMAII treatments. It
is not difficult to observe that TMAITIC is the best, both in tensile and plasticity values,

It coulid therefore be concluded that at 8 hours ageing time and 180°C ageing temperature,
TMANIC produced the best result when compared with the rest 14 thermomechanical
apeing processing routes. The results obained here are 478N/mm” ultimate tensile strength,

404N/mm” yield strength, 21% elongation, and 40joules impact energy.
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Figure 4.23 Change of Properties in TMAIll with inreasing degree of deformation at
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Figures 4.24 to 4.28 represent the comparisons of the effects of the degree of
pre-ageing on the tensile strength and plasticity of the alloy, at nm";; ageing
temperature and & hours ageing time, examined at varying degrees of deformation.

In TMAIA, TMAIIA, TMAIIIA, representing 25% pre-ageing, 50% pre-
ageing, and 75% pre-ageing respectively, with a 10% deformation in each casc
{fig.4.24), it is obvious that 75% pre-ageing treatment produced the best resull, even

though there is a slight shortfall in the value of the impact energy recorded.
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In the processing route TMAIIIA, characterized by 75% pre-ageing, 10% warm
deformation at 180°C and final ageing at 180°C for 8 hours, the ultimate tensile strength
rses from 335N/mm’ to 39I1N/mm’, the yield strength rises from 272N/mm’ to
311N/mm™ while the percentage elongation only increased by 1% and the impact energy
decreased by 11 joules.

With increasing degree of plastic deformation (while other processing parameters
remained unchanged), the tensile strengths and plasticity indices improved remarkably;
hence in TMAIC, with 30% warm deformation, higher values of ultimate tensile
strength and yield strength of 478N/mm’ and 404N/mm” respectively, were obtained. The
corresponding values of percentage elongation and impact energy were 21% and 40

joules respectively (fig.4.26).

Properties

Figuine 424 Change in Tensile sirength and plrsficty with increasing Degres of preaging (al 180°C,
10% deformation, & hrs Ageing ime)
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Fig.4.25 Change in Tensile Strength and Plasticity with increasing Degrea of
Preageing at 20% deformation, 180°C ageing temperature and Bhrs final ageing time.
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Fig.4.26 Change in Tensile Strength and Plasticity with increasing Degres of
Preageing at 30% deformation, 180°C ageing temperature and 8hrs final
ageing time
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Figure 4.28 Change in Tensile strength and Plasticity with increasing degree of pre-
ageing at 180°C, 50% deformation and Bhrs ageing time.
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43 Discussion of Micrographs.
431 Macrostructure and Microstructore,

According to Lahktin and Leontiva ( 1980), structural components of a metal or
alloy that can be viewed, by the unaided eye, or under the microscope at a magnification
up to x30 or x40 is referred to as macrostructure. In other words, macrostructure is a
structure that is large enough to be seen or examined with little or no magnification.
While microstructure refer to the structural components of a metal or alloy that can be
seen or observed with the aid of a microscope at a magnification not less than x50, and
the minimum resolution of such microscope not greater than 20004,

For electron microscopes the minimum resolution is sbout 2 -5A, and magnification is as
high as over x50000, Magnification over x2000 in optical microscopes is of no
significance since no new smaller siructural details may be observed; only the scale of the
image could have changed whereas the resolution which is determined by the light
wivelength remam unchanged.

4.3.2 Microatructure of Solution Heat Treated (SHT) 6063 Aluminium Alloy.

The optical micrograph of a typical solution heat treated 6063 Aluminium alloy at a
magnification of x250 s shown in Plate |, which is sell explanatory. The solidified
purticles of FeySiAlyy are bold and seriptlike, those of AlsFeSi are platelike while the
MgaSi precipitates are small blocky forms, all dispersed in a matrix of Aluriinium-rich
solid sulution (Plate 2). The size and form of these particles do nol allow lur
simultancous high ensile strengths and plasticity in SHT alloy as compared 1o the

thermomechanically aged alloy with high degree of preageing.

130



43.3 Microstructure of Thermoplastically Worked Al-Mg-Si Alloy.

The micrographs obtained from the thermoplastically worked 6063 AIIJmim'mn alloy at
varying warm temperatures and degrees of deformation have a number of common
siructural features. The common phases identified in each of the worked samples are
particles of FesSiAly (script-like forms), and B-phase (lamellar or irregularly shaped
rounds), and both particles are dispersed in the a-phase which is the Aluminium-rich
matrix {Plates 3-10).

The matrix, Al-rich solid solution, constitutes the prominent phase while the multiple
slip, which forms the region of highest misorientation, appears as thin lines (Plale 3), and
are also sites ol dislocations as reported by Nes et al. (1984),

The particles of FeySiAlys, are formed normally during the solidification of the Al-Mg-
Si alloys, while the MgeSi (JFphase) are precipitated [rom the supersaturated solid
silulion.

In Plates | and 2, the paricles of the dispersoid FeySiAlg, are many while the
equilibrium  precipitate  particles Mg;Si, are relatively few. The particles of the
dispersoids have been reported 1o contribute weakly to the strengthening of the alloy
especially at low degree of deformation (10%-30%). The strengthening experienced by
working the alloy at 28"C, 160°C, and 180°C deformation temperatures and 10-50%
degree of deformation is duc to increased dislocation density. As the diﬁluml:mllﬁ tangled

together, sessile points are created that eventually, translate to increased strength since



Plate 1. Typical microstructure of Al-Mg-5Si alloy: as received (SHT) showing
particles of Fe;SiAl; (scriptlike), AlsFeSi (platelike) and Mg:5Si (small
blocky form) in a matrix of Aluminium-rich solid solution. Etched in
().5 percent HF, 250x.

Plate 1AR. Typical TEM microstructure of the as received Al-Mg-5Si alloy
showing Fe;SiAl); particles, dislocations and few [} precipitates in a
matrix of a-Aluminium rich solid solution.
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Plate 3. Typical microstructure of Al-Mg-Si alloy:20% deformation at 180°C,

Plate 4.

showing particles of FesSiAly; ( scriptlike Jand MgsSi (lamellar or small
blocky form) in a matrix of Aluminium-rich solid solution. Etched in 0.5
percent HF 400x.

Typical microstructure of Al-Mg-Si alloy; 40% deformation at 180°C,
showing particles of FesSiAly: { scriptlike Jand MgaSi (lamellar or small
blocky form) in a matrix of Aluminium-rich solid solution. Fragmented
dispersoids are becoming smaller. Etched in 0.5 percent HF 400x.
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Plate 5.  Typical microstructure of Al-Mg-Si alloy; 50% deformation at 180°C,
showing particles of Fe;SiAly; (scriptlike) and MgsSi (small blocky form) in
a matrix of Aluminium-rich solid solution. Etched in 0.5 percent HF, 400x.

Plate 6.  Typical microstructure of Al-Mg-Si alloy; 20% deformation at 240°C,
showing particles of FesSiAl;; (scriptlike) and Mg 5i (lamellar or small
blocky form) in a matrix of Aluminium-rich solid solution. Lamellar forms of
Mg25Si are significantly prominent. Etched in 0.5 percent HF 400x.
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Plate 7. Typical microstructure of Al-Mg-Si alloy: 40% deformation at
240"C,showing particles of FesSiAl,; (scriptlike) and MgaSi { small blocky
form) in a matrix of Aluminium-rich solid solution. Fewer particles of
MgaSi compared to that of Fe;SiAl,; dispersoid. Etched in (.5 percent
HF 400

Plate 8.  Typical microstructure of Al-Mg-Si alloy; 50% deformation at
240°C, showing particles of Fe;SiAl;z (scriptlike) and Mg:Si (lamellar or
small blocky form) in a matrix of Aluminium-rich solid solution. Lamellar
forms of Mg;Si are more prominent. Etched in 0.5 percent HF 400x.
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Plate 9.

Plate 10.

Typical microstructure of Al-Mg-Si alloy; 50% deformation at 160°C,
showing particles of Fe;SiAly: ( scriptlike) and Mg:Si (lamellar, or small
blocky form) in a matrix of Aluminium-rich solid solution. Mechanical
fibering prominent. Etched in 0.5 percent HF, 400x.

Typical microstructure of Al-Mg-Si alloy; 50% deformation at 220°C,
showing particles of Fe:SiAl 2 (scriptlike) and Mg Si (lamellar, or small
blocky form) in a matrix of Aluminium-rich solid solution. Mechanical
fibering evident .Etched in 0.5 percent HF, 400x.
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Plate 2TPP  Typical TEM microstructure of cold deformed Al-Mg-Si alloy({ at 28°C
and 20% deformation) showing fragmented Fe;SiAl;; particles.
dislocations and few [ precipitate in a matrix of a-Aluminium rich solid
solution.

