Fabrication of nano-structured duplex and ferritic stainless steel
by planetary milling followed by consolidation

A Thesis submitted in partial fulfil m ent of the
Requirements for the degree of

Doctor of Philosophy
In
Metallurgical and Materials Engineering

By

Shashanka R
(Roll Number-511MM607)

Under the supervision of

Dr. Debasis Chaira

gyt

ROURKELA

Department of Metallurgical and Materials Engineering
National Institute of Technology Rourkela
Rourkela-769008
INDIA
Julyt 2016




Fabrication of nano-structured duplex and ferritic stainless steel
by planetary milling followed by consolidation

July, 2016 Shashanka R



NDedicated to my
beloved Parent®



Declaration

Date:

I hereby declare that t he whkeabrikatiop ofenanent ed i

structured duplex and ferritic stainless steel by planetary milling followed by

consolidatord0 submitted for Ph.D. Degr ee oukela he Na

has been carried out by me at Department of Metallurgical Matkrials Engineering,
National Institute of Technology, Rourkela under the supervision oDBbasis Chairal
hereby declare thah¢ work is original and has not been submitted m pafull by me for

any degree or diploma to this or any other University/Institute.

Shashanka R

Department of Metallurgical and
Materials Engneering
National Institute of Technology
Rourkela769008
Odisha, India



Contents Page No.

Certificate i
Acknowledgement ii
Abstract: iv
List of figures vii
List of tables XVii
Nomenclature XViii
Abbreviations XX
CHAPTER 1 Introduction and Literature review 1-29
1.1 Introduction -------=-=-=-=-=-=-=-=-=----- - 2
1.2 Literaturgeview------------------------ - 5
CHAPTER 2 Experimental details 3041
2.1 Mill design---------=-=-=-=-=-mmnmuo- 31
2.2 Mill mechanics--------------=-=---=------- - - 31
2.3 Synthesis of duplex and fgig stainless stde
powder anctonsolidation-------------===---mmmmmmmmeeeeeeo 33
2.3.1 Pulverisette planetary milling------------------ 33
2.3.2 Dual drive planetary milling-------------------- 33
2.4 Characterization techniques useg---------------=------- 35
2.5 Nornlubricated sliding vear study-------------------------- 39
2.6 Corrosion Studys------=-=-=-=-m=m-mmmmmmmmm oo 39
2.7 Electrecatalytic study by cyclic voltammetry----------- 40
Results and Digussion 42-175

CHAPTER 3 Synthesis of nanestructured duplex and ferritic stainless
steel powder by pulverisette planetary milling and consolidation by 42-57
conventional sintering

3.1 Objectives and scope of the werk------------------—-—---- 43
3.2 Fabrication of stainless stee-----------------=---moememmmuo- 43
3.3 Synthesis of nanstructured stainless steel poweer---- 43
3.3.1 X-Ray Diffraction study--------------=--=-------- 43
3.3.2 Microstructure sudy--------=-=-=-=-=-=-=-=-m-m---- 46
3.3.3 Particle size analysis------------------=----oo---- 47

3.34 Thermal analysis------------==-==-mmmmmmmmemeee e 49



3.4 Consolidation of stainless steel poweef-------------------

3.4.1 XRD of duplex and ferritic stainless

CHAPTER 4 Synthesis of nanestructured duplex and ferritic stainless
steel powder by DDPM and consolidation by conventionairgtering and
spark plasma sintering
4.1 Phase transformation and micrestiure study of nanstructured
duplex and ferritic stainless steel powdefs-------------------
4.1.1 Objectives and scopetbé work: -

4.1.2 Phase transformation study using XRb---------

4.1.3 Microstructure Studyt----------=-=-===-=-=-mnmmmmmmuo-
4.1.4 Particle size analysts---------------=-==--m-mmmommmmoo-
4.1.5 ThermaBnalysis-------------==-=-mmmmmmm oo

4.1.6 BET surface area measuremeft------------=-n==---

4.1.7Summary and conclusions---------

References e mm

4.2 Optimization of milling parameters for the synthesis of retnectured
duplex and ferritic stainless steel powdefs--------------------
4.2.1 Objectives and scope of the werk-------------------
4.2.2 Peparation of duplex and ferritic

stainless steel powdef-----------====msmmmmmmmmmmeeeee
4.2.2.1Effect of stearic acig-------------------

4.2.2.2Effect of ball to powder weight ratie------
4.2 2.3 Effect of miing speed-----------------

4.2 2.4 Effect of wet and dry milling----------------

4.2.3Summary and conclusions--------- ——mmmmee-

References e n

51

51
52
53
55
56

58-118

59-75
59
59
65
71
72
73
74
75

76-98
76

76
77
83
88
92
96
98



4.3 Fabrication of naner ;03 dispersed and XD; free duplex and ferritic

stainlesssteel by conventional and spark plasma sintering methods 99-118

4.3.1 Objectives and scope of the werk------------------- 99
4.3.2 Fabrication of stainlessesl---------------------------- 99
4.3.3 Conventional sintering---------------=-=--=------ - 99
4.3.31 Effect of sintering temperature------------- 99
4.3.32 Effect of sintering atmosphere------------ 107
4.3.4 Spark plasma sintag ----------------=----==-=--m-oo---- 113
4.3.5 Summary and conclusions-------- 117
References- e - 118

CHAPTER 5 Non-lubricated sliding wear behaviour of nanayittri a

dispersed and yittria free duplkex and ferritic stainless steel 119143
5.1 Objectives and scope of the wetrk---------------------memeeeeem- 120

5.2 Effect of sintering temperatue-------------=-=---m-m-mmomommee 120

5.21 Wear behawur study oo 122

5.3 Effect of sintering atmosphefe-------------=--------m-mcmmemem- 129

53.1 Wear behaviour study----------=======-=-mmomommmme 129

5.4 Spark plasma sintering--------------=-=-=-=-m-m-mmmmmmmmooe oo 135

54.1 Wear behaviour study------------------------- 135

5.5 Summary andonclusSions --------=-==-=-====m-mmmmm oo 140
References = e 142

CHAPTER 6 Corrosion study of gark plasma sintered duplex and

ferritic stainless steel by linear sweep voltammetric method 144162
6.1 Objectives and scope of the WoFk-------=--===mmmmmmmmmmmmeeeee 145
6.2 Corrosion study of yittria digpsed ad yittria free stainless
steel samples by Linear sweep voltammety----------------------- 145
6.2.1 Mechanism of pitting corrosion in stainless steet - 145
6.2.2 Effect ofconcentration of NaCl electrolyte solution 147
6.2.3 Effectof concentration oH,SQ, electrolyte solution 152

6.2.4 Microstructural analysiof SPS consolidated stainless
steel samples after corrosion stueyt-------------------------- 157
6.3Summary and CONCIUSIOARS----=-=-============mmmmmmm oo oee 160

References e 162




CHAPTER 7 Electrochemical invesigations of duplex and yittria
dispersed duplex stainless steel at cann paste electrode in detecting
folic acid: A cyclic voltammetry study
7.10bjectives and scope of the Work---------------=-em-mmommmm -
7.2Importance of folic acid (FA)----------=-====mmmmmmmmm oo
7.3 Fabrication of stainless steel carbon paste electrede----------
7.4 Electrochemical investigation dfiplex modified carbon paste
electrode aFA -----------------mmommom oo -

7.4.1 Cyclic voltammetric measurements --------------------

7.5 Electrochemcal investigation o¥ittria duplex modified
carbon paste electro@e FA ----------=-=-m-m=mmmmmmm oo
7.51 Microstructure study-----------=========mmmmmmmmemmmemeoeo-
7.5.2 Cyclic voltammetric measuremepts --------------------
7.6 Summary and concluSiOAS--------------=-=-mnmmmmmmomm oo

References e e e

CHAPTER 8 Summary and @mnclusions

Future work and contribution from the present work
Appendices
Thesisdissemination

Biography of the scholar

163175

164
164
165

165
165

170
170
170
174
175

176-180

181-182
183190
191-193

194



Department of Metallurgical and Materials Engineering
g National Institute of Technology Rourkela
Rourkela-769008

CERTIFICATE
This is to <cert i f yFabtidatrn of hahoestrudtuned sluplex aednt i t | e

ferritic stainless steel by planetary milling followed by consolidatod bei ng submi tt
Mr . Shashanka Rto the National Institute of Technology Rourkela, for the award of the

degree oDoctor of Philosophyis a reord of bonafide research work carried out under my
supervision and guidance. The results presented in this thesis have not been submitted
elsewhere for the award of any other degree or diploma. This work in my opinion has reached

the standard of fulfillingthe requirements for the award of the degreeDottor of

Philosophyin accordance with the regulations of institute.

Date:
Dr. Debasis Chaira

(Supervisoy



Acknowledgement

At final steps towards my PhD programme | would like to acknowledge my institute and
many people who have made this wonderful PhD journey possible. First of all, it is my
immense privilege to express my profound gratitude and tadabss to my supervisr.
Debasis Chaira, Department Mktallurgical & Materials Engineering, National Institute of
Technology Rourkela. He has been an inextinguishable fire of inspiration and a wonderful
mentor for me. Without his great efforts anteefive guidance this work could not have been
possible. He has guided me at all stages during this research work. | take the liberty to
dedicate this section of thesis to him and thank him from the bottom of my heart for all that
he has given me. | willlkerish all the moments of enlightenment he has shared with me. He
has been a real idol for me and | will always remember him for his attitude of pushing all
limits for his dear students.

| would like to convey my sincere gratitude to Prof. S. C. MishradHs the Department,
Department of Metallurgical and Materials Engineering, National Institute of Technology
Rourkela, for constant guidance and encouragement. | would take pleasure of thanking all
doctoral scrutiny committee members for fulfilling theluties of assessing my PhD work
without fail.

| am grateful to our honorable director Prof. Sunil Kumar Sarangi for his continuous
encouragement and motivational speeches. He has been a core academician with

magnanimous personality who inspired many retestudents like me in a great way.

This is my complete privilege to thank CSIR for awarding senior research fellowship from
2011 to 2014. | thank Dr. Kumara Swamy, Kuvempu University, Karnataka for allowing me
to carry out electrochemical measurementkignlab. He has been a great inspiration for me
right from my masters. | take this opportunity to thank Dr. Anindya Basu, Department of
Metallurgical and Materials Engineering, National Institute of Technology, Rourkela for
allowing me to conduct wear mesiementsl thank Powder Metallurgy Association of India
(PMAI) for sponsoring me for th overseas conference POWDERMHIL5, San Diego,
USA. | am grateful to Dr. DChakravarty, Scientist D, ARCI, Hyderab& conducting
spark plasma sinteringf stainless steel samples.thank Dr. B. Mishra, Deputy Director,
DISIR, Rajgangpur, Odisha for allowing me to use tubular furnace for sintérarg.also



grateful to Dr. S.K. Karak, Dr. K. Dutta, Dr. S. N. Alam of Metallurgical and Materials
Engineering departnm&¢ NIT Rourkela for their valuable input and advice during the

research work.

Further my appreciation goes to the entire Metallurgical and Materials Engineering faculty
and staff of NIT Rourkela for all their help along the way. | would like to thankSDBal,
Scientific officer, Department of Metallurgical and Materials Engineering, National Institute
of Technology Rourkela and our laboratory members U.K. Sahu, S. Pr&lhdembram,

A. Acharya, A. Pal, R. Pattanaiér constant practical assistanceldrelp whenever required.

| would like to thank the National Institute of Technology Rourkela for allowing me to come

and pursue my PhD degree.

| would like to acknowledge my beloved friends fahani, R.K. Behera, Ram Kumar,
Mohan, Vinay Kumarfor their tnconditional help and support during my research work. |
also thank my dearest frien&harath, Mithun, Krishnamurthipr their help and motivation

all the time.

| would like to especially acknowledge my aunty Vasantha Kumari for teaching me and look
after me during my childhood days. Without her effort it could not have been possible to
pursue my higher education. | am veratgful to my sweet brother Pratheakster in law
Asha, my uncle Raghu Prasad, aunties Ambika, Savitha and my sister Roopastire& for
love, affection and understanding me along the way. | love to dedicate my sincere
appreciatiorfor my grandparents Bhadrach&haradammaViayachari and Sharadar their

perpetualove.

Finally my special thanks to my parents Rajendrachari andkustizala for their
unconditional love, motivation and assisting me throughout my life. Without their help and

encouragement it would not have been possible for me to undertake this work. Thank you all.

All errors and limitations remaining in this thesrie aolely by me

Shashanka R
Date:



Abstract

The use of stainless steel has been increased extensively in various fields from past few
decades. Now a day stainless steels are in great demard daedcorrosion resistance,

high toughness, low thermadxpansion, high energy absorptioggod weldability, high
strength high thermal conductivitycreep resistance, wear resistance, higher yield strength
andexcellent high temperature oxidation resistapiaperties. Thatainless steels are mainly

used inrefrigeration cabinetdench work, cold water tanks, chemical and food processing,
water treatment plant, street furniture, electrical cabinet®mical, oil, petrochemical,
marine, nuclear powermaper and pulp industriefroperties of the materials prove
tremendously when bring down thesize to nano levelHence, we synthesized nano

structuredduplex and ferritic stainless steel by high energy planetary milling.

Nancstructured duplex and ferritic stainless steel powdesse prepared by milling of
elemental Fe, Cr and Ni powdén pulverisetteplanetarymill for 40 hoursand then
consolidated by conventional pressureless sintering. Activation energy for formation of
duplex and ferritic stainless steefre calculated by Kissinger method using diffatial
scanning calorimetry anglas found to be 159.24 and 90.17 KJ/mol respectively. Both duplex
and ferritic stainless steel powdexgre consolidated at 1000, 1200 and 14D0n argon
atmosphere to study microstructure, density and hardness. In duiplebless steel, 90% of
maximum sintered density and 550HV of Vickers microhardmese achieved at 1400
sintered temperature. Similarly, 92% sintered density and 263HV microhardreess

achieved for ferritic stainless steel sintered at 1800

The naro-structuredduplexand ferritic stainless steel powders walgoprepared bynilling
elemental powders in a specially designed -dinsle planetary mill (DDPM) for 1(ours.

The progress of milling and phase transition of stainless steel have beed biudieans of

x-ray diffraction. The crystallite size and the lattice strain oftily@exstainless steel after 10
hours milling are 9nm and 5.59x3@espectively. Similarly, the crystallite size and the lattice
strain of the ferritic stainless steeleftlO hours milling are 8nm and 9.05%l@spectively.
Annealing of milled powder at 75Q promotes ferritic to austenitic transformation in both
argon and nitrogen atmosphere as limited transformation takes place after milling. However,

nitrogen favoursthe transformation to a greater extent than argon. Lattice parameters

iv



calculated from both high resolution transmission electron micrographs (HRTEM) and
NelsonRiley method matchwith duplex and ferritic stainless steel. It has been found that
initially particles are flattened and finally become almost spherical of size aroudd 10

micrometer in both cases.