Plate 3TPP  Typical TEM micrograph of Al-Mg-5Si alloy showing shallow dimples
adjacent to a fine microscopic secondary crack in 30% deformed alloy at
220°C.
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Plate 4TPP Typical TEM microstructures of Al-Mg-5i alloy showing mechanical
fibering which are sites of dislocations. No dimples, no annihilations, and
few fi-phase evident. Alloy deformed by 50% at 160°C.

ull. o

Mate STPP.  Typical TEM micrograph of Al-Mg-5i alloy, subjected to 50% at 180°C
showing several Fe;SiAly; dispersoids of size 0.1-0.5um and numerous
finely dispersed tamellar-like precipitates of Mg:5i, in a matrix of a-
Aluminium rich solid solution.
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higher magnitude of the extemally applied load will be required 1o cause lurther
deformation.

As the degree of delformation increases, for instance above 25%, the higher the tendency
for the evolution of more microstructeral features. Consequently, in Plates 45,10 and
£TPP the presence of multiple slip, forming regions of highest misorientation becomes
noticeable and according to Nes et al. {1984) and Khan et al.{2003), these thin lines arc
sites of dislocations. The greater these multiple slips the more the number of dislocations
likely to be present in the deformed alloy, and the larger is the number of sessile points
likely to be formed. However, at higher temperatures (in this case above 200"CY the grain
structure of the alloy is continuously reforming due to the process of recovery and
recrystallization. Eventually, a dynamic equilibrium is established between the generation
ol dislocations and their anmibilation, which may therefore bring about easy deformation
ol relatively high deformation temperatures (Plates 7.8,10 and 3TPP).

At lower lemperatures of deformation,(28"C-180°C), the solidification dispersoids
are observed 1o be more difficult to fragment hence they are coarser lhan_ at Tairly
elevated defurmation temperatures,{ 200"C-240"C). When these microstructural features
are related o the tensile strength and plasticity indices of the Al-Mg-5i alloy as obtained
in this work, one could conclude that deformed 6063 Aluminium alloy obtain its strength
from the precipitation of coherent particles and accumulation of dislocations,
(Plates 2TPP and 4TPP), which is in agreement with the findings of Jensmd and
Pedersen,(1998).

Also, the similarily of the microstructures despite the differences in the applied stresses

(different deformation degrees), shows that microstructural evolution does not depend
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onty on the applied stress, but is the product of complex interactions between the kinetics
of dislocation generation and annihilation, nucleation of new phases Emcl zones, and the
growth of precipitates (Plates 6 and 5TPP).

Differences in the microstructural evolutions in Plates 3, 4, and 5, showcase the effects of
the variation of the degree of deformation at temperatures not greater than 180°C, on the
6063 Aluminium alloy. Plates 6, 7, and 8 reflect the effects of the degree of deformation
al temperatures greater than 180°C. A comparison of Plates 5, 8, 9, 10 as well as Plates
ITPP, 4TPP and STPP, clearly reflects the effects of the varation of deformation
temperature on the microstructure of the alloy. Increasing degree of deformation favours
refinement of grains while increasing deformation temperature tend o encourage
coarsening of grains resulting in reduced strength.

434 Microstructure of Artificially Aged Al-Mg-5i alloy.

e microstructure of the aged samples, for each set of ageing time and temperature are
essentially similar, only differing in terms of the number and size of the precipitated
phases, in particular the non-coherent [l-phase (Mg;5i). The dispersoids also vary in size
and shape as the ageing temperature and time change.

Again the common phases identified in each of the aged samples are, FeySiAl,
(seriptlike); AlsFeSi (platelike); and Mg;Si (lamellar or small blocky form) precipitates in
a matrix of Aluminium-rich solid solution.

The optical micrographs in Plates 11-14, and the transmission electron
micrographs in Plates 6AA-9AA, which are representative microstructures ol the
artificially aged alloy obtained at dilTerent ageing times and at 180"C ageing temperature,

display the effect of ageing time on the microstructure of the 6063 Aluminium alloy. 1t is
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realized that more precipitates are present in the artificially aged alloy than in the
thermoplastically worked samples. However, the dispersoids and preLipil.ales tend 1o
become bigger, the higher the ageing time. In addition, the multiple slip generated in the
alloy during the initial primary deformation of the alloy is still discernible, though not as
prominent as those observed in the thermoplastically worked samples, which of course
have undergone a secondary deformation. The optical micrographs in Plates 15, 16, 17,
|8, and 19 reflect the features obtained at different ageing temperatures for a fixed ageing
lime of 6hrs, These micrographs show clearly that strengthening phases predominate at
low ageing time as the ageing temperatures increases. At ageing temperature of 220°C,
peak strength of the alloy is obtained. Plate 20 represents the typical over aged structure
characteristic of alloy aged at a temperature greater than 200°C for ageing time greater
than 16 hours, Coarse precipitales are evident and account Tor the usual low strength of
over aged alloys.

As mentioned earlier, the dispersoids only contribute weakly 1o the tensile
strength and plasticity of Al-Mg-Si alloy, hence the presence of another dispersed phase
iAlslesi), do not add to the strength of the antificially aged alloy. The initial increase in
the tensile strength of the alloy, when aged for a few hours at any temperature is due to
the precipitation of a needlelike structure identified as [ -phase,{PlatebAA), as reported
by Marioara, (2000); Urreta et al., (2001); Cai et el., (2004); Gracio et al., fﬂ!’“]: and
Garrett et al.(2005), These P needles are thought to be of tmnp{mili:m Mg5Si, and are

shearable as long as are of subcritical size, as they are found at underage and pre-peak

nge comditions.
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Matell.  Typical microstructure of artificially under-aged (UA) Al-Mg-Si allov, at
180°C for 8hrs, showing particles of Fe;SiAl;: (scriptlike), and few
precipitates of Mg:5i (small lamellar/ blocky form) in a matrix of
Aluminium-rich solid solution. Etched in 0.5 percent HF, 500x.

L . £ o e g

Plate12.  Typical microstructure of artificially peak-aged (PA) Al-Mg-Si alloy at
180°C for |2hrs, showing particles of FesSiAlp (scriptlike) and scanty
precipitates of Mg:Si (small blocky form) in a matrix of Aluminium-rich
solid solution, Cells formation is visible. Etched in 0.5 percent HF, 500x.
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Platel3.  Typical microstructure of artificially over-aged (0OA) Al-Mg-5i alloy at
180°C for 16hrs, showing particles of Fey5iAl: (modified scriptlike form),
and precipitates of Mg:Si (small lamellar/ blocky form), in a matrix of
Aluminium-rich solid solution. Noted here is the clustering of the particles
of FesSiAl;: dispersoids.. Etched in 0.5 percent HF, 500x.

Platel4. Typical microstructure of artificially strongly over-aged (S0OA) Al-Mg-8i
alloy, at  180°C for 20hrs, showing particles of Fe;SiAly: (maodified
scriptlike form) and few precipitates of Mg:Si (small lamellar/ blocky form)
in a matrix of Aluminium-rich solid selution. Coarsening of particles is
evident. Etched in (.5 percent HF, 500x.
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Plaste 6AA  Typical TEM micrograph of under aged (UA) Al-Mg-5i alloy subjected to
conventional artificial ageing (AA) treatment.(at 1B0"C for 8hrs) showing
the needle-shaped GP zones, " precipitates, lathe-like ' precipitates (all
strengthening particles), and coarse script-like particles of FesSiAljz all in a
matrix of a-Aluminium rich solute solution. No pre ageing in this case,

Plate TAA Typical TEM microstructures of Al-Mg-5i alloy showing peak aged
(PA) structure of artificially aged (AA) alloy at 180"C for 12 hrs, few j-
phase has started to emerge.
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Plate 8AA Typical TEM microstructures of Al-Mg-5i alloy showing overaged
(OA) structure of artificially aged (AA) alloy at 180°C for 16hrs.
Coarser fi-phase and other dispersoids are quite noticeable.

Plate 9AA  Typical TEM micrograph of artificially aged Al-Mg-Si alloy in strongly
over aged (SOA) condition (at 180°C for 20hrs), showing coarse particles
of FeaSiAlj: and coarse precipitates of the intermediate phases,
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Plate 10AA  Typical TEM micrograph of artificially aged Al-Mg-Si alloy in the post
peak aged condition (aged for |4hrs at IE'I]':'C.}. showing the Orowan
bypassing mechanism. The vertical ‘beam’ is one of the larger i’ needles,
being bypassed by many dislocations (appeared as spiraling around the
precipitate).