The effect of process controlling agent (PCA) such as stearic acid (SA), effect of ball to
powder weight ratio (BPR 6:1and 12:milling speed (64 and@5% critical speedand dry

and wet millingwere studiedduring planetary milling of elemental FEBCii 13Ni (duplex)
andFé& 17Cii 1Ni (ferritic) powders for 10h in a dual drive planetary mill (DDPM). We have
found that all these mill parameters have grediuence in tuning the final particle
morphology, size and phase evolution during milling. It was found that addition of PCA, a
BPR of 12:1 dry milling and75% critical speed is more effective in reducing particle size
and formation of duplex and ferutistainless steel after 10h milling of elemental powder
compositions than their counterparts.

Yittria free and yittria dispersed duplex and ferritic stainless steels fabricated by both
conventional sintering and spark plasma sintering (SPS) metfbdseffect of sintering
temperature sintering #mosphere and addition of Y¥Os; nanoparticles on phase
transformation, microstructure, mechanical propertiese evaluated during conventional
sintering Non-lubricated sliding wear properties of conventionahd spark plasma sintered
stainless steel samplagainst a diamond indenteere compared successfully at 10 and 20N
wear loads. Spark plasma sintered stainless steel samples show maximum wear resistance
compared to conventionally sintered stainless st€bé present study also involves the
comparison of wear behaviour of vyittria dispersed and vyittria free stainless steel sintered
conventionally at 1000°C in argon and nitrogen atmospheres. The wear mechanism of all the
stainless steel samplesere studied by scanning electron microsoppSEM), energy
dispersive spectroscopy (EDS) and found to be abrasive and oxidation wear. Qualitative
analysis of wear track and wear debris confirm the presence of oxygen during wear. Wear
debris of less harder ferritic stéess steel samples are found to be flakes and hardexdsiple

spherical

The microstructure and corrosion propertiesspiark plasma sintered vyittria dispersed and
yittria free duplex and ferritic stainless samples were studied. Spark plasma sirS&8)g (

was carried out at 1000°C by applying 50MPa pressure with holding time of Sminutes. The



SPS duplex, ferritic and vyittria dispersed duplex and ferritic stainless steel samples were
characterized by field emission scanning electron microscopy (FESEMXBD. Linear

sweep voltammetry (LSV) tests were employed to evaluate corrosion resistance of the
samples. Corrosion studies were carried out in 0.5, 1 and 2M concentration of NaCl and
H,SQO, solutions at different quiet time of 2, 4, 6, 8 and 10 seconiisiaYdispersed stainless

steel samples show more resistance to corrosion than vyittria free stainless steel samples. It
was observed that asoncentration of NaCand H,SO, increases tim 0.5M to 2M the
corrosionresistancedecreaseslue to the availabily of more ClI and SO, ions at higler
concentrationMaximum pitting potential (B at 0.5M NaCl (almost equal to NaCl present in

sea water) of yittria dispersed duplex and ferritic stainless steel samples are 1.45V and 0.64V
respectively. Similarly, yitia free duplex and ferritic stainless steel samples show 0.63V and
0.57V respectively. Evalue of yittria dispersed duplex and ferritic stainless steel samples at
0.5M H,SO, are 0.30V and 0.23V respectively. Similarly, yittria free duplex and ferritic
stainless steel samples show talue of 0.18V and 0.14V respectively at 0.344SQO,.
Corroded samples were then characterized by FESEM and optical microscopy to confirm the

presence of corrosion region.

Caton paste electrode was modified with vyittria fieeed yittria dispersed duplex stainless
steel respectively to study their electrocatalytic behaviour in detecting folic acid. We
determined optimum concentration of both the modifiers which show maximum anodic peak
current in determining the folic aciélectro catalytic properties of analyte were investigated

at 2, 4, 6 8, 10 andl2mg concentrations of modifieAmong all, 8mgyittria dispersed
duplex stainless steel modified carbon paste electrode showed maximum current sensitivity
than 4mg yittria free wplex stainless steel modified carbon paste electrode in 2mM folic acid
concentration and 0.2M phosphate buffer solution of pH 7.2 at scanfra@®mVsl. We
reported the effect of scan rate, concentration of folic acid and pH effect on oxidation peak of
folic acid in both the modified carbon electrodes. Plot of all the above effects shows linear
relationship and their electrode reactions were adsorption controlled. We successfully

fabricated reliable, stable and fast response electrochkesaicsor to dect folic acid.

Keywords: Stainless steel; Planetary milling; Powder metallurgy; Phase transformation;
Nanostructured materials; Process control agent; Milling paramétgisa; Spark plasma
sintering; Conventional sintering; Wear properties; Mechanicaproperties; Cyclic
voltammetry Electrochemical sensor; Folic acid; Pitting corrosion; Linear sweep
voltammetry
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1.1 Introduction

Stainless steel is an alloy of Fe with minimum 11% Cr and 0.08 to 0.2% of carbon, the
percentage of Cr can be turactording to the required applications. Chromium improves the
corrosion resistance properties to stainless steel by forming strong oxide layer; higher the
amount of Cr stronger is the oxide lay&tainless steel is used worldwide in industries,
businesshome, hospitals, comrsiction and almost everywher@ue to the wide applications
of stainless stegresearchers developed plenty of standardized stainless steel grades with
hundreds of different chemical compositions. Depending upon the propertiegjreswnd
compositions, stainless steels are madwided in to four categories:
1) Austenitic stainless steel
2) Ferritic stainless steel
3) Duplex stainless steel
4) Martensitic stainless steel
Among all the stainless steels, duplex and ferritic stagkteels are the two important types
having a wide range of applications.
Duplex stainless steel contains almost equal proportions of ferrite and austenite phases
Ferrite phase imparts more strength while austenite phase assures the toughness and better
corrosion resistancdt has the combining features of two major classes of stainless steel,
austenite and ferrite and thus made it very attractive for numerous applicatiism&ind of
stainless steels are having very good toughness, high corrosistarres, low thermal
expansion, high energy absorption, weldability and high strength compared to single phase
austenitic and ferritic stainless steBence used in chemical, oil, petrochemical, marine,
nuclear power, paper and pulp industries
On the otler hand, érritic stainless steel exhibibody centred cubic structure with less than
0.08% of carbon, 10.5 to 28% of chromium and very low percentage of expensive nickel.
Generally ferritic stainless steehas poor corrosion resistance due to low chuomand
nickel content. Additional elements such as molybdenum, copper and aluminium can be
added to ferritic stainless steel to improve their properties and struciumsssteel is
magnetic in nature, hence used as sticking memos on the fridge, storveg lnd other
metallic implements. It is also used as pans in induction cooker which involves the generation
of heat by transfer of magnetic energy. Some of the properties such as low thermal
expansion, excellent oxidation resistance at high temperdiigk, thermal conductivity,
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creep resistance, high yield strength and less stress corrosion properties make ferritic stainless
steel an important type of stéess steel. Similarly, addition of nano,Q3 particles in to

ferritic stainless steel improves eih properties tremendously. Hence, yittria dispersed
stainless steel is used as blankets for nuclear reactors and as oxidation resistant at high
temperature operations.

In the present studyguplex and ferritic stainless stedlave been synthesized byglinienergy
planetary milling of elemental Fe, Cr and Ni powders. The compositions of duplex and
ferritic stainless steel wergelected from Scledfler diagram as shown in thagkre 1.1.
Schaeffler diagram is one of the original methods of predicting baupbases in stainless

steels.
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Figurel.1 Schaeffler diagram
From the diagranchromium equivalent can be calculated for ferrite stabilizing elements and
nickel equivalent for austenite stabilizing elements. Both the equivalents are used as axes in a
diagram which depicts the compositional equivalent areas of austenite, ferrite and martensite
phasesThe formula forCreqandNieqare as follows:
Creg= % Cr + 1.4 (% Mo) + 0.5 (% Nb) +3.(% Si) + 2 (% Ti) Q)
Nigqg= % Ni + 30 (% C) + & (% Mn) + 30(% N) (2)
Preparation of stainless steel is a time consuming metftudh involves series of processes
like melting, casting, forming, heteatment, descaling, cutting anéinishing etc.
Powder metallurgy (PM) involves mass productiorsofall obgcts with complex shape at
low cost. It is not possible to produce combination of metal andmetal, metaimetal
compositions by other methods but can be achieved by PM routes. PM involves the formation
of near net shaped, homogeneous and less scrapialsand requires very less or no
finishing operations to fabricate final product. PM parts lmamanufactured with controlled
porosity and can be infiltrate the pores by adding other low melting materials or lubricants.
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Therefore PM proved to be one dlfie best solid state powder processing methods to prepare
alloy of elemental powdemMany synthesis routes like equal channel angular processing
hydrostatic extrusio, high pressure torsipnltrasonic shot peening, hydraulic pressings are
used to refinghe structure of metals and alloys by plastic deformation and solid solution
mechanism But planetary millingis one of the most simple and widely used plastic
deformation methods tochieve extreme refinement, mstable crystalline and quasi
crystallinephases, nanstructured and amorphous phases.

Dual drive planetary millDDPM) is a high energy planetary ball mill specially designed to
prepare nanatructured stainless steel powder alloy by milling elemental composition of Fe,
Cr and Ni. This methodfcstainless steel powder preparation is cost effective and highly
feasible. Commercially available low/high energy planetary mills do not generate enough
energy during milling. Thereforemilled powders are subjected to post heat treatment after
milling. But DDPM milled powders do not require any post heat treatment as it can produce
more than 50@cceleration field and it is limited to 10g acceleration field in commercially
available planetary mills. In the present study, our target is not to provides#liefrom
external sources to obtain a stabilized final desired product. Stabilized product should form
without external heat being supplied. DDPM can produce high temperature and easily induce
chemical reactions between powders by increasing the diffusioetics of solidstate
chemical reactions. But this kind solid state of chemical reaction is not possible in other
commercially available planetary mills.

One of our targets is to prepare stainless powder in bulk amount in lesser milling time.
Another adantage of DDPM is the capable of synthesizing extremely fine, homogeneous
and spherical nano crystalline powders that can be easily fabricated and consolidated using
conventional and spark plasma sintering methods. istmetured stainless steel attracted
much attention due to the extreme improvement in physical, chemical and mechanical
properties.Consolidation of nanstructured materials and retention of naynain size is

really a great challenge&Conventional sintenig cannot eliminate all the porésit it can
reduce up to certain levahd there is a rapid grain growtBpark plasma sinteringPS)can
reduce porosity even better than conventional sinteaimd) at the same time it can retain
nanasize even after consolidatioue to diffusion of atos) the powder surfaces get
eliminated at different stages during sintering, starting from neck formation to final

elimination of pores at the end of process. The power source for solid state processes is from
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the change in free energy between the neck thedsurface of particle and this energy
promotes transfer of materials in a faster way. The transfer takes place through grain
boundary and results in particle reduction and disappearance of §&¥@d9s an advanced
sintering technique which involves fatation of poorly sinterable materials by applying load
and heat simultaneously and has many advantages over conventionaigsimethod It
involves discharging of spark plasma at gaps of the particles with-aff electrical current

and induces neckormation, thermal diffusion process on the particles. This results in
hindered grain growth, efficient shrinkage in less time and cleaner grain boundaries for
effective interface formation

In this thesis, a successful attempt has been made to preparstmatured ferritic and
duplex stainless steel powders in bulk amount by high enerdyddua planetary milling of
elemental Fe, Cr and Ni powders followed by their characterization and consolid&gon.
havestudied the effect of milling parameterscbuas types of mill, ball to powder weight
ratios (BPR), process controlling agents (PCA), mill speed, milling time and milling
atmosphere on the morphology, phase transformation and particle size of stainless steel
powders. The oxygen active compound lkg; nanogrticles wee dispersed in tetainless

steel and its effect vgastudied successfulliNanoyittria dispersed and vyitti free stainless

steel powders we consolidated byoth conventional and spark plasma sintering (SPS)
methods. The effect dfintering temperatures and atmospheres to investigate the hardness,
density, microstructures, phase transformation and wear resistance propereslso
evaluatedFurther study of innovative applications such as corrosion studies by linear sweep
voltammetric method and potent applications of stainless steel powders as electrochemical
sensor was also conductdthe electro catalytic properties of yittria dispersed and vyittria free
stainless steel powders towardsltgically active compounds were studie

1.2 Literature Review

This section has been divided into four sdations. The first subection describes a review

of the nanostructured materials and their methods of synthesis; the second one explains the
details of planetary milling; the third omggves a detadd description of synthesis of different

types of stainless steelby planetary milling; and final subection describes the

electrochemical studies such as corrosion properties of stainless steels.
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1.2.1 Nano-structured materials
Nanostrudured materials are single phase or multi phase materials having crystallite size in
the order of 1100 nano meters with either one or two or three dimensions. Due to the nano
crystallite size, a large fraction of the atoms are located in the grain bmsdEre grain
boundaries between the two grains decelerate or sometime arrest the propagation of defects
during stress operations. This enhances the strength of materials due to the availability of
larger interface are&urther grain refinement increasége volume fraction of interfaces and
where the density of grain boundaries reacheSci®®. Hence, nanstructured materials
exhibit higher strength, hardness and high diffusion rates due to the shorter diffusion paths
and consequently reduced sintering time for compacting powders. Therefoestructured
materials exhibitimproved physick mechanical, electrical and magnetic properties
compared tamicron size conventional materiaBome of the commonly used methods for
preparing nanatructured materials are as follows:

U Electric arc discharge method [1]
Inert gas condensation [2]
Electraleposition [3]
Rapid solidification [4]
Solgel processing [5]
Chemical vapour deposition [6]

[t ot o e N e

Planetary ball milhg [7]

Planetary balmilling methodused to prepare nasstructured materials in large quantity at a

shorter span of time. Planetary ball Img) can produce narorystalline materials in its solid

state at roomtemperature andan be easily scaled to industrial lev@liompson and Politis

(1987 [9] reported the formation of narsiructured materials by mechanical alloying for the

first time. Later, Shingu et al(1988 [ 1 0 ] specifically mentioned
meter order <crystalline structures (93oduced
[11] has successfully concise the results on the synthesis and structure -ofysailine

materials produced by mechanical attrition method and has recently given an updated
description on the methods for naoiystalline synthesis (Koch 1997) [12]. It is possible to

bring down the grain size to nano level irrespective of pure mettdsmetallics and alloys

by mechanical alloying (MA) method. Therefore MA method appears to be ubiquitous in
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nature. The mechanism of naswuctured materials by MA has been describetHblstern

et al. (989 [18].