Plate15. Typical microstructure of artificially underaged (UA) Al-Mg-Si alloy at
28°C for 6hrs, showing particles of FeySiAlys (seriptlike) and precipitates of
Mg, 5i (blocky form) in a matrix of Aluminium-rich solid solution, Noted
here are clusters of the particles of FeySi1Al,z dispersoids and very few
Mg, Si phase. Etched in 0.5 percent HF, 500x.
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Platel6.  Typical microstructure of antificially under-aged {UA) Al-Mg-Si alloy at

Platel7.

160"C for 6hrs, showing particles of Fe;8iAly; (seriptlike) and precipitates
of Mg:Si (lamellar’ blocky form) in a matrix of Aluminium-rich solid
solution. Noted here are the clusters and the modified forms of the
particles of Fe;SiAly: dispersoids. Erched in 0.5 percent HF, 500x.

Typical microstructure of artificially underaged (LA) Al-Mg-Si alloy at
180°C for 6hrs, showing particles of FeiSiAla (seriptlike) and insignificant]y
few precipitates of Mg:Si (small blocky form) in a matrix of Aluminium-rich
solid solution. Noted here are relatively small clusters of the particles of
FesSiAljx dispersoids. Etched in 0.5 percent HF, 500x.
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Platel8.  Tvpical microstructure of artificially under-aged (UA) Al-Mg-5i alloy at
200"C for 6hrs, showing particles of FesSiAly: (scriptlike) and very few
precipitates of Mg:Si (small lamellar/ blocky form) in a matrix of
Aluminium-rich solid solution.. Etched in 0.5 percent HF, 500x.

Platel9.  Typical microstructure of antificially peak-aged (PA) Al-Mg-Si alloy at
220°C for 6hrs, showing particles of Fe;SiAly; (scriptlike) and precipitates
of Mg2Si (small blocky form) in & matrix of Aluminium-rich solid sclution.
Noted here are relatively smaller forms of the particles of FeiSiAlyz
dispersoids. Etched in 0.5 percent HF, 500x.
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Plate20. Typical microstructure of artificially, strongly over-aged (SOA) Al-Mg-

Si alloy at temperatures greater than 200°C for over | 6hrs, showing
particles of Fe;SiAljz (modified scriptlike) and clusters of the
precipitates of Mg:5i (lamellar/ blocky forms) in a matrix of
Aluminium-rich solid solution. Etched in (.5 percent HF, 500x.

These [} needles are coherent with the a-Al matrix, which makes them discernible only at

high-resolution powers. However, evidences abound in literature that this feature of

necessity must be present in substantial number for the alloy to experience any increase

in strength at the underage condition. The ageing curves obtained in this work

(Figs 4.5-4.6) show increasing strength of the alloy at the underage condition, consequent

upon the presence of B needles in the alloy reflected in Plate 6AA.

It is noted that each ageing condition imparts specific mechanical behaviour to the alloy
as dictated by the details of the specific microstructural evolutions, The peak age
condition has its own characteristic microstructural forms as shown in the optical
micrographs in Plates 12, 19 and TEM micrograph in Plate TAA,

The peak aged alloy has fewer B (Mg:Si) phase compared to the overaged

condition as revealed in Plates 13, 14, 20, 8AA 9AA and 10AA. The a-Al matrix has
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dispersed in it particles of FeiSiAljz, both coarse and fine forms, as well as platelike
particles of AlsFeSi.

However, all these phases are noted to contribute very little to the enhancement of
the tensile strength and plasticity indices of the Al-Mg-5i alloy.
The major phase that enhances the mechanical properties of the Al-Mg-5i alloy is the
network of hard, non-shearable coherent i needles, homogeneously distributed in the
matrix,(Plates 6AA, and TAA). In a similar work carried out on another composition of
Al-Mg-5i alloy by Urreta et al.(2001), TEM micrographs also show clearly the presence
of the [\ needles in the peak-aged condition, and showed that a network of hard, fine,
non-shearable coherent i’ needles do exist in the aged Al-Mg-Si allov and are intercepted
by dislocations. This precipitate-dislocation interaction was thought to be responsible for
the peak values ol the tensile properties characteristic of the peak-aged condition.
Therefore by analogy the peak tensile properties oblained in the peak age condition in
this work can also be thought to arise from the presence of hard, fine, non-shearable and
coherent [\ needles, and their interaction with dislocations coupled with the presence of
lew I’I-'-|1I1=mv|:1 i semi-coherent rod-like form precipitates,

Also noted in the course of this investigation is the microstructure obtained just
immediately after the peak-aged condition. We refer to this as “slightly overaged”.
In this circumstance, the f-phase (Mg: i) particles are becoming more prcrmi1l1c:1| in size
due to the gradual onset of Ostwald ripening. Smaller fi-phase particles that are present in
the peak age condition in lesser number than the i needles are consumed by the
relatively big [l-phase particles, such that the latter become bigger. As their number

increased, the overage condition tends to deepen. This J-phase is characterized by
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relatively low strength because the precipitate-dislocation interaction is thought to take place
by the Orowan mechanism,(Fig.2.12,and Platel0AA), which involves by-passing of the
precipitates by the dislocations instead of cutting through the precipitates (Frank, 2004;
Giracio et al., 2004).
4.1.5 Microstructure of Thermomechanically Aged Al-Mg-5i alloy

{a) Microstructure of Thermomechanically Aged Samples with an initial

15% preageing.

Representative micrographs of samples processed by the TMAI roule are shown in Plates
21,22, 23, 9TMA and 12TMA.

The micrographs show common microstructural features in terms of the second
phase dispersoids and precipitates. “FeySiAlyz, (scriptlike), and AlsFeSi  (platelike),
dispersoids and MgaSi (lamellar or small blocky form) precipitates in a matrix ol
Aluminium-rich solid solution, are relatively smaller than for TMAII at lower degree ol
deformation. However, they tend 1o reduce in size, bul show higher degree of dispersity wilh
increasing degree of deformation. Within the underage region, these second phases in
conjunction with G zones, £, and /# precipitates coexist (Plates YTMA—11TMA).

The extent of the evolving microstructural features is guided by the ;:um[enl ol the
processing parameters. The degree of preageing aflects the solute concentration; the higher
the degree of preageing, the more the solute conient of the solid solution, This leads to
higher number of precipitates and a consequent increase in strength due o precipitate-

dislocation interaction, The solute concentration of all the samples given 25%
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preapeing is reflected in the micrographs as light green outlook, and is expectedly similar,
bt could not be identical by virtue of the varying degree of deformation and final ageing
e

The degree of deformation affects the potential sites for precipitation of intermediate
phases. Higher degree of deformation leads to grealer mumber of potential sites for
precipitation. The more the numbers of fine precipitates or fine particles in a solid solution
matrix, the greater the possibility of blockage to dislocation motion and the higher the
sirength attainable. The peak strength attained by these samples came from the peak aged
TMAIE samples, characterized by a relatively more fragmented dispersoids and few MgaSi
particles as represented by a typical peak aged microstructure { Plates 22 and 24).

The final ageing allows more strengthening precipitates to be formed, hence a higher
mteraclion ol precipilate-dislocation network, The longer the ageing fime, the higher the
number of precipitates; and the higher the ageing temperature, the faster the precipitates arc
formed. Both factors contributed largely to the improvement in the strength and plasticity of
the alloy albeit up to the peak age stage.

The post peak-age stage wilnessed a decrease in the strengih of the alloy;
this 15 referred to as the overageing stage. As mentioned earlier, this stage is explainable by
the Ostwald ripening phenomenon and the Orowan mechanism.

{b) Microstructure of Thermomechanically aged samples with an initial
50% preageing.
Representative micrographs of samples processed by the TMAII route are

shown in Plates 25-29,
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Plate 21.

Plate 22.