One of the disadvantages of mechaniabbying is contamination of powder materials
mainly comes fromgrinding medium and theaj surface. Myers and Barngit953 [13],
Thompson and Bankstof1970 [14], Ando (1986 [15], Hickson and Juras1986 [16],
Iwansson and Landstro(2000 [17] reported the influence of contamination from grinding
medium during milling. All of these studies emphasize the importance of an appropriate
choice of grinding medium for the elements of interest. Contamination can be reduced by
repeated pulverizing and waslithe powder samples several times before its analysis [8].
Contamination can also be minimized by using a proper canister inside the jar surface and
selection of same material compositions of grinding medium, jar and material to be

synthesised.

1.2.2 Planetary milling

Planetary ball mills owe their name due to the planetary movement of itsSchlatfer and
McCormick (1989 [19, 20] first reported the induced wide variety of sigdidlid and liquid

solid chemical reactions during milling. In early 18@&rry M. reported that conversion of
mechanical energy to chemical energy leads to chemical reactions. He observed such
chemical reactions in higénergy mills and he referred that process as high energy milling or
mechanochemical synthesis. McCormick [ZPakacs [23], and Matteazzi [24] reported the
detailed description about the induced chemical reactions in-&iggrgy milling. They
reported that most of the high energy milling reaction follonspldicement reactions as
follows:

MO+YyR - xM +R C

Metal oxide (MO) is reduced to high reactive tak(M)

Tschakarov et al1982 [25] became the first to report reaction milling in highergy mills

and they used highnergy mill to produce different metal chalcogenides vad#id by the
reactions aollows:

xM+yN - M N,

Where, M = Ag, Cu, Cd, Zn, In, Ti, Ge, Sn, Pb, As, Biand N =S, Se, Te.

Usually solidstate reactions involve the formation of product phases at the grain boundaries
of the reactants. Further mature of product phasgelves diffusion of reactant phase atoms
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through product phase. This results in the formation of barrier layer and prevents further
solid-solid reactions because these types of reactions require elevated temperatures to
promote diffusionat sensible rateS herefore high energyplanetarymills are suitable for
chemical reactions as they produce high temperature during mAlimgpst all the chemical
reactions involved in a higanergy milling are thermodynamically feasible at room
temperature.

Mechanochemgal process can be applied in many important fields to produce ultrafine
powders, nanstructured materials, processing of mineral and wastes, combustion reactions,
refining the metals, production of a very fine dispersion of secondary phase partieles lik
Y03 nanoparticles, refining the microstructure of matrix, extending the solubility limits,
formation of amorphous phases etc.

Microstructural refinement during high energy milling process results in welding, fracture
and particle deformation due to thentinuous collision of balbowderjar. The creation of

high density dislocations at grain boundaries in powders can promote the solute micro
segregation at dislocations and lead to the extended solid solutions. During milling, the
chemical energy transtted to crystalline powders and results in deformed random-nano
crystalline materials at higher millingme. It is possible to synthesineaterialsthat exhibit

nano meter grain size but the particle size typically decreases to only micrometer lexgel durin
milling. Figure 1.2 represents the mechanism of {pailvderball collision during milling
process.

Stainless

Chromium steel balls

powder

Milling . Plastic |
liquid Welding deformation

(a) (b) (© |

Figurel.2 The mechanism of bafjowderball collision during milling process
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During high energy milling the powder particles undergo series of mechanigento the

high impact energy exerted by ball and jars. Powder particles repeatedly undergo flattening,
cold welding, work hardening, fragmentation andvedding. In case of ductitductile and
ductile-brittle material combinations, soft particles beesnflat and weld together to form a
single large lamellar structure. Sometimes the size of the lamella even exceeds the size of the
parent elements before milling. At this stage, the formed lamellar structures contain
characteristic layers of various stag constituents. Further milling results in work hardening

and fracture by fatigue failure mechanism. This microstructure refinement continues further
due to the absence of strong agglomeration forces and due to the domination of fragmentation
over cold velding. At this stage, particle structure gets refined steadily due to high impact
energy of grinding balls on walls of jar, but the particle size continues to be same. Further
increase in milling time causes steadgte equilibrium balance between theeraf welding

and this tends to increase the particle size. Smaller fragmented particles withstand
deformation without further fracture and tend tew@d in to large particles [26].

The reduction of grain size to a nameter scale leads to increasehe wolume fraction of

grain boundaries which include many point and linear defects, especially dislocations
vacancies, stacking faults am@nsequently leads to the shorter diffusion path and more
defect storage sites. Therefpthe rate of diffusion is wre for mechanically alloyed

materials and the rate increases further with temperature.

1.2.21 Process variables
Mechanical alloying is one of the complex processes and involves optimization of various
milling parameters to achieve desired materials.oflthe milling process variables are not
completely independenSome of the important parameters that have an ability to alter the
properties of final constituents of powders are
1. Type of mill
Milling container
Milling speed
Milling time
Grinding medium
Ball-to-powder weight ratio

Extent of filling the vial

© N o o s~ D

Milling atmosphere
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9. Process control agent
10. Temperature of milling
The morphology, phase transformation and particle size of materials can be altered by

optimizing the milling parameters.

1. Type of mill

There are number of different types of ball mills are available in the market and are differ in
their capacity, operation speed and their ability to control the process by varying the
temperature of milling and the extent of minimizing the contaminatiorhefpowders.
Therefore it is very important to choose a suitable mill based upon the type, final
composition and quantity of the powders usddr mechanical alloying. Some of the
commonly used mills are SPEX shaker mills, Fritsch Pulverisette planetamilts| attritor

mills and specially designed mills. All these mills are differing in capacity, energy and used
for specific applications.

2. Milling container

Milling container comprisgof grinding vessel, jars, balls etc. During milling, the impact of
grinding medium on the walls of the containtekes place This results in the material
dislodgment from the container and incorporated in to powders. This can contaminate and
alter the chemical composition of the powders. If the material of grinding meaind the
milling powder is same, then contamination can be minimized as there is very less variation
of chemical composition of powders. Therefoselection of milling container plays a very
important role during milling process. Shape and the intemsbd of milling container can

also play an important role during milling process. Alloying at the flat ended vials occurs
significantly at higher rates than in the round ended containers [27]. Some of the common
types of materials used for grinding vessale hardened steel, tool steel, hardened chromium

steel, tempered steel, stainless steedring steehnd tungsten carbid28].

3. Milling speed

It is easy to understand that energy input of the mill increases with increase in mill speed and
this depads upon the mill design. But in conventional ball mills, at higher mill speed balls
gets pinned to the inner walls of the container and do not fall down to exert any impact force
and milling does not occurs. The speed of the mill at this stage is called@c r i t i c al

speed©é6. Hence maxi mum mi |l | speed sthathallsd mai n
10
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canfall down from the maximum height to produce high impact milling. Maximum impact
energy due to high mill speed increases the temperature eofcdintainer. This is
advantageous for those materials where diffusion is required to promote alloying of the
powders. But in some cases it is disadvantageous where higher temperature can promote
material transformation and results in decompositions ofrsapgated solid solutions or

metastable phases during milling [29].

4. Milling time

Milling time is a very important milling parameter; the chosen time should be such that a
steady state between fracturing and cold welding of powder particle must adWiéivey

time usually depends upon the type of the mill used, intensity of millingitdpbwder

weight ratio and temperature of the milling. Based upon these milling parameters milling
time should be fixed, but it should be realized that prolongedhgniime can cause the level

of contamination and some undesirable phases [30]. Therefore, it is suitable that the powder

is milled just for the required duration and not any longer.

5. Grinding medium

Generally high density materials are usedyrinding medium because they can create high
impact energy on the powder particles and promotes solid solution formation. Some of the
commonly used high density materials used as grinding medium are tool steel, hardened
steel, tempered steel, chromium steel, stamlsteel etc. It is desirable to have the grinding
vessel and grinding medium made from same materials to avoid cross contaminatiog. Mil
efficiency can also depengpon the size of the grinding medium. A high density and large
grinding medium is appogble when the large high density balls transfer maximum impact
energy to the powder particles. The final constitution of the powder particles also depends
upon the size of the grinding medium used [31]. Therefore, it is possible to control the shape,
size and phases of final composition by varying the size of the grinding medium. Several
researchers reported that smaller balls can produce intense frictional force, which can
promote amorphous phase transformation [32, A&mon (1990 [34] reported thatise of
different diameter balls can enhance the collision energy to the greater extent than the same
diameter balls. Another advantage of using different diameter balls that it can minimize the
amount of cold welding and the amount of powder coated ostgtuface of the balls [35].
Same diameter grinding balls forms tracks inside the container and consequently balls roll
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along the well defined trajectory instead of colliding the end surfaces. This reduces the
efficiency of the mill. Thereforgt is very important to use the combination of smaller and

larger balls to randomize their motion [36].

6. Ballto-powder weight ratio

Ball to powder weight ratio (BPR) is one of the important milling parameter can be varied
from as low as 1:1 [37] to as high as 22(B88] to obtain desired constitution of powders.
Commonly used ball to powder ratio in most of the mills is 10:1. Higher the BPR, shorter is
the milling time required. TherefarBPR plays a very significant role in deciding the time
required for mechanad alloying. Due to the higher BPR there is an increase in weight
proportion and the number of collisions per unit time; consequently more impact energy is
transferred to the powder and thus alloying takes place in a very short time. Due to high
impact enegy exerted by grinding balls on the inner walls of the container, more heat will
generate and this could alter the constitution of the powhfershanical alloyingMA) with

low BPR values will produce metastable phases, whereas a high BPR value produces

equilibrium phases [39].

7. Extent of filling the vial

There should be an enough space for the grinding balls and the powder particles to move
around freely and collide in the container; otherwise alloying do not takes place properly. If
the amount of griding balls and powder is very less, then rate of alloy formation is more due
to the high impact energy exerted by balls on the powders. If the quantity of balls and
powders is more, then there is no enough space for the balls to move freely inside the
confainer. This results in less impact energy exerted by balls on powder and therefore rate of
alloy formation becomes slow. About 50% of the vial should leave as empty to increase the

efficiency of the mill.

8. Milling atmosphere

Milling atmosphere playa magor role in the contamination of powder during MA. Therefore
milling is carried out either in evacuated or inert gas such as argon or helium atmospheres.
High purity argon is used as one of the common ambient to prevent oxidation or
contamination of powds during milling. The loading and unloading of the powders should

be performed in an atmosphere controlled glooe Different type of atmospheres is used to

prepare secific materials. Miki et al(1992 [40] and Calka et al(1992 [41] reported the
12
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use of nitrogen atmosphere farepare nitrides. Chen et d1996 [42] used hydrogen
atmosphere during milling to prepare hydrides. If the powder is highly reactive, then there is
a chance of forming oxides and nitrides using air in the vial. Therefasevery important to
maintain inert atmosphere during milling. Many researchers reported that the type of
atmosphere can also affect the final phds@® powders [43]. Lee et 411987) [44] reported

that some of the gases such as oxygen enhances d¢iekiof amorphization.

9. Process control agent (PCA)

True alloying occurs among the powder particles only when an equilibrium balance is
maintained between cold welding and fracturing of particles. The ductile powder particles get
cold weld together duéo the heavy plastic deformation. TherefoRCA is added to the
powder mixtures to minimize the effect of cold welding during MA. PCA acts as surface
active agentthey may besolids, liquids or gases. Most of the PCA are organic compounds
and they adsorbn the surface of powder particles and reduce the cold welding of powder
particles. Adsorbed surface active agents reduce the surface tension of the materials and thus
inhibit the agglomeration. Energy (E) required for the size reduction of powddrsy dur
milling is given as follows:

E=g )

Where, o9 is the specific surface energy and
Decrease in surface energy leads to the shorter milling times and very fine powder patrticles.
Some of the important PCA artearic acid, hexane, methanol, ethanol etc, and do@ntity

should lie between -5 wt% of total powder charge. During milling, most of these
compounds decompose, interact and get incorporated as dispersoids or as inclusions in to the
powder particles. But these compounds are not necessanityful to alloy system and
increase the strength of the materials by dispersion strengthening mecharjisBaffi et

al. (1993 [46] reported that PCA can alter the solid solubility levels and affect the final phase
formation. The shape, size and purity of theafipowder particles depend upon the nature

and quantity of PCA used during milling. Lai and (1998)[31] reported that use of large
amount of PCA can reduce the particle size exponentiallya fgiven milling duration. Niu

(1997 [47] reported thathe use of liquid PCA (ethyl acetate) leads to the homogeneous
distribution of particle size. The quantity of PCA used during milling determines the final
yield of the powder. The quantification of PCA depends upon the cold welding of the powder

particles, chmical and thermaltability of the PCA and on BPR.
13
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10. Temperature of milling

Milling temperature has a significant effect in promoting diffusion processes irrespective of
solid solution formation, intermetallics)anccrystalline or amorphous phase. Théree,
temperature of milling is a very important milling parameter which decides the constitution
of final powder. Very few studies are reported where the temperature of milling has been
varied intentionally to investigate the solid solubility levayge of phases formed etc. Qin
(1997 [48] reported that the extent of solid solubility decreases at higher milling
temperaturesiFu and Johnso(i1993 [49] and Mishurdga1993 [50] reported equilibration
effects and maximum diffusivity at higher milling ternaires. Lee et al(1990 [51]

observed the increase in amorphization kinetics at higher milling temperatures.

1.2.2.2Types of planetary ball mills used

Generally, high energplanetary nils are differ in their capacity, efficiency of milling and
specally designed arrangements for heating, cooling etc. Based upon these factors different
types of high energy mills are available to prepare mechanically alloyed powders. Detail
description of different mills used for Mvas reported by Suryanarayai®99 [52]. Brief

descriptions of different types of planetary ball mills are given below.

Figurel.3 Fritsch Pulverisette (B) two statiorplanetarymill
14
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One of the very popular and commonly used planetary mills to perform MA experiments is
Pulverisette plaetary mill, where a few grams of the powder can be milled at a time.
Therefore theses kind of planetary mills are more suitable for research purposes. These type
of planetary mills are available in the market and are manufactured by Fritsch GmbH in
Germany and marketed by Gilson Co., in the US and Canada. Due to the planet like
movement of the vials, these types of mills owed the name planetary mills. These mills are
assembled on a rotating support disk; a special drive mechanism induces to rotatesabout i
own axes. During milling centrifugal force is produced due to the rotation of vials around
their own axes and due to the rotation of supporting disk. Both grinding vials and rotating
disk rotates in opposite directions.

The produced centrifugal forcerdctly acts on the grinding medium and causes grinding
balls to run down inside the vial (Friction effect). On the other hand grinding balls lift the
powder to be grinded and moves freely inside the vials. Then grinding balls along with the
powder collideagainst the opposite side of the vial (Impact effect). In earlier versions of
planetary mills, the disk and vial rotation speed controlling arrangements were missing. But
now a day planetary mills with speedgulatory system are available. Figure 1.3 show
Fritsch Pulverisette (B) two statiorplanetarymill. Rajamani et al2000 [53] and Chaira et

al. (2007 [54] designed a new type of planetary mills consists of a gyratory shaft and two
cylindrical steel jars. Both jars and gyratory shaft will rosfsultaneously and separately at
higher speeds. The high speed rotation of the mill tends grinding balls to move strongly and
violently inside the vial, leading to large impact energy that improves the MA performance
The detailed description of mill falsation and design are provided in the next chapter (see

section 2.1).

1.2.2.3Wet milling versus dry milling

Another important milling parameter that has a significant effect on powder morphology is
the type of milling media either dry or wet milling. Dy dry milling the parameters such as
milling energy, mill speed, milling time, BPR plays an important role in tuning the particle
morphology. Similarly during wet milling the properties like viscosity, pH and density of
milling media plays an importantle. If the viscosity of milling media is more then there is a
slight hindrance of movement of grinding balls. This slightly decreases the effective rate of

collision and impact energy on powders. But effective rate of collision of balls with powder
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particles during dry milling is more. The impact energy generated during dry milling is more;
the balls can move freely inside the jars as there is no liquid media to hinder the ball and
particle movement, leading to effective MA. During wet milling, liquidsgebated over the
elemental particles and thus reduces the contact of the particles and the grinding balls. This
separation of particles and balls is due to the damping force exerted by liquid media. This
reduces the effective collision between baksvde-jar and hence larger particles [55]. Some

of the disadvantagef dry milling over wet milling are particle agglomeration due to sudden
decrease in the particle siza@gh degree of contamination due to the high impact energy,
generation of more heat due the strong collisions of grinding balls and container.

Thereforewet milling is proved to be the better method to carryout milling operations.

1.2.3 Synthesis of stainless steel powders by planetary milling

1.2.3.1Synthesis of duplex stainless steel

Several researchers have prepadegblex stainless steel powder by planetary milling of
elementalFe, Cr and Nipowders. Enayati and Bafand€R008 [56] studied the phase
transition of stainless steel powders prepaneal planetary ball milunder argoratmosphere

after 60h millingand pointed out the presence of dual struct&imilarly, Haghir et al.

(2009 [57] synthesized higimitrogen F&18Ci 11Mn stainless steel powder in a high energy
planetary balmill (Retsch, PM100) after 1200f milling andstudied phase transformation of

U t ®hashanka and Chaif2014) [58] prepared ferritic anduplexstainless steel powders

by elemental milling of Fe, Cr and Ni powders in @addrive planetary mill for 10h as
compared to 40 in pulverisette mill. Thewgtudied the phase transformationdafplex and

ferritic stainless steel powders both in argon and nitrogen atmospheres and concluded that
nitrogen acts as austenitic stabiliz&obrzanski et al.(2007) [59] synthesized duplex
stainless steel by mixingowder compositionof Fei 17Cii 13Nii 2.2Mo along with elemental
powders such as Si, Mn and Cu in a turbula miedlowed by planetary milling They
consolidate the powder sample at 800 MPa load and at 2300°F sintering temperature in argon
atmosphere for 1h.gtan et al (2009 [60] prepared duplex stainless steel by mixing ferritic
stainless steel powder (16.86%Cr, 1.15%Si, 0.18%Mn, 0.02%C) with controlled addition of
elemental alloying powders ansintered at 125@ in a vacuum furnace with argon
atmospherdor different time periods. Kazior et 2004 [61] reported the synthesis of

boron alloyed duplex stainless steels by sintering the mixture of austenitic and ferritic

16



Introduction and Literature Review

stainless steels powders and investigated their mechanical prafderigts et al(1994) [62]

and Rosso and Grand2000 [63] prepared duplex stainless steels by powder metallurgy
route using pre alloyed powders by mixing a ferritic stainless steel powder with an austenite
stabilising element powder. They observed that the austeniiésstg element will diffuse

in to ferritic phaseduring sintering and causélde destabilisation and produce thephased

duplex microstructureKazior et al.(1999 [64] prepared duplex stainless steel by mixing
commercially available austenitic andrgc stainless steels powders. Kazior et(2000

[65] and MarcuPuscas et a(2001) [66] reported the preparation of duplex microstructure by
inter diffusing the alloying elements during sintering. They investigated pthase
transformationof mixtures of both austenitic and ferritic stainless steels powdersg
sintering mechanical properties and corrosion resistance of sintered duplex stainless steels.
Dobrzanskiet al. (2007 [67] prepared duplex stainless steel by mixing austenitic and
martengic base powders by controlled addition of Cr, Ni, Mo and Cuyallp elements.
Powder mixtures we compacted at 800MPa load and sintered in a vacuum furnace with
argon atmosphere at temperatures from 1200°C to 1285°C for 0.5, 1 and 2 h. They studied
the effect of sintering parameters like sintering time, temperature, atmosphergaand
pressureon the mechanical properties of duplex stainless sthtgin et al. 2011) [68]
consolidated duplex stainless steel at 650 and 700MPa in nitrogen and hyatragepheres

and different cooling rates (furnace, gas and water) to study the microstructure and
mechanical properties. They reported that water cooling can increase the hardness of duplex
stainless steeVijayalakshmi et al. (2011) [§9nvestigated thamicrostructural evolution,
mechanical properties of duplex stainless steel at 1100, 1200, 1300 and 1350°C sintering
temperatures. They correlated micro structural changes at different temperatures and
concluded that the surface hardness mainly dependstiup@hases present in the materials.

1.2.3.2Synthesis of ferritic stainless steel

Pandey et al2014) [70] prepared ferritic stainless steel by DDPM with different BPR (10:1,
15:1 and 20:1) and milling speeds (250, 300 and 350 rpney reported thatrgstallite size

and particle size of ferritic stainless steel decreases with increase in BPR and milling speed.
Similarly, BET surface area and strain also increases with BPR and milling speed.
Rahmanifard et a2010 [71] studied the effect of BPR (10dnd 15:1)and milling speed

(300 and 42fpm) during milling of ODS ferritic stainless steel. They observed that crystallite

size and particle size of ferritic stainless steel powder reduces whereas lattice parameter
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increases with increase in BPR and imgl speeds. They concluded that milling by using
8mm diameter ball, 420rpm milling speed andaipowder weight ratio of 10:1 can reduce

the milling time to 30hKarak et al.(2010 [72] reported the effect of sintering temperature
andaddition ofnanayittria dispersoids on the wear resistance of ferritic stainless steel. They
consolidated stainless steel by hot iso static pressi6@t800 and 1000°@nder 1.2GPa
uniaxial pressure. They found that wear mechanism was fretting wear and concluded that
wear resistance increases with increase in sintering temper&uashanka anchaira

(2019 [73] prepared ferritic stainless steel powder by milling elemental Fe, Cr and Ni in a
specially designed dual drive planetary mill for 10h follovisdconwentiona pressureless
sintering. Consolidation of ferritic stainless steel was performed at 1000, 1200 and 1400°C to
study the mechanical properties, phasasformation and activation energy. Hengi € al.

(2008 [74] prepared nanarystalline 430L stainlessteel by higkenergy ball milling and

spark plasma sintering techniques. They reported that the hardness can be improved with an
increase in sintering temperaturedaholding time. Karak et a(2011) [75] reported the
preparation of yittria dispersed féit stainless steel by mechanical alloying followed by hot
isostatic pressing at 600, 800 and 1000°C temperatures. They observed tremendous
improvement in the mechanical properties of yittria dispersed ferritic stainless steel compared

with yittria free frritic stainless steel.

1.2.4Electrochemical corrosion studies of stainless steel

Shankar et al(2004) [76] studied pitting corrosion resistance of yittria dispersed stainless
steel by cyclic polarization experiments in 3.56 wt. % NaCl solution. Theglwded that the
addition of ;03 did not affect the pitting corrosion resistance. The corrosion resistance
values obtained for Y03 dispersed stainless steels are comparable with the wrought stainless
steel samples. The pitting resistance af #amplesistered at 1250°C isuperior to the
samples sintered at 1400°C. Lal and Upadhy@@87 [77] studied the effect of XOs
addition on sintering behaviour of austenitic stainless steel. They reported that 4wt. %
addition of yittria increases both sintereéndity and corrosion resistance, which was
attributed to the interaction of €33 with dispersoids.Ningshen et al(2014) [78] reported

the corrosion resistance 2% and 15% Coxide dispersion strengthened (ODs$gels in

3M and 9M HNQ respectively.They observed that 12% chromium ODS steel exthibgh
corrosion rate than 15% chromium ODS steel at both 3M and 9Msldbl@@entrations. The

pitting corrasion potential value of bottypes of ODS steels shift close to the trpassive
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region due to thencrease in HN@concentration.Balaji et al. (2007 [79] studied the
corrosion resistance of yittria aluminium garnet (YAG) dispersed austenitic stainless steel
sintered at 1200 and 1400°C respectively. Different concentrations (1, 2.5 and 7.5 wt.%) of
the second phase YAG was added to austenitic stainless steel. The corrosion studies were
carried out in 0.1N k5O, using potentiodynamic polarization. They reported that addition of
YAG does not increase corrosion rate appreciably but sgliglus sinteringshow higher
corrosion resistance than selthte sinteringBettini et al (2013 [80] investigated the effect

of nano sized chromium nitrides and exposure time on the corrosion behaviour of a 22% Cr
duplex stainless steel. They concludkdttthe exposertemperature has a strong effect on

the corrosion behaviour of duplex stainless steel than finely dispemsethium nitrides.
Fajardo et al(2014) [81] reportal the electrochemical corrosiona new lownickel stainless

steel in carbonated alkaline sbbn in the presence of chlorides. They observed that low
nickel stainless steel also exhibits similar corrosion behaviour like conventional AISI 304
stainless steel. The corrosion potential and polarization resgstarboth the stainless steel

are of same order Wang et al.(2011) [82] investigated the localized corrosion of 304
stainless steel in presence of droplets of 1M NaCl solution by using wire beam electrode
method. They found that, heterogeneous current distributions along with isolatedmeaddic
current likely to be located near the edge of the droplet. Therstairless steel experienced

more severe localized corrosion with increase of the droplet size.

1.2.50bjectives

U Fabrication of a higlenergy planetary mill (dualrive planetary) Wwich can produce
more than 50g acceleration field as compared to 10g acceleration field as in
commercially available planetary mills.

U In the presenstudy, our targetis not to provide théneat from external sources to
obtain a stabilized final desired phact. Stabilized producshould formwithout
external heat being supplied.

U We also target to prepare stainless powder in bulk amount in lesser milling time.

U Optimization of milling parameters for the synthesis of Ramoctured duplex and
ferritic stainless steel.

U The nanesize stainless steel powder will be sintered by spark plasma sintering to

retain nanestructure even after sintering.
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U The different mechanical properties of the sintered products will be investigated for
various applications of stainlesteel products.

U The effect of yittria on the pitting corrosion of duplex and ferritic stainless steel
samples sintered by SPS is to be studied.

U To investigate the electro catalytic applications of duplex and yittria dispersed duplex

stainless steel powdein detecting bi@active compounds.

1.2.6 Scope of the thesis

Chapter 1 discusses about introduction and literature review. A detsiletly of
experimental work and different experimental techniqaes providedin chapter 2. This
chapter also explairtie mill fabricationmill mechanicsand synthesis of dupleandferritic
stainless steel and different characterization techniques. Chapteriteé8ns the synthesis of
nanostructured duplex and ferritic stainless steel by conventional pulverisettegplamel

and consolidation by pressureless sintering. It includes the detail study of activation energy,
enthalpy calculation and Curie temperature using differential scanning calorimeter (DSC)
data. The effect of sintering temperature on hardness, derstymicrostructure of the
stainless steels are also studied. Chapter 4 comprises of synthesis-efrnetuwed duplex

and ferritic stainless steel by specially designed DDPM and consolidation by conventional
and spark plasma sintering techniques. Thiapter involves the investigation phase
transformation and microstructure study of natraicturedduplexand ferritic stainless steel
powder prepared bDPM and the detail study of optimization of milling parameters such as
process controlling agentdall to powder weight ratio, milling speed and milling
atmospheres on patrticle size, phases and morphology of stainless steel powders. This chapter
also includes the fabrication of yittria dispersed and vyittria free duplex and ferritic stainless
steel byconventional and SPS methods and the detail study of effect of yittria addition,
sintering temperature, sintering atmosphere and sintering methods morigology, phase
transformation, density and hardness of duplex and ferritic stainless steel.

Chapte 5 explains thenonlubricated sliding wear behaviour of nawittria dispersed and
yittria free dupéx and ferritic stainless steel fabricated by conventional and SPS techniques
against a diamond indenter. This chapter contains the detail investigdtiomear
mechanisms, wear depth and #ffect of applied load, yittria addition on the wear behaviour

of duplex and ferritic stainless ste€hapter6 consiss of the corrosion studies of SPS
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consolidated yittria dispersed and vyittria free duplex andtiferstainless steel by linear
sweep voltammetry. This chapter involves the investigation of effect of different electrolytes
at different concentrationgffect of yittria additiorandthe effect of quiet time on the pitting
potential of stainless steel.hiB chapter also includes the brief explanation of corrosion
studies performed by a new tLSY).hmchapterg wedl i ne a
discussed the electrochemical sensitivity applications of duplex and vyittria dispersed duplex
stainless sl powders in detecting biologically active compounds like folic acid. This
chapter includes the optimization of electrochemical properties such as concentration of
analyte, pH, scan rate and concentration of modifeerstudy the electrocatalytic proped

of duplex and yittria dispersed duplex stainless stealummary and conclusions with main
findings are presented in chapterRnally, a comparative study on synthesis of both the
stainless steels by pulverisette planetary mill and DDPM has besenped in Appendix.

Comparison of present results with existing literatures is also briefly shown here.
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2.1 Mill design

A high erergyDDPM was developegarticularly to synthesize bulk nasstructured stainless
steel powderThe specially designed DDPM has a main shaft of 640 mm (L) in lemgth

two steel jars of 100 mm (2R) diameter (voldmBE00 ml each)which rotates about their
own axes around the common axis of the main shaft. The planetary miktteahed with

two 5SHP motordo drive the main rotating shaft and the vials. The rotating speeds of both
motors can be varied independentlytiwp different frequency controllers. Figugl shows

the photograph of the dudlive planetary mill that was fabricated to synthesize nano

structured stainless steel powder.