Typical underaged (UA) microstructure of Al-Mg-5Si alloy subjected to
TMA 1A processing route with 10 hrs final ageing time, showing particles
of Fe;SiAlyx(scriptlike), and very few precipitates of Mg:Si ( lamellar /
small blocky form) in a matrix of Aluminium-rich solid solution. Etched in
0.5 percent HF, 400x

Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to
TMA TA processing route with 14 hrs final ageing time showing particles
of FesSiAl2(scriptlike), AlsFeSi (platelike), and Mg:Si ( short lamellar/
small blocky form) in a matrix of Aluminium-rich solid solution . The a-
Al rich matrix (light green) consists of well dispersed intermediate-phase
particles. Etched in 0.5 percent HF, 400x,
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Plate 23

Plate. 24

§ '
e

Typical overaged (OA) microstructure of Al-Mg-Si alloy subjected to
TMA 1A processing route with 20 hrs final ageing time showing particles
of FesSiAlseriptlike), AlsFeSi (platelike), and Mg2Si { lamellar / blocky
form) in & matrix of Aluminium-rich solid solution . Etched in (.5 percent
HF 400x

Typical peak-aged (FA) microstructure of Al-Mg-Si alloy subjected to
TMA IC processing route showing particles of Fe:SiAla(scriptlike),
AlsFeSi (platelike), and MgaSi ( short lamellar / small blocky form) in a
matrix of Aluminium-rich solid solution , The a-Al rich matrix {light

green) has higher solute concentration as a result of 25% preageing.
Etched in 0.5 percent HF 400x
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Plate 25

Plate 26

Typical under aged (PA) microstructure of Al-Mg-5Si alloy subjected to
TMA IIC processing route showing particles of Fe;SiAljz(scriptlike), and
few precipitates of Mg.Si ( small blocky form) in a matrix of Aluminium-
rich solid solution . Etched in (L5 percent HF, 400x.

Typical peak aged (PA) microstructure of Al-Mg-5i alloy subjedted 1o
TMAIIIC processing route with 10hrs final ageing time, showing particles
of redistributed Fe;SiAl s(scriptlike), and few precipitates of Mg;Si { small
blocky form) in a matrix of Aluminium-rich solid solution . Etched in 0.5
percent HF, 400,
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Plate 27 Typical underaged (UJA) microstructure of Al-Mg-5i alloy subjected 1o
TMAIID processing route showing particles of FesSiAl{scriptlike), and few
precipitates of Mg:Si ( small blocky form) in 2 matrix of Aluminium-rich
solid solution . Etched in 0.5 percent HF, 400x.

Plate 28 Typical peak aged (PA) microstructure of Al-Mg-8i alloy subjected to
TMAIID processing route showing particles of Fe;SiAl,z(scriptlike), and
few precipitates of Mg;Si{ lamellar / small blocky form) in & matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF 400x
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Plate 29  Typical over aged (OA) microstructure of Al-Mg-Si alloy subjected
to TMAIID processing route with 20hrs final ageing time, showing
particles of FeiSiAljz(scriptiike), and precipitates of MgsSi ( lamella/small
blocky form) in a matrix of Aluminium-rich solid solution . Etched in 0.5
percent HF, 400x.

Plate 30 Typical under aged (UA) microstructure of Al-Mg-Si alloy subjected 1o
TMAIILA processing route showing particles of Fe;SiAlyz (scriptlike) and
Mg;Si (lamellar / small blocky form) in a matrix of Aluminium-rich solid
solution. A change in the matrix colouration due to a further increase in
solute concentration by virtue of 75% preageing is noted here and for all
TMAIII processing routes. Etched in 0.5 percent HF 400x.
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Plate 31 Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected 1o
TMAIIIA processing route showing particles of redistributed
Fe:SiAlyz(scriptlike), and few precipitates of Mg, Si (lamellar/ small blocky
form) in a matrix of Aluminium-rich solid solution . Exched in 0.5 percent HF,
S0,

Plate 32  Typical peak aged (OA) microstructure of Al-Mg-3i alloy subjected to
TMAIIA processing route showing particles of FesSiAly; (stretched
seriptlike form), and precipitates of Mg25i (lamellar/ coarse blocky form) in
a matrix of Aluminium-rich solid solution. Etched in 0.5 percent HF, 400x.
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Plate 33 Typical under aged (UA) microstructure of Al-Mg-Si alloy subjected w
TMAIIIB processing route showing particles of redistributed
FeySiAl s(scriptlike), and few precipitates of Mg;5i ( small blocky form) in
a matrix of Aluminium-rich solid solution , Etched in 0.5 percent HF 400x

Plate 34  Typical peak aged (PA) microstructure of Al-Mg-Si alloy subjected to TMA
I1IB processing route showing particles of FesSiAlja(scriptlike), and few
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precipitates of Mg:Si {(lamellar/ tiny blocky form) in a matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF 400x.

Plate 35 Typical over aged {(0A) microstructure of Al-Mg-5i alloy subjected to
TMAIIIB processing route showing particles of Fe;SiAljs(stretched
scriptlike form), and precipitates of Mg:Si (lamellar/ coarse blocky form)

in & matrix of Aluminium-rich solid solution . Etched in (.5 percent
HF,400x

Plate 36  Typical peak aged (UA) microstructure of Al-Mg-5i alloy subjected to TMA

HIC processing route showing particles of Fe;SiAl{scriptlike), and few
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precipitates of MgaSi ( small blocky form) in a matrix of Aluminium-rich
solid solution . Etched in 0.5 percent HF 400x

Plate 37  Typical peak aged (PA) microstructure of Al-Mg-5i alloy subjected to
TMANIC processing route showing particles of redistributed
FesSiAl a(scriptlike), and few precipitates of Mg.Si ( small blocky form) in
a matrix of Aluminium-rich solid solution . Etched in 0.5 percent HF, 400x.

Plate 38 Typical over aged (OA) microstructure of Al-Mg-5i alloy subjected to
TMAIIIC processing route showing particles of Fe;SiAl a(scriptlike), and
precipitates of Mg;Si (lamellar/coarse blocky form) in a matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF 400x
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Plate 39  Typical under aged (UA) microstructure of Al-Mg-58i alloy subjected to
TMAIID processing route showing particles of Fe;SiAlj(scriptlike), and
few precipitates of Mg,5i (lamellar/ small blocky form) in a mairix of
Aluminium-rich solid solution . Etched in 0.5 percent HF 400x

Plate 40 Typical peak aged (PPA) microstructure of Al-Mg-5i alloy subjected 0
TMA HID processing route showing particles of redistributed
FeiSiAl(scriptlike), and few precipitates of Mg.Si (lamellar’ small
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Plate 41 Typical over aged (OA) microstructure of Al-Mg-Si alloy subjected to
TMAIID processing route showing particles of Fe;SiAl »(scriptlike), and
precipitates of Mg.5i ( lamellar/ coarse blocky form) in a matrix of
Aluminium-rich solid solution . Eiched in 0.5 percent HF, 40{x.

Plate 42  Typical strongly over aged (SOA) microstructure of Al-Mg-5i alloy subjected
to TMA 1D processing route showing particles of Fe;SiAl){scriptlike),

and precipitates of Mg;Si (lamellar/coarse blocky form) in a matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF, 400x

163



Typical microstructure of Al-Mg-Si alloy subjected to

Lo Mmmmmimmnf Fe;SiAlj(scriptlike), and
few precipitates of Mg:Si (lamellar/ small blocky form) in a matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF, 400x.

Plate 44 Tymmww&]mnfﬁm;ﬁiﬂhrmhjmm
TMA NIE processing route showing particles of redistributed
Fe3SiAla(scriptlike), and few precipitates of Si (lamellar/ small blocky
ﬁ:lm}ir:nnﬂﬁ:ufhlunhhm-ﬁnhmﬁdmhﬂii - Etched in 0.5 percent
HF 400x
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Plate 45  Typical over aged (OA) microstructure of Al-Mg-Si alloy subjected o TMA
IIE processing route showing particles of Fe;SiAlyz(scriptlike), and
precipitates of Mg:Si (lamellar/ coarse blocky form) in a matrix of
Aluminium-rich solid solution . Etched in 0.5 percent HF, 400x
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Plate 9TMA  Typical TEM micrograph of underaged (UA) Al-Mg-5i alloy subjecied
to TMA | processing route, showing the GP zones, §", [ precipitates as

well as particles of f-phase and Fe,SiAl,» dispersoids all in a matrix of
a-Aluminium rich solute solution.

Plate 10TMA  Typical TEM microstructures of Al-Mg-5i alloy showing underaged
{UA) structure for TMA 11 alloy at 180°C, 6hrs ageing time and 10%-
50% deformation, Needlelike GP zones, }"-phase, and lath-like ['-phase
precipitates of high dispersity are noticed. Higher solute content
accounts for the fairly dark background. (50% preageing).



Plate 11TMA

Plate12TMA

Typical TEM microstructures of Al-Mg-Si alloy showing underaged
{UA) structure for TMA [11 alloy at 180°C, 6hrs ageing time and 10%-
50% deformation. Needlelike GP zones, f"-phase, and lath-like [i'-phase
precipitates of high dispersity are noticed. Much higher solute content
accounts for the fairly darker background. (75% preageing).

Typical TEM microstructures of Al-Mg-5i alloy showing few [i"-phase
{lathlike), Mg;Si (blocky form) and dispersed FeaSiAl): (script-like)
particles in peak aged (PA) condition for TMAL Alloy deformed by
2096 at 180°C, aged for 10hrs,
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Plate 13TMA: Typical TEM microstructures of Al-Mg-Si alloy showing peak aged
(PA) structure for TMA IIC alloy at 180°C, 10hrs ageing time.
Precipitate of B"-phase and ['-phase are observed. They appear as
very small lath-like forms and evenly dispersed in the matrix.

Platel4 TMA. Typical TEM micrograph of Al-Mg-5i alloy subjected to TMAIIC;
30% deformation at 180°C, aged for 20hrs, showing a dense network
of dislocations interfacing with precipitates indicating extensive
operation of the Orowan mechanism.
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The micrographs show common microstructural features in terms of the second
phase dispersoids and precipitates. The average size of Fe;SiAl; ts-:ri;l{ like), AlsFeSi
(platelike), dispersoids and Mg,Si precipilates are comparatively about the same as for
TMAI at lower degrees of deformation. However, they tend lo reduce in size, but show
higher degree of dispersity with increasing degree of deformation. Within the underage
region, these second phases in conjunction with GP zones, #, and / precipitates
coexist,( Plates 21,27,30,33,36,39.43 and 9TMA,10TMA, 1ITMA ). According to Uan
ct. al. (2006), the GP zones, # and /7 precipitates are the phases responsible for the
strengthening of the alloy, due to their small size which favour *"shearing mechanism™ of
precipitate-dislocation interaction. The dispersoids do not enhance strengthening, but
influences improvement in ductility, with little influence on the impact energy.

Al the peak aged condition, these microstructural features, with the exceplion ol the GP
zones persist (Plates 22.24,25.26,28,31,34,3740,44,, 12TMA and 13TMA), and more of
{1 precipitates manifest with further increase in ageing time, Beyond the peak age status,
the alloy starts to show a downward trend in the amount of ﬁl precipilates present, with
,Eir'and fi precipitates taking over alongside the AljzFes5i and AlsFeSi dispersoids.  The
{1 particle is an incoherent equilibrium precipitate which is much larger in size than the
A and [ precipitates as revealed by both optical and electron micrographs, The /7
precipitates are too large to give any strengthening effect in the final product.

It is evident from the micrographs, that the solute concentration in the case of 50%
preageing is higher than that ol 25% preageing. The matrix here shows a deeper grayish
appearance, than in 25% preageing. When the alloy becomes strongly overaged, (the

strength of the alloy falls), large sizes of varying shapes and distributions, of AljzFes5i,
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AlsFeSi, /1 and /7 particles are found in the microstructure, which accounts for the reduced

sirength. It has been shown by workers such as  Urreta et al; (2001), Engler and

Hirsch,(2002), Gracio et al; (2004) and Uan et al;(2006) among others, that due to the large
size of the particles in overage condition, Orowan mechanism (Plate 10AA) of dislocation-
precipilate interaction prevailed, accounting for the reduced strength.
In order for the parlicle size to remain relatively smaller even in overaged condition,
Omotovinbo et al., (2006), suggested that a large degree of plastic deformation should be
employed in a typical thermomechanical processing roule,
It iz therefore nol surprising to find TMAIHE showing the best results
(Ous=32IN/mm’ ;00 =279N/mm"; %& = 12; toughness =35 J) among the other TMAII
processing routes. In TMAIIE, 50% pma@:iug and 50% degree of plastic deformation and
8hrs final ageing time, all at a temperature of 180°C, Plate 28 and 13TMA are representative
micrographs of the peak aged structure of TMAII samples, and show a betier refined
mricrostructure with mechanical fibering.
(e} Microstructure of thermomechanically aged samples with an initial

T5% preageing.

The TMAIIL treatments or processing routes consist essentially, 75% preageing,
10%%- 30% degree of plastic deformation and a final ageing time, all carried out at 180°C. As
expecled, the optical micrographs, (Plates 30- 45), all show similar microstructural details,

Each treatment route differs from the other only in the degree of rﬂasi._ic deformation,

consequently  only differences in the particle size and shape are  easily
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recognized. 50% deformation shows smaller particle size and better dispersion, thereby
giving room for possible dispersion strengthening effect.

In conformity with the composition of the alloy, AlFe;Siiscriptlike),
AlsFeSi,(platelike) dispersoids, as well as very few precipitates of My5i are found in the
a-Al matrix. With the inception of arlificial ageing, GP zones, p particles and [} particles
precipitate at the underage condition (Urreta et.al. 2001; Uan etal, (2006), and these
precipitates are shown in plate | 1TMA.

The peak aged condition reflects the same microstructural features, except that the
B and [ particles are smaller and precipitated in larger quantities (Plate 13TMA) and
these give credence 1o the peak strength of the alloy at this stage as obtained in each of
the higures showing the variation of tensile strength and plasticity with ageing time at
180°C (Figures 4,17-4.20),

The overage condition is characterized by a reduction in the strength of the alloy
due to parlicle coarsening by virtue of prolonged exposure to heal. The Alj:Fe.Si, and
AlsFeSi particles tend to coalesce at this moment, with the ['r' and [} becoming _higgtr in
size. The |i' particles al this instance muslt have dissolved or be engulfed by the bigger
particles (Ostwald ripening), (Plates 38, 41, 42, BAA, and 9AA), which again leads (o
coarse secondary phase particles and this favours the Orowan mechanism of precipitate-
dislocation interaction (Plate 14TMA),

Motwithstanding the fact that large degree of plastic dcfnmutittn is zaid o favour
greater refinement of grains or particles and higher dislocation density, which in tumn is

expecied to provide higher strength, the results obtained in TMAIIC (the highest and
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best combination of tensile and plasticity parameters obtained in this investigation) show
that 30% degree of deformation was better than 50% degree of defnnmliJm.

This circumstance is attributable to the fact that the process of dislocation
generation is equally accompanied by dislocation annihilation, hence the percentage of
dislocation annihilated at the 50% degree of deformation in TMAILIE is assumed to be
large, thereby affecting the effectiveness of the precipitate — dislocation interaction, in
terms of strengthening.

It may be concluded from the results of these investigations that improvement or
otherwise of the tensile strengths and plasticity indices of the Al-Mg-5i alloy is
dependent on the interplay of many processing parameters as well as on the varying
interaction of the evolving microstructural features without prejudice to any of the

processing variables.
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5.0 CONCLUSIONS |

Advances in thermomechanical processing techniques have opened a new trend in the
development of metallic alloys in the new millennium,

The requirements of Aluminium alloy users are becoming ever more demanding in terms
of the need Tor improved propertics, consisiency of properties, improved quality and ease
of fabrication. To meet these new challenges and remain competitive, Aluminium alloy
producers muost optimize and tailor the use of thermomechanical processing techniques,
improve properties, and reduce cost by adopting the latest process technology.

The overall objective is to maintain the competitiveness of the Aluminium industry in the
217 century by utilizing 1o the full potential, conventional and new techniques for
thermomechanical processing.

In pur study of the efTects of thermomechanical processing  on the microstruciure, tensile
strengths and plasticity indices of 6063 Aluminium alloy, both conventional and new
techniques were explored, and the results obtained compared favourably, The new
technigue (thermomechanical ageing) portends better prospects for improvement ol the
processed alloy.

The following conclusions are drawn from the results of this investigation:

1. Thermoplastic working of Al-Mg-5i alloy leads to improved tensile elmd yield
strengths accompanied by a decrease in plasticity indices, ﬁpﬂtilally at low
temperatures of deformation (below 200°C).

2, Increase in the degree of deformation and deformation temperature led 1o a

decrease  in tensile strength and increase in plasticity indices.
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It was not possible to increase tensile and yield strengths simuitaneously with
plasticity indices in any of the thermoplastic working scheduleL.
Microstructural evolutions remarkably affect the tensile and plasticity
properties of the alloy,

Ageing can be used to improve separately the tensile and plasticity properties
of the alloy under specified conditions of heat treatment. Both ageing time and
temperature have optimum values for Al-Mg-5i alloy. The optimum ageing
temperature is 175°C -180°C, while the optimum ageing time is about 8- | Ohrs.
Ageing time grossly affect the microstructural evolutions in the Al-Mg-5i
alloy. Hence, characteristic microstructures are found at underageing.
peakageing and overageing conditions, which are dictated by the duration of
ageing.