Figure 2.1 Dual drive planetaryill

2.2 Mill mechanics
Before starting the iting experiments it is important to know the forces acting on grinding
balls inside the jardzigure 2.2 shows a schematic diagram of configuration of one half of the
planetary mill where a jar rotatesonobtlieut it s
axis of the jar is 6L/ 26 and radius of the |
very simple to characterize the planetary mill by the ratio of radius of rotation of the mill axis
d/ 26 the radRosHebet et mel Fobdbati omydofi st hteh eg
mill speed. Mainly four different kinds of forces act on a ball inside any one of the jars during
milling as shown in Figure 2.2. They afg, Centrifugal force abouthe fixed gyrating axes,
(i) Centrifugal force about the mill axis, (iii) Coriolis force due to the planetary motion
(rotating coordinate system) (i@ravitational force.
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Figure 2.2 Schematic of the acceleration field in a planetary mill

These forceslevelopa speciakind of acceleation field inside the mill, which is difficult to

visualize.

F = I:c -Fo I-T-oo Fa (1)
Gravitational force is very small when compared to centrifugal force, hence it is neglected.
Therefore, OF06 is given by,

F=F + &, (2)

Corresponding accelerations for these forces is gives as follows

a=a, 48, &, )

|l flobas the centrifugal acceleration field
from 0606

Solving the above equation givéetcritical speed constant

k=22 =1 Jo @
Vv, 2R
Wher g, i6sKk t he critical speed constant. The
as follows,
%CS=—2 3100 (5)
K3

Where n is thegyrating (main shaft) speed anglisithe jar speed. In this work the mill was
operated at 64% critical speed in all the cases.

K.= 4 840 4 559
100
Taking negative sign, as main shaft and jars are rotating in oppositéon.
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K.= 1 252 350

The percentage critical speed is calculated by consideringhtfe speeds(;) and jar speed
(»2) as 275 and 62pm, respectivelyTherefore

%Cszﬂ 3100 64
3.52 275

All the milling experiments are performed at 64% critical speed, but while investigating the
effect of mill speed we fixed the mill speed at 7&ftical speed.

For 75%critical speedthe shaft speeds(;) and jar speedr(;) were maintained at 275 and
726 pm, respectively.

%CS= 126 %100 %=

"~ 3.5% 275

2.3 Synthesis of duplex and ferritic stainless steel powder and consolidation

2.3.1 Pulverisette plartary milling

Elemental powder mixture of Fe (99.5% pure), Cr (99.8% pure)Nar(@9.5% pure) were
used as starting materials. Elemental compositdis 18Cii 13Ni (Duplex) and Fel7Ci
INi (Ferrite) were selectefiom Schaeffler diagrano obtain duplexand ferritic stainless
steel alloys during milling. Milling of the above compositions was caroetlin Fritsch
planetary mill (P5 mill) for 48 under toluene atmospheeprevent oxidation. Mill speed of
300pm and ball to powdeweight ratio of 6:1 wasnaintained. The milling media consist of
500ml milling jar and 30 g of chrome steel balls of &in diametereach and iwvas filled
around 40% by volume.

Milled powder samples of both duplex and ferritic stainless gteelders were compacted
using hydraut pressing machine with laad of 700MPa using polyvinyl alcohol as binder.
Both the stainlessteel sampleshowa wide range of sizes from microto nanolevel and
hence it is difficult to compact samples without binder. tbmpacted pellets wesntered
at 1000, 1200 and 1400 in argon atmosphengith holding time of h each and samples

were furnaceooled.

2.3.2 Dual drive planetary milling
Elemental powder mixture of Fe (99.5% pure), Cr (99.8% pure) Nin@@©9.5% pure)

powders were used as stagt materials. An elemental composition ofiE8Cii 13Ni
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(duplex) and F7Cr1Ni were selected from Schaeffler diagramilling of the above
compositionswas carried out ina specially designed DDPNhill for 10h under toluene
atmosphere to prevent oxidatioThe milling media othe DDPM consist of 1kg stainless
steel balls of Bim diameterThe milling was conducted at room temperature and 6:%tball
powderweight ratio The angular velocity of the vials and the supporting main shaft &&fre
and 27%pm respectivey. The effect of different milling parameters like PCwill speed
milling atmosphere, milling timand BPRwerestudied. In all the cases powderere milled

in DDPM for 10h under toluene atmosphere (wetling) to prevent oxidation. It was
engired that all the balls and powdevereimmersed m toluene. A volume of 30% jar wa

filled with balls and powders.

U Effect of stearic acigSA)

Duplex and ferritic stainless steel powder samples were prepared by milling the elemental
compositions of Fe, ICand Ni powders in DDPM at a mill speed of 64% critical speed (CS)
with 6:1 BPR for 10h in presence of SA and in the absence of SA under toluene atmosphere
(wet milling). Before starting milling operatipdwt. % of SA was added tee 18Cii 13Ni

andFé& 17Q7 1Ni powder composition separately in two different jars of DDPM.

U Effect of milling speed

Another important milling parameter that has a significant effacbowder morphology is

the milling speedBoth duplex and ferritic stainless steel powder samplere prepared by

milling in DDPM at different percentage of critical speeds (% CS) in presence of toluene and
at 6:1 BPR. The main shaft speed was kept constant at 275 rpm, whereas jar speed was
varied. The jar speeds were kept at 620 and 726 rpm for 6d% 56 CSespectively. This
increases the acceleration of the mill from 73g to 86gase of 64% CS and 75% CS mill

speed respectively.

U Effect ofmilling atmosphere

Milling was carried out in both wet and dry conditions. During dry milling argon gas was
used as the milling atmosphere to prevent oxidation of both the stainless steels. Milling
parameters were maintainedsd®o CS 6:1 BPR 1wt. % SA and 10h milling time.
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U Effect of ball to powder weight ratio
The wet millingwas carried out at BPR of 6:1nd 12:1 using 1wt. % SA as PCA in both
ferritic and duplex steel. Here, millasrun at 64% of CS

Prepared stainless steel powders are mixed separately with MyO%nanoparticles by
turbula shaker mixture TURBULA® T2F, Willy A. Bachofen AG Maschinentfaik,
Switzerland for 3 hours. Yittria dispersed and yittria free duplex and ferritic stainless steel
powder samples were consolidated by conventional gpatkSplasma sintering B
methods.Yittria dispersed and vyittria free stainless steel sample® compacted using
hydraulic pressing at 700MPa load and poly vinyl alcohol as binder. Compacted stainless
steel samples are conventionally sintered at 1000, 1200 and 1400°C respectively in a tubular
furnace with holding time of 1h each at argon atmospl8?& was carried out at a pressure

of 50MPa andit 1000°C temperature for 5 minutes in a 20mm diameter graphite die.

2.4 Characterization techniques used

2.4.1 Stainless steel powders

2.4.1.1 X-Ray diffraction

X-ray diffraction of theelemental compositits, milled powder anénnealed powdesamples

were peformed usingP hi | i ps PANal yti cal di f-fadision®o met er

0.1542 nm)X-ray diffraction was carried oatt ascanrateof 2°/minute.

2.4.1.2 Scanning electron microscopy

Powdemorphologyof as received, milled, annealed and sintered stainless steel sarapes
investigated by scanning electroticroscopy (SEM) using JEOL JSBHB0LV. Most of the
images were taken in secondary electron and back scattered electron mode atedhging
requirement. Qualitative, quantitative analysis and elemental mapping were carried out for
stainless steel powders as well as sintered pellets using INCA software, which has been

attached to SEM. Elemental mapping was carried out to study the éwufistribution.

2.4.1.3 Particle size analysis
Particle size analysis was carried out in a laser particle size an@ekern, Mastersizer
2000, UK).The powder particles were made suspended by dispersing them in a solution of

dispersant like sodiumelxa metaphosphate. Then He or Ne laser beam scatters the suspended
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powder particles with different scattering angles. Based upon the angle of scattering; particle
size will be measured. The scattering phenomenon depends upon the wavelength of the light
andthe particle size, shape and refractive index of particles under study.

24.1.4Field emisgn scanning electron microscofyESEM)

The morphology of stainless steel powder particles and sintered samples were investigated by
using FESEM of moddFEl NANO NOVA 450. The morphology of corroded stainless steel
samples were studied by FESEM.

2.4.1.5 BET surface area analysis

Surface area of the milled stainless steel powders were measured by BET surface area
analyzer (Quantachrome/AUTOSORBmModel).Usually nao particles have large specific
surface area due to the very fine size. The specific surface area is measured using the nitrogen
gas adsorption technique developed by Brunauer, Emmett, and Teller, commonly known as
the BET method. BET surface area measumet mainly based upon simplified adsorption

gas model, solid surface and on pore structdittogen gas adsorb on particles in the form of

multi layers, in which volume adsorbed is a summation of therbdd volumes of each

layer.

BET surface area carsa be calculated by using following equation

PIR__ 1 C-1P
Sa- PIR) VC Y, CP

(6)

Where,P is the equilibrium pressur@ is the saturated vapour pressure of nitrodgis, the
amount of gas forming a monolayer on the solid surface (monolayer capawity) is a
constant related to the heat of adsorption in the first layer. A pl&®/Bf) / S(:P/Py) versus
P/Py gives a straight line from which the monolayer capaditycan be evaluated. From the
obtainedV,, value, the BET specific surface area can dalculated by using the cress

sectional area.

2.4.1.6 Differential scanning calorimey (DSC) analysis

Thermal analysis of stainless steel powders samples warried out inDSC (Netzsch,
Germany. Powder ampleswere heat treatefiilom room temperaturéo 1200°C at a heating

rate of 10C/minute in presence of inert argon atmosphere. Some of the DSC measurements
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were carried out at different heating rates like 6, 8 ari€/tinutes to calculate activation
energy by using Kissinger plot and also study ¢héalpy change, curie temperature and

crystallization temperature.

2.4.1.7 High resolution transmission electron microsg@{dRTEM)

HRTEM studies of the milleand annealedtainless steel powders were carrad using
JEOL JEMZ2100 to study the microsticture, lattice spacing and selected area electron
diffraction (SAED) patterns. Samplégve been prepared layspersingthe stainless steel
powdes in ethanobnd sonicatedor 30 minutesOneor two drops of the suspension were
placed ona carbon coate@u grid; then grid wasdried for  minutes before mounting the
grid onto theHRTEM sample holder

2.4.2 Consolidation of stainless steel powders

2.4.2.1 Blending

Duplex and ferritic stainless steel powdergavmixedseparately with 1wt.9hancY ;03 (<
100nm) powdermparticlesin a turbula shaker mixdTURBULA® T2F, Willy A. Bachofen
AG Maschinenfabrik, Switzerland) forh3 The blended vyittria dispersed stainless steel

powders were consolidated by conventional and spark plasma sintering methods.

2.4.2.2 Compaction

Milled powder samples of stainless stpelvders were compacted using hydraulic pressing
machine (SoilLab) with a load of 700MPa using polyvinyl alcohol as binder. Both the
stainlesssteel samples are having a wide range of sizes from mitreoanolevel and hence

it is difficult to compact samples without bind&iameter of the die is 10mm and added zinc

stearate powder was added as die wall lubricant for the easy operation.

2.4.2.3Conventional sintering

Compacted pellets were sintered in pesukanthal heated tubular furnace (Naskar, India) at
1000, 1200 and 1400°C temperatures for 1h. Argon and nitrogen sintering atmospheres were
maintained to study the effect of sintering atmosphere on the phase change, microstructure
and mechanical propés of stainless steel. All the stainless steel samples were furnace
cooled with heating rate of 5°C/minute. We also studied the effect of sintering temperature on

the hardness, density, wear and microstructure of stainless steel.
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2.4.2.4Spark plasma stering (SPS)

SPS is an advanced sintering technique that has attracted substantial interest for fabrication of
poorly sinterable materials. The SPS process involves simultaneous application of load as
well as heat on the materials to be sinte&#elS is anew method meant for consolidation of
nano structured materials with hindered grain growth, efficient shrinkage in less time and
cleaner grain boundaries for effective interface formatibhis technique utilizes high
temperature spark plasma generatedlisgharging exactly at the gaps of powder particles
with an onoff electrical current. At the initial stage of SPS process, the generated spark
plasma induces neck formation and thermal diffusion process on the particles to be sintered.
Electric field formed by DC current can also facilitates thermal diffusion process. Therefore,
SPS process involves densification of poorly sinterable materials at a very short interval of
time and at low temperature when compared with conventional sintering pr&gesk.
plasma sintering wasarried out at a pressure of 50MPa and 1000°C temperature for 5
minutes in a 20mm diameter graphite ¢&CM 1050, Sumitomo Coal Mining Cd.td.,

Japai.

2.4.3 Characterization of consolidated stainless steel

2.4.3.1Density and microfirdness measurements

The density, microhardness values reeemeasured by Archimedes method and Vickers
microhardness methods respectivdbensity of conventionally sintered and SPS samples
were measured by density measurement kit (Contech model r80Q®BYy measuring the
suspended weight and soaked weight of the specimens. Microhardness studiearied

out using LECGLM248AT Vickers hardness testétted with a Vickers pyramidal diamond
indenker. Hardness measurements were performed at 10, 25 ghdb&ds with a dwell time

of 10 seconds. A minimum of 5 readings were taken for each sample.

2.4.3.2 Optical microscopy

Microstructure study of conventionally sintered and corroded SPS samples were performed in
Carl Zeiss optical microscopy. The volumigagefractiors of stainless steels were calculated

by usingan inbuiltAxio Vision Release 4.8.2 SP3 2813) software
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2.5Non-lubricated sliding wear study
The wear studies were carried outbiall-on-plate wear tester (Ducom, TRO8 M1) where
Rockwell diamond indenter rotates at 20rpm with a speed of 0.004fbm/A&S minutes on
stainless steel samples at room temperature and a relative humidity of 70%. All the wear
studies were performed at applied loads of 10 and 20N and track radius of 2mm wad.select
Before and after wear tests, the diamond indenter was cleaned ultrasonically and dried. All
the wear tests were performed! 3imes to get the concordant valuéee schematic diagram
of wear test exgrimental setup is shown in FigL2es.

T Diamond

/Indenter  yyoo . track %R.Od(we“ .
diamond tip

Lever
b v mechanism
\

Load  pijamond indenter

Figure 2.3Schematic diagram of wear test experimental setup

The fundamentastudy of norlubricated sliding weanpf yittria free and yittria dispersed
duplex and ferritic stainless steel samples were consolidatediffarent sintering
temperatures (1000, 1200cah400°C) in argon and nitrogen (1000°C) atmosphanesSPS
(1000°Q methodsrespectively The wear track depth studies were carried out in Veeco
Dektak 150 surface profilometer. Wear mechanism was studied by investigating the wear
track and wear debris orphology by using JEOL JSM084LV scanning electron

microscopy.