I hermomechanical ageing could be used to improve simultaneously the
tensile and plasticity properties of Al-Mg-5i alloy under specified processing
conditions as oblained in TMA I1IC in this investigation, which happened 1o
produce the best combination of properties, (o, =504.03 Nimm’, &, =420.83
N/mm’, %E= 20,01, impact energy= 35.22 1),

Preageing confers higher thermal stability on the alloy, as shown in all the
TMA I, TMAIl and TMAIN processing routes. In over 35% of lhe. results

obtained from the tensile testing of the thermomechanically aged samples, the

UTS values are greater than 214N/mm’.
Comparatively, thermomechanical ageing produced results that are slightly

superior io the conventional pressure shaping methods.
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RECOMMENDATIONS

For the eventual practical application of thermomechanical ageing as an industrial
production process more fundamental work is required in terms of mill layoul design.
However, based on the findings from this research it is recommended that local structural
Aluminium alloy producers should endeavour to improve the consistency of the
properties of their products by utilizing the technigue of thermomechanical ageing, which
differs in a number of ways from the conventional method of pressure shaping followed
by ageing. This will widen the horizon of the applications of the ALMg-Si alloy
especially in automobile, machine building, architecture, and civil engincering imllu:-'.lril:s-
Acquisition of research facilities in the area ol plastic deformation of metallic alloys
should be vigorously pursued by the relevant Universities and Research Institules scross
the nation in order to encourage meaningful forther studies in other aspects ol
thermomechanical processing of alloys. Facilities such as Electron Probe Analyzer,
Scanning/Transmission Electron Microscope and Forming Mills are paramount, il we are

tor lmmch inio the world of scientilic breakthroughs.
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APPENDIX 1

ible 4.2 Properties of Solution Heal Treated (SHT) 6063 Alloy.

UTS( Nimm®) Proof stress (Nf/mm®)  %E  Impact energy (J)
207.36 237.76 18.96  40.49

“iole 4.3 Vanation of Tensile strengths and Plasticity indices with % Deformation at 28°C
Deformation  UTS{ N/mm?) Proof stress (Mimm®)  %E Impact energy (J)

10 241.13 191.35 20 482
20 27409 236.26 18.33 46.08
30 289.04 250.11 1502 42.25
40 300.22 261 1385 4033
50 315.51 272.01 1211 37.15

sble 4.4, Variation of Tensile strengths and Plasticity indices with % Deformation at 160°C

Deformation UTS({ Nfmm” ) Proof stress (N/mm”* y %E Impact energy (J)
10 225 175 14.71 4266
20 249 210 166 4999
30 255 220 1418 4066
40 262 226 1087 3555
50 269 232 10,08 32.79

sble 4.5 Variation of Tensile strengths and Plasticity indices with % Deformation at 180°C

Deformation  UTS( N!mmzh Proof stress {mem"’] %E Impact energy (J) -
10 238.03 189.13 1538 56.65
20 254 11 231.15 135 5501
30 260.29 243.32 1325 3244
40 26817 249.02 12.91 2562
50 269 .68 250.09 11.31 20.41

shle 4.6 Variation of Tensile strengths and Plasticity indices with % Deformation at 200°C

Deformation  UTS{ Nimm®} Proof stress (N/mm®)  %E Impact energy (J)
10 2375 180.14 1658 5829
20 258.89 216 1451 51.03
30 251.07 203 15.08 43.66
40 247 55 198 15686 45.01
50 238.66 185 16.26 49.78

.
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Table 4. 7. Variation of Tensile strengths and Plasticity indices with % Djfnrma'llcn at 220°C

% Deformation UTS( M.rmmzj Proof stress {hl.fmrn:'} %E Impact energy {J)
10 23 171 1798 6056
20 268.5 199 14 66 55.01
30 247 .55 181 1603 4405
40 201.5 145 1499 4063
50 180 145 14.01 42

Table 4.8, Varation of Tensile strengths and Plaslicity indices with % Deformation at E#ﬂ“ﬂ

% Deformation  UTS{ Nimm®) Proof stress (Nf'mm®)  %E Impact energy (J)
10 230 170 1843 6401
20 240 185 1586 589
30 168 156 1876 632 .
40 175 140 196 634
50 170 131 20.9 65
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ble 4.9 Variation of Tensile Strenth and plasticity Parameters with Ageing time at 28°C
‘ging time (hr) UTS (N/mm?) Proof stress (Nmm®) % E  Impact eneray (J)

1 264 48 198.66 2.5 51.42

2 275.21 204.98 228 48.22

4 286.6 21512 21 44,95 |
G 292.29 218.28 19.06 41

8 297.36 227.78 18968 4049

10 302.46 228.32 1843 3803

12 303.69 228.4 18 a7.38

14 306.22 220.68 1748 3511

16 210.01 230.93 17 33

20 313.81 233.46 16.4 30.05

ile 4. 10 Vartation of Tensile Strength and Plasticity Parameters with Ageing time at 160°C
jeing time (hr) UTS (M/mm’) Proof stress (Nmm®) % E Impact enargy (J)

1 27332 208,78 23 48,03
2 285.33 215.74 212 46.09
4 306.21 23156 18.1 4511
G 316,36 24573 17.5 429
B 318.5 259.4 16.1 41.66
10 328.99 265.22 15 40.03
12 331.52 266.35 14.5 40.7
14 334.81 268.89 13.7 28

16 337.85 272.05 13 35.54
20 328.86 266.35 14.6 35.54

ible 411 Variation of Tensile Strenth and ‘F-"}aslicitjr Parameters with Ageing time at 180°C

Jming 1Im9 {hr} UTS (Nimm") Proof stress {NImm” } W E Impact energy (J)

27838 213.85 225 40.39

2 291.66 227.76 20.5 38.11

4 316.34 253.07 18 37.85

6 32899 2685.73 158.7 3542

8 335,32 272.05 14.02 32

10 340.38 27711 13 30.81

12 343 27a.m 126 30.02

14 338 275 13.8 31.01

16 334.05 272 14.5 3369

20 32267 265,72 16.2 35.51
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Table 4,12 Variation of Tensile Strenth and Plasticity Parameters with Ageing fime al 200°C
Ageing time (hr) UTS (N/mm®) Proof stress (Nfmm®) % E impact energy (J)

1 284.7 22143 221 3704
2 303.22 248,75 19.8 36

4 241.64 2847 1602 3579
B 347.09 204,19 135 32.98
a8 354.3 297.43 13.01 30
10 M7.97 293.56 1296  30.88
12 341,64 261.03 1364 M122
14 337.22 284.69 16.56 5.6
16 328.97 270.78 168 35,08
20 306.85 256.24 19.16 3B.66

Table 4 13 Variation of Tensile Strenth and Platicity Parameters with Ageing time at 220°C
Ageing time (hr}) UTS (Nfmm®) Proof stress (N'mm’) % E  Impact energy (J)

1 291.03 240.4 21 28.77
2 316.97 262.58 18.01 26

4 351 14 281.03 1402 2504
G 350.62 303.68 12 25.33
8 354.3 291.66 134 25.88
10 235.52 284.71 1666 2611
12 328.99 274.58 18 26.67
14 634 264,46 19.02 26.67
16 31001 259.4 1963 2701
20 296.09 246.74 20 27.25
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Table 4.14: Variation of Tensile Strength and Plasticity with Ageing Time for TMA 1A Schedube
Ageing time (hr) UTS (N/mm?) Proof stress (N/mm?) % E Impact energy (J)

1 215 175.01 184 56.78
2 219.01 195.06 18 56 65
4 226.06 201.08 1754  4B8Y
i 234 .02 205 1602 4056
B 240 220 1511 3312
10 251 22903 14 25.01
12 264.03 240.02 1338 2244
14 277 251.01 12 20.32
16 263.04 238 135 21.83
20 256.03 224,05 1402 2433

Table 4. 15 Variation of Tensike Strenglth and Plastcity with Ageing Time for TMA 1B Schedule
Ageing time (hr) UTS {Nimm®) Proof stress (Nimm®) % E Impact energy(.)