2.6 Corrosion study
The corrosion studies were carried out in a well established three electrode electrochemical

cell using electrochemical work station G6#0c model by lnear sweep voltametry
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(LSV) method.Potential scans wemllectedin a freely aerated Na@nhd HSO, solutiors at

room temperature. The experiments were carried out in an electrochemical cell containing
Ag/AgCI saturated KCI as reference electrode, stainless steel saagpl@orking electrode
(20mm diameter) and platinum counter electrd@igrrosion studies were carried out in 0.5, 1
and 2M concentration of NaCl angd$0, solutions at different quiet time of 2, 4, 6, 8 and 10
seconds by Linear sweep voltammetry (LSV) nethL.SV is an important electrochemical
technique involves solid electrode, fixed potenséiall fast scan rat&he slope of the ramp

has units of volts per unit time and is generally called as scan rate of the expefingent.
microstructure of consolidadestainless steel samples were investigated by Carl Zeiss optical
microscope and phase fraction of corroded duplex and ferritic stainless steels were calculated
by using Axio Vision Release 4.8.2 SP3-@&1.3) software

2.7 Electro-catalytic study by cyclic voltammetry

The electrochemical experiments were carried out using electrochemical work station CHI
660c model. All the experiments weperformedin a conventional three electrode system
composed of working electrode (carbon paste electrode of 3mmtdnaeplatinum wire as
counter electrode and Ag/AgCI saturated K@&caode as reference electrode as shown in
the Figure 2.4.

Figure 2.4Cyclic voltammetryexperimentasetup

U Fabrication of stainless steelectrods
The carbon paste electrode (CREAs prepared by handixing of graphite powder and

silicon oil at a ratior0:30by wt. in anagatemortar. The homogeneous carbon paste electrode
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was packed into a cavity of a homemade carbon paste electrode (3.0 mm in diameter). The
duplex modified carbo paste electroddMCPE) was prepared by mixing 2, 4, 6 anang

yittria dispersed and yittria freduplex stainless steel powder individually with graphite
powder and silicon oil. Surface was smoothed by rubbing slowly on a piece of weighing
paper. The lectrical contact was provided by copper wire connected to the paste at tube end.
The bareCPE was prepared by without adding modifieine electrecatalytic properties of

yittria dispersed and yittria free duplex stainless steel powders towards foliqF#cd

detection was studied.
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CHAPTER 3

Synthesis of nanestructured duplex and ferritic stainless steel
powder by pulverisette planetary milling and consolidation by
conventional sintering
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3.1 Objectives and scope of the wdr

Nanostructured duplex and riéic stainless steel powders meprepared by planetary
milling of elemental Fe, Cr and Ni powder form@nd then consolidated by conventional
pressureless sintering. The progress of milling and the continuous refineh&aintess

steel powders have been confirmed by means-@yxdiffraction and scanning electron
microscopy. Activation energy for formation of duplex and ferritic stainless steel is
calculated by Kissinger method using differential scanning calorimBwth duplex and
ferritic stainless steel powders are consolidated at 1000, 1200 andCl4@0argon
atmosphere to study mictoscture, density and hardness.

3.2 Fabrication of stainless steel

3.21 Synthesis of nanstructured stainless steel powder

Elemental powder mixture of Fe (99.5% pure), Cr (99.8% pure) and Ni (99.5% yere)

used as starting materials. Elemental compositionsidf&i 13Ni (Duplex) and~& 17Cii

INi (Ferrite) were selected fronSchaefflerdiagram to obtain duplex and ferritic stiaiss

steel alloy during milling. Milling of the above compositions was carried out in Fritsch
pulverisetteplanetary mill (P5 mill) for 40h under toluene atmosphere to prevent oxidation.
Mill speed of 300rpm and ball to powder weight ratio of &ds maintined. The milling
media consist of 500ml milling jar and 300g of chrome steel balls of 10mm diameter each
and itwasfilled around 40% by volume.

3.22 Consolidation of nanestructured stainless steel powder by pressureless sintering

Milled powder samplesof both duplex and ferritic stainless stegkere compacted in
hydraulic pressing machine with a load of 700MPa using poly vinyl alcohol as binder. Both
the stainless steel samplasre having wide range of sizes from micron to nano level and
hence it is dficult to compact samples without binder. The compacted pellets sintered

at 1000, 1200 and 1400°C in argon atmosphere with holding time of 1h each and samples

were furnace cooled.

3.3 Synthesis of nanestructured stainless steel powder

3.31 X-Ray Diffraction study

3.31.1 Milling of Fe-18Cr-13Ni and Fel7Cr-1Ni composition

The XRD spectra of F&8Cr13Ni (duplex composition) and F&/Cr1Ni (ferrite
composition) powders milled at 0, 2, 5, 10, 20 and 40h are shofsigune3.1 (a) &3.1 (b)
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respectrely. The sharp crystalline diffraction peaks of elemental powders start to broaden
continuously with milling time. As milling proceeds, the elemental Cr and Ni begin to move
inside Fe lattice and get vanished with further milling. This phenomenon is aanah20h

as shown in thé&igure3.1 (a). The final milled powder samples are associated with refined
grain size, defects and maximum internal strain. Duplex stainless steel powder composition
exhibits ferrite phase till 20h of milling and slowly undeggjmase transformation from ferrite

to austenite with further milling. This was evidenced by the lattice parameter calculation by
NelsonRiley method. Average lattice parameter value oflBEF13Ni after 20h of milling

i s 3 .%m5rjear @ ferrite but with further milling the same goes on increasing and
becomes “%. afed 40h Gand is close to austenite lattice parameter. As milling
proceeds further, the Fe (110) peak starts to aligplowards lower angle side indicating the
formation of dual phase steel consisting of both austenite and ferrite phases. This is due to the
substitutional diffusion of Cr and Ni atoms in to Fe lattice and result in the broadening of

peaks progressivelyith milling time.

110
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(1) (11 40h A o o B i
Y 2 (200) (200)  (220) (211) (311)
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Figure 3.1 XRD spectra of(a) Duplex stainless steel (b) Ferritic stainless steel powder
samples milled for 40h

3.3 1.2Lattice parameter calculation

The lattice parameter is calculated using NelBday (N-R) extrapolation method by
considering the three strong XRD peaks of duplex and ferritic stainless steel powders.

A graph of lattice parameter of both duplex and ferritic stainless steels calculated-fRom N
method versus milling time is shown kgure 3.2. The lattice spacing valugf austenite
present in duplex and pure fé&nrandc2m8aj hoe
respectively and these values are in good agreement with the standard lattice parameter of
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FCC iron m3. mh%j 1BCC i m.rncr¢agn @iking tinieGncreases
the lattice spacing due to the presence of large amount of defects during milling.
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Figure 3.2 Variation of lattice parameter (calculated by NelRiley extrapolation method)

with milling time

3.31.3Crystallite size and lattie strain calculation

We determined crystallite size and lattice straimgidVilliamsonHall equation from XRD
peaks.The crystallite size and strain of duplex and ferritic stainless steels were calculated

from WilliamsonHall method and are representaahically inFigure 3.3 (a) and3.3 (b)

respectively.
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Figure 3.3 Graphical representation of variation of strain and crystallite size (Calculated by
Williamson-Hall method) with 0, 2, 5, 10, 20 and 40h milling time(af Duplex stainless
steel (b) Faettic stainless steel powder samples

From the graph it is confirmed that as milling time increases, the crystallite size decreases
and it attains a saturation level after 40h, where further refinement of crystallite size is quite

difficult. But lattice stain goes on increasing with increase in milling time due to continuous
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contact of powdeball, powdefpowder and powdgar surface. The strong collision between
ball-powderjar reduces the crystallite size from 94nm to 8nm in case of duplex and from
126nmto 7nm in case of ferrite after 40h of milling. Similarly, lattice istrgoes on
increasing from 0.50 to 0.92% and from 01040.71% respectively for duplex and ferritic

stainless steel.

3.3.2 Microstructure study
3.3.2.1Scanning electron microscopyH™)
SEM micrographs of duplex and ferritic stainless steel powders milled at different time

intervals are representedhigure3.4 andFigure3.5 respectively.
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Figure 3.4 SEM micrographs ofluplex stainless steel milled for different times in high
enegy planetary mill

It is found that before milling the powder particles are large and irregular in shape. As milling
proceeds the particles begin to agglomerate and become flat after 2h of milling due to the
ductile nature of Fe. After 5h of milling, two amore flat lamellae weld together to form a
single large lamella. But as millingpntinuesfurther up to 10h and 20h, the ductile powder
particles get work hardened; Ni and Cr get entrapped into Fe lattice wdérmparticles start

to refine.

46



Results & Discussion: CHAPTER 3

Figure 3.5 SEM micrographs oferritic stainless steel samples milled for different times in
high energy planetary mill

The particle size reduces again and further refining in the size of the particles become
difficult beyond 40h of milling. Ni and Cr get uniformdjstributed in Fe to form an alloy. It

has been found that 40h of milling leads to the formation of fine and spherical shaped
stainless steel powder particlégom the micrographs it is found that particle size of 40h
milled duplex stainless steel powder around10-15um and of fertic stainless steel is
around 510um. SEM mcrographs depicts the regular refinement of stainless steel powder

particles at different intervals of milling time.

3.33 Particle size analysis

Figure3.6 (a) and3.6 (b) indicatethe particle size distribution of duplex and ferritic stainless
steel powders milled at time intervals of 0, 2, 5, 10, 20 and 40h respectively measured by
Malvern Mastersizer. In both cases, particle size decreases with increase in milling time and
thus cumulative size distribution curgeshift towards left side indicating refinement and size
reduction of powder particles. During milling, the rate of particle size refinement depends
upondifferent milling parameters likenilling speed, milling time, size dhe balls used for
milling, ball to powder weight ratio etdzigure 3.6 (c) shows the fluctuation of median
particle size with milling time in case of duplex and ferritic stainlessl gpowdersThe
median particle size decreases from 77 to 15um duriighgnfrom O to 40h in case of
duplex stainless steel powder. Similangedian size reduces from 50 to 18umcase of

ferritic stainless steel powdefhe values of crystallite size, lattice strain, lattice parameters
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and patrticle size of duplex and ridic stainless steel after 40h of milling are tabulated in
Table 3.1.
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Figure 3.6 Particle size distribution &) Duplex stainless ste€b) Ferritic stainless steel
samples milled at different time intervals (c) Variation of median size with millimeg t

Table 3.1 Crystallite size, lattice strain, lattice parameters and particle size of duplex and
ferritic stainless steel after 40h of milling

Condition Type of Crystallite size Lattice Lattice Mean
stainless steel (nm) strain (%) parameter (A) | particle size
(m)
Milled in P5 Duplex 8 0.92 3.53 15
planetary mill for stainless steel
40h
Ferritic 7 0.71 2.88 18
stainless steel
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3.34 Thermal analysis

Figure3.7 (a) and3.7 (b) show the DSC graphs of duplex and ferritic stainles$ steelers

at different heating rates respectively. The stainless steel powder samples prepared in the
present work is partially amorphous in nature and hence broad exothermics deakd
During milling stainless steel powders undergo series of collidiatiening, cold welding,

work hardening and fragmentation hence powder sample attains meta stabtguitinium

state. Eskandarany et al] prepared amorphous austenitic stainless steel alloy by dry milling
of elemental powders and studied theimrtha properties. Thegbservedsingle exothermic

peak due to the amorphous austenitic stainless steel polddeng DSC run the non
equilibrium stainless steel alloy powder undergoes recovery, grain growth, relaxation
processes and involves energy rededaring heating and hence exothermic peakHRjure

3.7 (a) and3.7 (b) depicts théroadexothermic peakvhich starts aB50K and ends dt325K

in both type of stainless steel samples. Change in enthalpy of reaction, Curie, crystallization
temperaturef both duplex and ferritic stainless steel powders at different heating rates were
measured and results are tabulated in Tal2e

Table 3.2 Changes in enthalpy of reaction, Curie, nucleation, crystallization temperature of
both duplex and ferritic stdiess steel powder at different heating rates

Type of stainless Heating Crystallization Curie Enthalpy
steel rate temperature temperature change
(K/min) (K) (K) (KJ/mol)

Duplex stainless 6 824 - 85.94

steel 8 833 - 96.60

10 841 - 62.35

Ferritic stainless 6 796 1031 86.58

steel 8 805 1027 44.27

10 822 1024 65.00

The tabulated results are complementary to the work published by Eskandarany]etral. [

Raju et al. B]. From the figure it is clear that the crystallization tempeeatof partial
amorphous powder increases from 824 to 841K in case of duplex stainless steel powder and
from 796 to 822K in case of ferritic stainless steel powder due to different heatingfréies

8 and 10K/min. This is due to the heat transfer lag ameuniform heating at higher heating

rates. In case of ferritic stainless steel, Curie temperature starts decreasing from 1031 to
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1024K with increasing heating rate. A peakaround 475K is due to the transition of

powders from a rigid to a flexiblérscture to relieve the stress.
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Figure3.7 DSC graphs ofa) Duplex stainless ste@b) Ferritic stainless steel powder with 6,

8 and 10 K/min heating rates

Activation energy for the formation of duplex and ferritic stainless steel powders were

calculated usg Kissinger method], 5.
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t h

obtained using Eq. JJand then the activation energy for formation of both duplexXemiic

steels are evaluated.

1.7 T T T T T T T
(@)
11.6 4 Equation y=a+b*
Adj R-Squar 044342 ul
Value Standard Error
11.5 4 B Intercept  -11.6878 1428555
B Slope 19.1533 11.89363
N 114 )
o
-
-~
11.3 4
<] 4
<=
11.2 4
11.1 4
1.0 v T T T T T T
1.185 1.190 1.195 1.200 1.205 1.210 1.215

1000 x Tp (K1)

e

3 T T T T
1164 (b)
]
Equation y=a+b'x -l
115 |AdiR-Square 083429
Value Standard Error
B Intercept ~ -2.09941 4.03691
B Slope 10.84587 325994 i
o 1144
o
[T
-
3 1134 i
£
11.2 4
11.1 4
T T T T
1.21 1.22 1.23 1.24 1.25

1000 x Tp (K™
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Figure3.8 (a) and3.8 (b) show Kissinger plodf activation energyor formation ofduplex
and ferritic stainless steel powders and the values are surethan Table3.3. Curie
temperature, activation energy and crystallization peak temperature of duplex and ferritic

stainless steel are studied segsfully using DSC.
Table3.3 Activation energy values of duplex and ferritic stainless steel powders

Type of stainless Heating Peak a Activation
steel rate temperature T2 a 1 energy
0 Tr (X 1PO.5) In T2 1000 T, E. (KJ/mol)
(K/min) (K)
Duplex stainless 6 824 0.88 -11.63 1.213
steel 8 833 1.44 -11.14 1.201 159.24
10 841 1.41 -11.17 1.188
Ferritic stainless 6 796 0.94 -11.56 1.255
steel 8 805 1.23 -11.30 1.242 90.17
10 822 1.48 -11.12 1.216

3.4  Consolidation of stainless steel powder

3.4.1 XRD of duplex and ferritic stainless steel samples
Figure 39 (a) and39 (b) showX-ray diffraction patterns of 40h milled powder and

consolidated samples of both duplex and ferrigerdess steels respectively. XRD spectra of
milled duplex stainless steel powder shows broadened strong diffraction peakstefafealri

weak peaks of austenite.
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Figure 3.9 XRD spectra of 40 hours milled powder and consolidgggduplex stainless
steé (b) Ferritic stainless steel samples sintered at 1400°C for 1 hour
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After 40 hours of millinglimited transformation from ferrite to austenite takes place but after
consolidation duplex stainless steel show sharp diffraction peaks of ferrite and austenit
phases. Figur8.9 (a) shows thenagnifiedview (scan range 480 ) of the first peak in inset.

It shows the presence of both ferritic and austenitic peaks. It must be mentioned here that
consolidation of duplex steel by conventional sintering promogesti€ to austenitic
transformation as evident from strong austenite peaks along with ferrite fp2aksg
consolidation Cr and Ni move into the interstitial site of Fe lattice due to diffusion. Hence
after consolidation strong peaks of ferrite and anitgeare visible. However, same is not true

just after milling due to limited diffusion of Cr and Ni into Fe lattibk. diffraction peaks of
secondary phases like sigma phase; carbides or nitrides precipitations in both powders as well
as consolidated digx stainless steel samplese observed During milling, different
processes such as structural defect, amorphization and reduction in grain size occur and this
resuls in the broadening of diffraction peaks. The XRD spectra of both milled and
consolidatd ferritic stainless steel samples show single phase of only ferrite. Both the
sintered stainless steel samples show sharp, crystalline diffraction peaks due to the diffusion

and rearrangement of atoms in a regular manner.

3.4.2Microstructure analysis

Figure 3.10 shows optical micrographs of duplex and ferritic stainless steel samples
consolidated at 1000, 1200 and 1400°(eesively.As sintering temperature increases from
1000 to 1400°Cnumber of pores decreases and density increases. Volume fraations
austenite and ferrite phases in duplex stainless steel at different sintering temperature were
studied. The volume fractions of ferrite and austenite phases were determined by Axio Vision
Release softwardhe amount of austenite phase increases witease in temperature due

to the phase transformation of ferrite to austenite at higher temperature in case of duplex
steel. At higher temperature austenite phase become more stable. The pores (black), austenite
(white) and ferrite (grey) regions are ldeelin optical micrographs of duplex stainless steel.
Similarly, ferritic stainless steel show pores (black) and ferrite (white) regions. At higher
temperature austenite phase becomes more stable with significant increase in the rate of

diffusion and atonsirearrangement.
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1000°C

1200°C

1400°C

Figure3.10Optical microstructure ofa) (c) (e)Duplex stainless steel and (b) (d) (f) Ferritic
stainless steel samples sintered respectively at 1000, 1200 and 1400°C for 1 hour

3.4.3Density and hardness study
Figure 3.11 (a) shows he effect of temperature on the densities of duplex and ferritic
stainless samples. Density of both the stainless steel samples increases with increase in
sintering temperature. A maximum density of 90 % was achieved for both the types of
stainless steelasnplessinteredat 1400C. The hardness measurements were carried out at
three different loadsf 10, 25 and 50gf and for each sample, fivials of indentation were
made with different load and the average values of the diagonal lengths of indentakien ma
were measured.
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Table 3.4 Density, hardness angblume fractions of austenite and ferrite phases in duplex
and ferritic stainless steel at different sintering temperature

Type of Sintering Volume fraction (%) Sintered Vickers microhardness
i 0,
stainless temperature (°C) density (%) (HV)
steel Austenite Ferrite
10gf | 25gf 50¢f
Duplex 1000 44 52 66 261 253 254
stainless
steel 1200 57 40 80 363 | 337 | 325
1400 60 38 90 512 550 521
Ferritic 1000 - 96 69 171 155
. 178
stainless
steel 1200 - 97 85 230 | 217 | 210
1400 - 97 92 263 251 229

The Vickers microhardness value at each load was calculated using the rélation [

HV =1.8544" )
d2

Where,P is the applied load andlis the diagonidength of the indentation. Average hardness
values of duplex and ferritic stainless steels at 1000, 1200 and 1400°C are sitoguren

3.11 (b) and3.11 (c) respectively and the values obtained aredrigompared with previous
literatures 7, §. Densty, hardness andolume fractions of austenite and ferrite phases in
duplex stainless steel at different sintered tetpee are tabulated in Table 3.4.

It was observed that hardness value decreases with increase in applied indentation load for
ferritic sainless steel but the variation is not so prominent for duplex steel. This variation of
hardness values with increase in load is due to the indentation size effect9ISH)ig is
because othe errors which are directly related to the intrinsic stmadtfactors of the test
materials such as indentation elastic recovery, work hardening during indentation, surface
dislocation pining etcl0, 11. ISE also occurs due to the surface effect; strain gradient effect

and non dislocation mechanisms based assitiransport by point defects

54



Results & Discussion: CHAPTER 3

(a) Erarn

X
R
%

©
=]
1

X
o
X

X

SRR
X > |
KR HHHHHHHXHXRRRRRRRRNRY

(=23
o
1

IR RIRRIRRHRRRAR
5 R ]

H
o
1

X

% Sintered density

N
o
L

0 T T
900 1000 1100 1200 1300 1400 1500

Sintering temperature (°C)

540 - (b.)/o\. ra00°C 260 -(C)

240

1400°C
220
1200°C

200

3

»

N

o
1

w

=23

o
1

.\_\. 1200°C

180
——— o @ 1000°C 160 4 \
240 - 1000°C

10 20 30 40 50 60 10 20 30 40 50 60
Indentation load (gf) Indentation load (gf)

Micro hardness (HV)
Micro hardness (HV)

w

(=3

o
1

Figure 3.11 (a) Effect of sinteringemperature on densities of duplex and ferritic stainless
samples; Microhardness of (b) Duplex stainless steel (c) Ferritic stainless steel samples
consolidated at 1000, 1200 and 1400/%€ 1 hour with different indentation load
3.5 Summary and onclusions
Nanaostructured duplex and ferritic stainless steel powders were prepared by mechanical
alloying for 40hin Fritsch Pulverisette planetary midDuring milling, particle size increas
initially due to repetitive welding of ductile iron and starts refining in the structure with the
progress of milling. Lattice strain increases and crystallite size decreases with increase in
milling time. Using DSC plots of 40h milled steel powdersoatulated change in enthalpy,
crystallization peaks, Curie temperature and also activation energy by Kissinger method.
Increase in sintering temperature increases the density, hardness of the samples and decreases
the amount of pores. Due to ISE both ¢h@nless steel samples show reduced hardness with
increasing indentation load. Both duplex and ferritic stainless steel shows maximum density
and hardness at 1400. A density and microhardness value of 90% and 550HV were
obtained for duplex stainless ske Similarly, ferritic stainless steel exhbi®2% sintered
density and 263HV microhardness value.
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CHAPTER 4

Synthesis of nanestructured duplex and ferritic stainless steel
powder by DDPM and consolidation by conventional sintering
and SPS
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4.1 Synthesisof nano-structured duplex and ferritic stainless steel powders bylual-
drive planetary milling (DDPM)

4.1.10bjectives and scope of the work

In the present work, narsiructuredduplexand ferritic stainless steel powders were prepared
in bulk by milling elemental powders in a specially designed -duaé planetary mill
(DDPM) for 10 hoursThe progress ahemilling and phase transition of stainless steel have
been stutd by means of xay diffraction. Annealing of milled powder at 7%D promotes
ferritic to austenitic transformation in both argon and nitrogen atmosphere as limited
transformation takes place after milling. However, nitrogen favours the transformaton to
greater extent than argon. Lattice parametbtainedirom both high resolution transmission
electron micrographs (HRTEM) and NelsBiley method match witlduplex and ferritic

stainless steel.

4.1.2Phase transformation studyusing XRD

4.1.21 Milling

The XRD traces of F&8Cr13Ni and Fel7Cr1Ni powders milled irDDPM are shown in
Figure 4.1.1 (a) & 4.1.1 (b) respectively. During planetary milling the sharp crystalline
diffraction peaks of the parent powders begin to broaden progressively withsetmadling

time, ultimately resulting in the powder sample associated with maximum internal strain and
refined grain sizeThe XRD spectral studies show elemental Cr and Ni peaks at Oh and they
graduallygo into the lattice of the Fe aftBh of milling. Hence Ni and Cr peaks are absent
finally after 10hours of milling in both types of stainless stdaliplex stainless steel milled

in DDPM shows ferrite phase until 5h of milling and undergoes transformation to austenite
phase at 10h. This is evidencedthg NelsorRiley method blattice parameter calculation.

Until 5h of milling, the lattice parameter value was near to ferritic stainless steel but after 10h
its value becomes very closedoplexstainless steekigure4.1.1(c) shows the XRD spectra

of 10h milled duplexstainless steel powder scanned slowly in the range of 40 torBe

XRD spectra consists of three peaks correspondiggt@ , C rFe regpettivdly [JCPDS

file numbers: (471417), (882323) and (34€396)]. This is due to the grainghich are
composed of large number of small regions where each plane spacing is substantially

constant but differing at adjoimgy regions, these regions cauties various sharp diffraction
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lines [1]. Here, powder particles contaigrains which are bentnd the non uniform

accumulated strain.
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Figure4.1.1 XRD spectra ofa) Fe 18Cii 13Ni alloy (b) F&17Cii 1Ni alloy milled for 10h
in specially designed high energy planetary ball mill (c) Low scan range XRD speEw@ia of
18Cii 13Ni alloy milled for 10h in spcially designed DDPM

4.1.22 Annealing under argon atmosphere

The effect of argon and nitrogen atmospkederring isothermal annealing has been
thoroughly investigatedFigure4.1.2(a) and4.1.2 (b) showthe XRDtraces of 10h DDPM
milled Fe 18Cii 13Ni ard Fa 17Cii 1Ni alloy powders after subsequent heat treatment at

750 C for 1h in argon atmosphere. The above annealed samples were furnace cooled to room

temperature. The XRD spectra aftennealingin argon atmosphereepicts the strong

diffraction peaks of er r i t e ( U )y withrsaime aenls geaks of iroa oxide in both

cases. The intensity of ferritic and austenitic peak is more in case BfG+lNi and Fe

18Cr13Ni alloys respectively. Ifrigure 4.1.2(a) we can see sharp (110) planeduplex
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stainless steedround 44.57, this is due to the presence of ferritic stabilizer Ar. It is accepted
from literatures that argon faurs the ferritic transformatiof2]. It is also found thatthe
XRD peaksare sharp and the intensity of ferritic and ausitepeaks increases as compared

to unmilled powder due tsupply of heat energyuring annealing to the powders.

a b
( )(111) ® — o-Fe ( )(1:1) ® — a-Fe
* & —= Fey0,
@ — Fey0; @0 o . e
~ — v-Fe - § ’
- s ¥ - = (024)
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< o =
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Diffraction angle (20) Diffraction angle (20)

Figure4.1.2 XRD traces of annealed samples aj Ife 18Cii 13Ni alloy (b) F&17Cii 1Ni
alloy heat treateth Ar atmosphere at 750 for 1h

4.1.2.3 Annealing under nitrogen atmosphere

Figure 4.1.3 (pand4.1.3(b) shows the XRD traces of 10h DDPM milledi E8Cii 13Ni and

Fe 17Ci 1Ni alloy powder heat treated at 780for 1h in nitrogen atmosphere. From the

XRD graphs it is observed that austen{g) peaks are dominant in case ofi E8Cii 13Ni

and strong f err i tiileCiiNUaongmithaakstenitiog ancitsaees o f Fe
iron oxide phases. The presence of high amount of Niiid&@i 13Ni alloy inducederrite

to austenitetransformation It is also widely accepted from literatgréhat nitrogen favours

the austenitic transformation. Since a limited amoahtausteniteis generated during
mechani cal all oying, a n n-Eeatd giF@ tganstorimationhlewep o wd e
compare the i ngtpeak $oi d particaldr rgdé of sstaidless steel in both
atmospheres then we can observe that nitrogen favours austenitic transfotmatigreater

extent than argon.

It has been reported thgirogress of milling of stainless steel powder under nitrogen
atmosphere facilitates g¢hferriteto-austenite transformation. Nitrogen atoms diffuse into the
interstitial sites of ferrite crystallites and produce mismatch strains. Austenite has larger

interstitial sites than ferrite, implying the nitrogen atoms to create less distortiomlamnade
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mismatch. In addition, austenite has smaller interfacial energy compared to ferrite. Apart
from the nitrogen effect, refinement of the structure to the maetric scale favours the
austenitic transition during milling. The grain refinement increabe volume fraction of

interfaces (grain boundaries), where the density of grain boundaries réathes’ [3].
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Figure4.1.3XRD traces of annealed samples aj e 18Cii 13Ni alloy (b) F&17Cii 1Ni
alloy heat treateth nitrogen atmosphere at 7%Dfor 1h

Although the presence of alloying elements such as Cr and Ni enhance the solubility of
nitrogen in iron lattice, the dissolved nitrogen in milled powders are still higher than the
equilibrium level. We determined the amount of nitrogen dissolvedath duplex and ferritic
stainless steel after annealing under nitrogen atmosphere using CHNS analyzeml&€ke d
stainless steel contaids18% of nitrogen whereas ferritic stainless steel conte®ng3% of
nitrogen The annealing of milled powder uednitrogen in the above samples could be
related to other effective parameters such as structural defects which are increased constantly
through milling processThiseventually leadto a grain size reduction to nano range and the
surface area of powdgrarticlesare exposed to nitrogen gas environment. During milling,
different phenomena occutue to the transfer oénergy into powder mixtures including
distortion of crystallite lattice, fracturing and cold welding of powder particles, an increase in
structural defects, a reduction of grain size and solid state amorphization or phase
transformation. The reduction of grain size to a nano meter scale leads to increase in the
volume fraction of grain boundaries which include many point and line defectsiadype
dislocations. Consequenthyshorter diffusion path and more defect storage sites cause
possible higher nitrogen content. An increase in the lattice defects inctéaséss and a i n)
decreases d (grain size) (an enhancemeBlddf Hence changef Ud values could indicate

the presence of preferable sitesrigrogen absorption as reported
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4.1.24 Lattice parameter calculation
Lattice parameters were successfully gited by using NelseRiley (N-R) extrapolation

relationas [1],

co§q+ co$ ¢
sing q

In lattice parameter calculation, three strong XRD peaks of @éaglexand ferritic stainless

steel powders were taken andR\functions were calculated for eapeak. Then lattice
parameter for each peak was calculated and the values were fitted in a straight line and
extrapolated the straight line teaxis. The point of intersection onaxis gives the true

lattice parameter value. The lattice parameter valid3DPM milled duplex and ferritic
stainless steel powders are in good agreement with the standard values. The calculated lattice
parameter values were plotted in graph as showkigare 4.1.4 (a). The final 10hmilled
duplexstainless steel powder showsgle peak clearly remaining others are broadened due

to decrease in crystallite size with milling tineed henceNelsonRiley plot cannot be
obtained From figure, it is clear thadluplex composition shows ferritic phase till 5h of
milling because the callated lattice parameter value is close to ferritic lattice parameter.
Hence we calculated lattice parameter of high energy planetary ball whilf#dx stainless

steel powder after 10milling by using theequation as follows:

a=dyh®+k® +7 (1)

After 10h of milling we can see increase in the lattice parameter value. The calculated lattice
parameters otluplex and ferritic stainless steel powdaiter 10h of milling is 3.51A and

2.86A respectively and these values ang/\odose to the ideal lattice parameter of FCC iron
(3.51A) and BCC iron (2.86A).