1 222 183.01 181 56 21
2 228 202 17.82 56

4 233 210 17.2 48 18
6 245 213 1586 4015
a 248 226.03 1496 3279
10 251.1 234 138 24 76
12 279 246.01 11.5 20.12
14 274.02 240 1326 21.41
16 270 235.05 134 22.22
20 265 228.01 13.88 24

Table 4.16 Variation of Tensike Strength and Plaslicity with Ageing Time for TMA IC Schedule
Ageing time (hr) UTS (N/mm’) Proof stress (Nfmm®) % E Impact energy (J)

1 224 185.01 17.64 5508
2 231 204,08 173 5488
4 235 212 16.85 4722
f 246 5 216.5 1554 3915
B 250.48 2265 145 3216
10 260 236.34 1352 2426
12 283 248 46 112 185
14 277.01 242 .4 13 2098
16 272 237 42 132 2177
20 267 65 230.29 136 2352
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Table 417 Variation of Tensile Sirength and Plasticity with Ageing Time for TMA 1D Schedule
Ageing time (hr) UTS {Nimm?) Prool stress (N/mm®) % E Impact energy

1 227.03 187.01 17.2 537
2 233.5 206.13 16.87 535
4 237.56 215 1643 4604
B 248 856 2195 1515 387
B 235 232 14.12° 31.35
10 263.02 238.7 13.18 238
12 286 291 10.92 19
14 £79.78 245 12 68 2004
16 27472 240 12 87 212
20 270.33 2328 132 229

Table 4 18 Varia riation of Tensile Strength and Plasticity with Ageing Time for TMA 1E Schedule
Agemng time (hr) UTS (N.l'mmz} Proof stress 1N.|'mrn2} % E Impact energy {.J)

1 23104 191 16.7 ad.2
2 2376 21025 15.8 52
4 241,74 2183 1465 448
G 24585 224 1366 37.14
B 258.06 23664 126 A0.5
10 292 26 256.02 8.5 18.98
12 298 252.5 11.62 19.4
14 285.37 230 13.03 1084
16 280.21 24501 1398 2063
20 27574 23725 12 22 28



Table 419: Variation of Tensile strengths and Plashicity with Ageing time for TMA I|A Schedule
Ageing time(hr) UTS (N/mm®) Proof stress (Nimm®) % E Inlpa.:t energy (J}

1 228.5 188.22 17.03 2.66
2 232 208.16 16.13 5243
4 236.66 217.07 15.01 4512
6 2405 24059 14.09 37.4
8 260 24016 13 3

10 294 252.89 11.5 18.62
12 2905 250.06 124 18.31
14 2815 247 23 1297 19.99
16 278 2422 13.01 20.77
20 2745 233.78 13.55 223

Table 4 20: Variation of Tensile sirengths and Plasticity with Ageing time for TMA 1IB Schedule.
Ageing timef(hr) UTS {NmeEJ Proof stress tHrmm?} % E Impact energy

1 231,03 190.04 16.8 592.23
2 23608 211.28 16 52.03
4 24021 220 14 89 44 77
& 244 .12 23404 1388 3TN
B 264 237.91 12.9 30.76
10 298 .41 285 11.41 18.48
12 293.85 253.2 123 19.15
14 285.21 250.93 1288 1984
16 28217 24583 12.91 20.81
20 278 237 1345 2213

Table 4 21: Variation of Tensile strengths and Plasticity with Ageing time for TMA IIC Schedule

Ageing time(hr) UTS (N/mm°) Proof stress (N/mm*) % E Impact energy

1 23564 195.08 165 5113
2 240 216.46 15.78 a1
4 244 .05 225.32 1467 4424
B 249.96 238.87 1372 3628
8 268.43 241.3 1208 2852
10 304,28 266.58 11.23 18.33
12 290.57 25893 12.02 19

14 2B6.76 255.44 12.51 19.68
16 283.66 249.76 12.81 20.45

20 279.12 24282 133 21.98
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Table 4.22:'Varialon of Tensile strengths and Plasticity with Ageing time for TMAIID Schedule

Ageing timefhr) UTS (N/mm®) Proof stress (N/imm®) % E Impact energy (J)
1 241,45 200 16.1 | 499
2 243 .84 219.92 15.41 49 2
i 248 95 2289 14,32 4318
3] 254 96 242 69 13.39 2542
8 31215 271 11.5 17.98

10 304 263.07 11.75 18.25
1 292.03 260 12.25 185
14 288 253.75 12.53 19
16 Z283.58 24672 12.98 19 .96
20 272.74 24517 11.79 214

Table 4.23: Variation of Tensile strengths and Plasticity with Ageing time for TMAIIE Schedule

Ageing ime(hr) UTS (Nfmm®) Proof stress (Nfmm°) % E Impact energy (J)
1 248 20531 16.43 o2
2 254 58 22543 15.66 513
4 256,08 234 .54 1448 4528
6 262 24B.76 135 3852
8 3208 278.86 11.88 3481

10 36.49 269,55 12.08 36
12 30023 266.41 12,72 38.58
14 2951 260 12.83 399
16 290.75 252.78 13 4199
20 280.01 25121 13.44 44

Table 4.24: Variation of Tensile strengths and Plaslicity with Ageing time for TMAIILA Schedule

Ageing time (hr) UTS (Nimm®) Proof stress (Nfmm®) % E Impact epergy (J)
1 309.69 241,69 1983 4277
2 320.79 258.75 19.04 3833
4 346 45 2B6.45 182 2868
6 353 57 292 57 17141 2481
B 391.32 311.02 1508 207
10 T 302.47 17.88 22.59
12 342 39 276.89 17.28 2368
14 331.11 260.98 1813 264
16 319.26 247 24 189.46  30.06
20 302 59 222.39 2036 3388
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Table 4,25 Varialion of Tensile strengths and Plasticity with Ageing time for TMANIB Schedul

Ageing time (hr) UTS N/mm (M Proof stress {N!mm?} % E Impact energy (J)
1 352.19 280189 2293 514
2 375.04 29837 22.02 j1 28
4 391.72 312.83 213 3009
6 410.24 326.73 2082 2635
8 42233 336 20 24
10 443 22 350.01 1903 2199
12 414 39 33067 1998 2516
14 386.04 307 .56 2095 2808
16 365.08 267 .44 225 3214
20 347.52 251.74 2385 3599
Table 4 26: Vanation of Tensile strengths and Plasticity with Ageing time for TMAIIC Schedu
Ageing time (hr) UTS (N/mm”) Proof stress (Nimm®) % E Impact energy (J)
1 400.51 338 234 a7.29
2 426.5 35847 2276 5299
4 450.01 370.34 21.98 48 89
B 466.53 391.09 2124 4392
a 478 404 05 206 J39.6
10 504 03 42083 20,01 3522
12 471.25 398.3 21 4067
14 439 366.88 2189 4608
16 41517 3409 2299 5148
20 385.2 324 .02 2273 5766
Table 4.27 Variation of Tensile strengths and F‘Iﬂslic:i'ty with Ageing time for TMAIND Sched.
ﬁgamg time (hr} UTS (N/mm”) Proof stress (N/mm®) % E Impact energy (J)
1 384 .09 324.05 229 5394
2 408.97 341.76 2190 4885
4 432 6 362 21 4603
& 447 19 482.05 2074 4033
8 A50 44 399 44 19.88 B
10 484 92 404 62 18.52 33.16
12 452 B2 385.82 1901 38.29
14 421.22 353 2093 4238
16 347 88 327.08 2176 4864
20 378.29 297.01 23 54
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Table 428 Vanation of Tensile strengths and Plasticity with Ageing time for TMAIIE Schedule

Ageing time (hr) UTS N/fmm  Proof siress % E Impact energy (J)

1 24504 195 17.34 41 04
2 258.83 210.38 16 .66 | 36 .99
4 261.35 219.04 14 .32 3205
6 27411 239.61 13 26.22
g 336.07 284.07 11.29 21.55
10 318.43 206 12.48 2389
12 301.89 248.8 12.99 27.38
14 291.75 22944 13.07 31.66
16 277.94 211 13.98 36.37
20 255.3 1598.03 14.7 38 44

Table 4 29: Change of properties with increasing degree of deformation (at 25 PA, B hrs ageing time)
UTStNImm"’} Proof Stress {M!mm?} % E  Impact energy (J)

TMAILA, 240 220 15.11 33.12
TMAIB 248 226 14.86 32.79
TMA IC 250.48 229 145 32.16
TMA 1D 253 232 14.12 31.35
TMA IE 258 23664 128 30.5
SHT 297 227.76 18.96 40.49

Tabled 30: Change of Properties with Increasing Degree of Deformation (at 50 PA, 8 hrs Ageing ime
UTS{N/mm®) Proof Stress :Hi'mmz:l % E  Impact energy (J}

TMAILA 260 234 13 b

TMAIIB 264 267.51 129 30.76
TMAIIC 268.43 2413 12.08 28.52
TMA D 312.15 271 15.5 17.98
TMA NIE 320.8 278.86 11.98 34 .87
SHT 297 36 227.76 18.98 40.49

Table 4.31. Change of properties with increasing degree of deformation (at 75 PA, 8 hrs Ageing Time
UTS(N/mm®) Proof Stress (N/mm®) % E  Impact energy (J)

TMALILA 391.32 311.02 15.08 20.7
TMAIIIB 422 33 336 20 246
TMA TG 478 404.05 206 396
TMA D 459 44 3499 44 19.68 36

TMANIE 336.07 284 11.29 21.55
SHT 29736 227.76 18.96 40.49
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Table 4.32: Change in Tensile Strength and Plaslicity with increasing Degree of preaging
{at 180°C, 10% Deformation, 8hrs Ageing Time)

UTS(N/mm") Proof stress (Nfmm”) % E Impact energy (J)
TMA |AZ5PA 240 220 15.11 3312
TMA IIASOPA 260 234 13| e
TMA IIIATSPA 391.32 311.02 15.08 ' 207
SHT 297.36 227.76 18.96 40.49

Table 4.33. Change in tensile strength and Plasticity with increasing Degree of preaging
(at 180°C, 20% Deformation, Bhrs Ageing Time)

UTS(N/mm™) Proof stress (Nimm™) % E Impact energy (J)
TMA IB 25PA 248 226.03 14 98 312,79
TMA IIB 50PA 264 237 .51 12.9 30,76
TMA IlIB 75PA 42233 336 20 24
SHT 207.36 22776 18.56 40 49

Table 4. 34: Change in lensile strength and Plasticity with increasing Degree of preaging
{at 180°C, 30% Deformation, Bhrs Ageing Time)

UTS(MNImm®)  Proof stress (Nfmm®) % E Impact energy (J)
TMA IC 25PA 25048 2285 14.5 32 16
TMA IIC S0PA 268.43 241.31 12.08 28.52
TMA IIIC T5PA 478 404 05 20.6 96
SHT 297.36 227.76 18.96 40,49

Table 4.35. Change in lensile strength and Plasticity with increasing Degree of preaging
(at 180°C, 40% Deformation, Bhrs Ageing Time)

UTS{Nimm®} Proof stress (NImm®) % E Impact energy (J)
TMA 1D 25PA 253 232 14.12 3135
TMA 1D 50PA 312.15 271 11.5 17,98
TMA IIDTSPA 450 44 399 44 19,88 36
SHT 29738 22776 18.96 40,49

Table 4. 36. Change in Tensile Strength and Plasticity with increasing Degree of Preaging
(at 180°C, 50% Delormation, 8hrs Ageing Time)

UTS(Nimm®) Proof stress (Nfmm®) % E Impact energy (J)
TMAIE 25PA  258.06 236,64 12.6 0.5
TMAIIE 50 PA 320.8 278.86 11.98 3481
TMAIIE 75 PA  336.07 2684.07 11.29 21.55
SHT 297.36 227 .76 18.96 : 40,48
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APPENDIX 11

VISUAL BASIC PROGRAMME TO PREDICT SELECTED TENSILEPLASTICITY
PROPERTY IN 6063 ALLOY

Begin VB.Form Forml

Caption = "lltimate Function"
ClientHeight = 8010

Clientleft = 60

ClientTop = 345

ClientWidth = 8745

LinkTopic = "Forml"
ScaleHeight = 8010

ScaleWidth = E745
StartUpPosition = 3 "Windows Default

Begin VB.PictureBox Picture]

Appearance = 0 'Flat

BackColor = KEHE00000058

ForeColor = &HBOO000EE

Height = 2055

Left = R40

Picture = "Modelling (Yield Strength). frx":0000

ScaleHeight = 2025
ScaleWidth = 7065
Tablndex = 14

Top = 120

Width = T095

End

Begin VB,.CommandButton Exit
Caption = "EXIT"
Height = 495

Left = G000

Tablndex = 11

Top = 6960

Width = 1575
End
Begin VB.CommandButton Calculate
Caption = "CALCULATE"
Height = 495

Left = 3600

Tablndex = 10

Top = 6960

Width = 1575

End

Begin VB.CommandButton Clear
Caption = "CLEAR"
Height = 495

Left = 1200
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Tablndex - N

Top = G960
Width = 1455

End

Begin VB.TextBox Result
Height = 375

_ Left = 4080
Tablndex = §
Top = 6
Width = 1455
End

Begin VB.TextBox Final
Height = 375
Left = 5640
TabIndex = 7
Top = 4920

Width = 1335
End

Begin VB.TextBox Initial
Height = 375
Left = 5640
Tabindex = 6
Top = 4200
Width = 1335

End

Begin VB.TextBox C
Height = 375
Left = 5640
Tabindex = 5
Top = 3480
Width = 1335

End

Begin VB.TextBox Gamma
Height = 375
Left = 5640
TabIndex = 4
Top = 2760

Width = 1335
End

Begin VB.TextBox E
Height = 375
Left = 2520
Tablndex = 3
Top = 4920
Width = 1335

End

Begin VB.TextBox Alpha
Height = 375
Left = 2520
Tablndex = 2
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Top = 4200
Width = ]335

End
Begin VB.TextBox K
Height = 375
Left = 2520
Tablndex = 1
Top = 3480
Width = 1335
End
Begin VB.TextBox D
Height = 375
Left = 2520
Tablndex =0
Top = 2760
Width = 1335
End
Begin VB.Label Result]
Alignment = | 'Right Justify
AutoSize = =] True
Caption = “A(T)"
Height = 195
Left = 3360
TabIndex = 21
Top = 6000
Width = 300
End
Begin VB.Label Finall

Alignment = 1 'Right Justify

AutoSize = -] Tre
Caption = "T{Final)"
Height =195

Left = 4680
TabIndex = 20

Top = 4920
Width = 525

End

Begin VB.Label Initiall
Alignment = 1 "Right Justify
AutoSize = =1 "True
Caption = "T(Initial)"
Height = 195

Left = 4680
Tablndex = 19

Top = 4200
Width = 555

End

Begin VB.Label C1
Alignment = | 'Right Justify
AutoSize = -1 True
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Caption = "C"
Height = 195

Left = 5160
Tabindex = 18

Top = 3480
Width = 105

End

Begin VB.Label Gammal
Alignment = 1 'Right Justify
AutoSize = -1 True
Caption = "Gamma"
Height = 195

Left = 4800
Tablndex = |7

Top = 2880
Width = 540
End
Begin VB.Label E1
Alignment = 1 'Right Justify
AutoSize = -] True
Caption = "E(O)"
Height = ]95

Left 1770
Tablndex = 16

Top = 4920
Width = 315
End
Begin VB.Label Alphal
AutoSize = =] "True
C.apﬁun = "M_Iﬂm-
Height = 195

Left = 1680
Tablndex = 15

Top = 4200
Width = 405

End

Begin VB.Label K1
Alignment = 1 "Right Justify
AuntoSize = -] True
Caption = "K"
Height = 195

Lefi 1950
Tablndex = 13

Top = 3480
Width = 105
End
Begin VB.Label D1
Alignment = 1 'Right Justify
AutoSize = -] Troe
Caption = "D(T)"
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Height = |95

Left = 1740
Tabindex = ]2
Top = 2760
Width = 315
End
End

Attribute VB_Name = "Form 1"
Attribute VB_GlobalNameSpace = False
Attribute VB_Creatable = False
Attnibute VB _Predeclaredld = True
Attribute VB_Exposed = False

Private Sub Clear_Click()

D.Text=""
K.Text=""
Alpha Text=""
E.Text=""
Gamma. Text = """
Clext="
Initial. Text = **
Final Text = ""
Result. Text = ""

End Sub
Private Sub Calculate Click()

Dim D1 As Double
Dim K1 As Double
Dim Alphal As Double
Dim El As Double
Dim Gammal As Double
Dim C1 As Double
Dim Initiall As Double
Dim Finall As Double
Dim Resultl As Double
Dim w1l As Double
Dim x1 As Double
Dim v1 As Double
Dim z1 As Double
Dim R1 As Double

D1 = D.Text

K1 =K.Text

Alphal = Alpha. Text

El =E.Text

Gammal = Gamma. Text



C1 = Text
Imitiall = Initial. Text
Finall = Final. Text

wl = D1 ~(] - Gammal)

x1 =Kl *El

y1 ={(2 * Finall) - Initial1) / Initiall

zl =(x1 /(K1 + Log{Alphal * y1))) " Gammal
R1=C1*zl * wl

Result] = Round(R1, 4)

Result. Text = Resuli]

End Sub

Private Sub Exit Click()

End

End Sub
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