4.1.25 Crystallite size and lattice strain calculation

Considerable broadening of diffraction peaks will occur mainly due to instrumental errors,
decrease in particle size@increase in lattice strain. Thigeak broadening errors can be
minimized by using Williamsoiiall equation. Williamson and Hall proposed a method for
deconvoluting size and strain broadening by
Using XRD data, we determined crystallite size and lattice strain using Williakhesibn

equation4] asfollows:
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bcosr/=M # /8in

D 2
Wher e, b is full width half imglaticensdraini F WHM) , C
Here, WilliamsorH a | | pl ot i s pl ocaxiesd anmd hb-sasld @O@dn it t

radians). From the linear fit, crystallite size and strain are extracted from intercept and slope
respectively. Here, three strong peaks of lhtplexand ferritic stainless steel were used for

the determination of crystallite size and lattice strain. We also calculated crystallite sizes of
both the samples by using Scherrer equation individually as follows:

D:0.94/
bcos ¢ (3)
Whe e , b is full width half maxi ma (FWHM),

the target used. The differences in crystallite size as well as strain calculated from
Williamson-Hall method were represented graphicallyFigure 4.1.4 (b) and4.14 (c) for
duplexand ferritic stainless steel powder.

There is no much difference in crystallite size calculated from both WilliasAsdinrmethod

as well as Scherrer method respect to austenite and ferrite. From the graph we can conclude
that as milling tme increases, the crystallite size decreases and it attains a saturation level
after 10h, where further refinement of cajite size is quite difficultHowever, lattice strain

goes on increasing with increased milling time. The crystallite size arak lattain cannot

be calculated foduplex stainless steel using Williamsd#all method after 10h of milhg,

because all the peaks were broadened and not visible except (111) plane. wience
calculated crystallite size of DDPM milletlplexstainless st powder by Scherrer method.
However, the same can be calculated for ferritic stainless steel by Willigrzdbmethod as

all the peaks are visiblafter 10h. The strong collision between hadWwderjar reduces the
crystallite size to nano levand ingeases strain continuously. Tadld show the summary

of crystal size, lattice strain and lattice parameter. Tjong et al. examined the effect of volume
fraction of interfaces with respect to grain size and they found that, volume fraction of the
interfaceincreases with nano metric grain size and this result in the increased esterggt

[5]. Meng et al. predicted that as the grain size of pure iron reaches below 14nm then
austenite phase become more stableThe crystallite sizes of preparedplexand ferritic
stainless steel powders are well below 11nm so we can expect intense phase transformation

during annealing.
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Figure 4.1.4 (a) Variation of lattice parametewith different milling time. Graphical
representation of variain of strain, crystalte sizewith milling time of (b) Fe 18Ci 13Ni
alloy (c) Fé 17Ci 1Ni alloy milled respectively for 5h and 10hdDPM

4.1.3Microstructure study

4.1.31 Scanning electron microscopy (SEM)

The SEM was used to study the morphology of mechanically alldygigx and ferritic

stainless steel powder at various stages of milling. SEM micrographs 8t 3Ni and
Fe17Cr1Ni powder milled in DDPM were presentedFigure4.15 (a-d) andFigure 4.1.6

(ard) respectively. The powder particles were bulky and randosize before milling. As

milling begins, particles start to agglomerate to form plate like morphology up to 0.3b due
the soft nature of iron. But as milling proceeds further, the ductile powder particles get work
hardened; Ni and Cr are entrappea it and powder particles ardined Further extended
milling decreases inter lamellar spacing and brittle particles get uniformly dispersed in

lamellae. Increase in the milling time from 0.5h to 10h decreases particle size and results in
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the formation 6 very fine with regular arrangement and spherical stainless steel powder.
From the micrographs it is found that particle size of final 10h milled powder is around 10
15um in both types of stainless steel

Figure4.1.5SEM microgrphs o' 18Cii 13i aloy iled in igh energy planetary mill
for (a) Oh (b) 0.5h (c) 5h (d) 10fg) FESEM BSE image of duplex stainless steel powder
milled for 10h in DDPM containing grey spots of Cr and Ni diffused in to Fe lattice

Figure 4.1.5 (e) and4.1.6 (e) show the BSHEmages ofduplex and ferritic stainless steel
powder milled in DDPM for 10h. The microstructure shows a uniform dispersion of Cr and
Ni atoms in the Fe matrix in the form of grey spots as shéwom the figure we can observe
river like layers confirminghe diffusion of brittle Cr in to ductile Fe matrix during milling.
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A standard EDX spectrum of 10h milleiplexand ferritic stainless steel powder samples
were shown inFigure 4.1.7(a) and4.1.8 (a) respectively. The EDX studies were used to
carry out he quantitative analysis and it confirms the presence of higher Ni contéuyblax
thanferrite. This affirms that chemical composition of 10h milled both stainless steel powder

is close to as received powdersgure4.1.7(b), 4.1.7(c) and4.1.7 (d) shows the elemental
distribution of Fe, Cr and Ni in case diiplexstainless steel powder.

Figure4.1.6 SEM micrographs offe 17Cii 1Ni alloy milled in high energy planetary mitr
(a) Oh (b) 0.5h (c) 5h (d) 10le) FESEM BSE image of ferritic stainlest®el powder milled
for 10h in DDPM containing grey spots of Cr and Ni diffused in to Fe lattice
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Figure4.1.8EDX spectra ofa) F& 17Cii 1Ni alloy and its elemental mapping contain{iy
Cr (c) Ni and (d) Fe (e) Image from which EDS and mapping was taken

Similarly, Figure4.1.8(b), 4.1.8(c) and4.1.8(d) show the elemental distribution of,Rer
and Ni in ferritic stainless steel powder. From elemental mapping it is clear that elements are
uniformly distributed between themselves and justify the composition of both types of

powders.
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4.1.32 High resolution transmission electron microscopy (HIEM)

Microstructure analysiof duplexand ferritic stainless steel powders of high energy DDPM
10h milled and annealed powder (in nitrogen atmosphere for 1h) were performed by
HRTEM. The diffraction pattern, lattice spacing and microstructure of the samydre

studied successfully.

(111 §
= 0.2100m

Figure 4.1.9TEM images of DDPM milled duplex stainless steel powder (a) TEM image (b)
SAED pattern (c) HRTEM to measure lattice spacing. Similddy ferritic stainless steel
powder (d) TEM image (e) SAED pattern (f) HRWMIEmage

Figure 4.1.9a-f) shows the bright field TEM micrographs, SAED patterns and lattice images
of 10h milledduplex and ferritic stainless ste@owders respectively. It can be seen that
spherical crystallites (black) with size around 20nm arepresent induplex stainless steel
(Figure 4.1.9a). Figure4.1.9(b) shows the SAED ring pattern which represents different
crystallographic planes of austenifeéigure 4.1.9 (c) shows lattice spacing of 2.10A for
austenite (111) plané&igure4.1.9(d) shows the BF micrograph of milled ferritic stainless
steel The micrographk show that particles are agglomerated and size is arowddr#a

SEM and HRTEM results show a large difference in the particle sizes due to wide size

distribution of milled powder stdng from nano to micron sizeDuring TEM sample

69



Results & Discussion: CHAPTER 4

preparation, milled powders were dispersed in ethanol by sonicating the mixture for 2h to
reduce agglomeration. Large particles settle down and hence TEM shows the images of very
fine and small particles wtin were dispersed properly. However, SEM shows the images of
both small and large particles of size ranging from micron to nano level as there is no pre
treatment like TEM.The SAED pattern oFigure4.1.9(e) contains blurred ring structures
with spotty gppearance, which confirms the amorphization of ferritic stainless steel powder
during milling. The amorphization process of ferritic stainless steel powder was occurred due
to thesevere plastic deformation and subsequent structural refinement duringg milkis
increases the concentration of defects, decreases the constancy of the crystadture sind
boostamorphization ¢-8]. Figure 4.1.9(f) shows the lattice spacing of 2.10A for ferritic
(110) plane.

(a)

&) 0.217nm

—(222)
‘—( 111)
(200
(220)
(311)

QO nm
(d)

(311)a-Fe

—(220)a-Fe %

\3 \——(200)a-Fe)

o, (211)a-Fe

(110)a-Fe

Figure 4.1.10TEM images of annealed §Mitmosphere foi750 C for 1H duplex stainless
steel powder (a) TEM image (b) SAED pattern (c) HRTEM to measure lattice spacing.
Similarly, for ferritic stainless steel powder (d) TEM image (e) SAED pattern (f) HRTEM
image

Figure 4.1.10(a-f) shows the BF imges, SAED patterns and lattice imagesdoplex and

ferritic stainless steel powder annealed at T nitrogen atmosphere for 1h. The BF

images show that there is increase in size of crystal (around 100 nm) due to ankaaleg (
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4.1.10a). Figure 4.1.10 (b) shows SAED ring pattern correspond to FCC austenite (111)
plane as well as BCC (110), (200), (211), (220) and (310) ferrite planes. This is due to the
dissolution of austenitic stabilizers such as Ni andnNo the iron lattice during milhg and
annealing respectively{.he presence of Cr in the ferritic stainless steel compaosition increases
the solubility of N i n-Felduring annealing. Hencere can expect phase misformation

f r o4M e U+Fea Lattice parameters of milled and annealed powdens calculated from
lattice spacing and tabulated in Table 4.1.

Table4.1 Summary of crystal size, lattice strain, particle size and lattice parameter

Condition | Type of Crystallite size (nm) Lattice Particle size Lattice
stainless strain (1um) parameter
steel (%) (A
W-H | Scherrer | TEM Particle | SEM | XRD | TEM
method | method size
analysis
Milled for Duplex | 9 (after 8 13 0.6 22 21 3.52 | 3.65
10h Sh
milling)
Ferrite 8 11 41 0.9 16 16 | 2.87 | 2.97
Annealed| Duplex 26 114 3.60 | 3.73
at 750°C
In l;lj]for Ferrite 37 47 2.87 2.89

4.1.4Particle size analysis

The particle size distribution afuplexand ferritic stainless steel powder milled in DDPM

mill after time intervals of 0, 0.5, 2, &d 10h areshown inFigure4.1.11(a) and4.1.11(b)
respectively. The cumulative size distribution curves shift toward left side as milling
progresses indicating refinement and reduction of powder particles. From the figures we can
observe that particle size goes on decreasing with increase in milling time idupbéiand

ferritic stainless steel powder. The variation of median particle size with increase in milling
time in bothduplexand ferritic stainless steel powders were showhigure4.1.11 (c).The
median particle size decreases from 80 to 22um during mificmg Oh to 10h in case of
duplex stainless steel powder. Similarly, powder median size reduces from 56 to 16um for

ferritic stainless steel.
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Figure 4.1.11 Particle size distribution ¢&) Fei 18Cii 13Ni alloy (b) Fe 17Ci 1Ni alloy
milled in specially dagned planetary ball mill at different time intervals (c) Variation of
median size with milling time

4.1.5Thermal analysis

Differential scanning calorimetry (DSC) was performed by continuous heating odlinotix

and ferritic stainless steel powders fr@g- 1000 C at the heating rate of 10/minute under

argon atmospherdzigure 4.112 (a) and4.112 (b) shows the DSC graphs adiplex and

ferritic stainless steel powder milled in specially designed ball mill and it shows exothermic
peaks at 874 and 852 respectivelyThe exothermic peaks represent crystal growth, lattice
strain release and amorphous to crystalline phase transition during annealing with an enthalpy
change of 52.80kJ/mol and 93.32kJ/mol in casedaplex and ferrite respectively.
Eskandaany et al.[9] observed exothermic peak at 1240K with an enthalpy change of
16.88KJ/mole for amorphous 1z€r1gNig powder prepared by rod milling after 300 hours of

milling. Similarly, Oleszak et a[10] found exothermic peak at 640 with total heat evekd
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20-40J/g depending on milling time for nano crystallideplex stainless steel powder

prepared by planetary milling.
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Figure 4.1.12 DSC graphs of(a) Fe 18Cii 8Ni alloy (b) Fe 17Cii INi alloy milled in
specially designed planetary ball mill after 10rsur

4.1.6 BET surface area measurement
Quantachrome/AUTOSORB model was used to measure the total surface area of the
DDPM milled Oh and 10h duplex stainless steel powder samples by standard volumetric

nitrogen adsorption method at 77K.
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Figure4.1.13Adsaption-Desorption curves afuplex stainless steel powder milled for (a) Oh
(b) 10h respectively

Figure 4.1.13 (a) and 4.1.13 (b) shows dlasorptioindesorption isotherm of Ngas at 77K

of nanestructured duplex stainless steel after 0 and 10h millisgedively. Surface area
and total pore volume of Oh milled duplex stainless steel powder are*fg6&md 0.109g/cc
respectively. Similarly, the values for 10h milled duplex stainless steel powder are 3§.26m

and 0.598g/cc respectively. Before millirsmrface area and pore volumes are very less and
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they start to increase with milling. This is due to the increased volume fraction, plastic

deformation and refinement of size.

4.1.7 Summary and onclusions

The following conclusions can be made from the gmesvestigation:

1.

It is found that nly 10h is required to get narsructuredduplexand ferritic stainless
steel powder in specially designed DDPM as compared to 40h in P5 mill.

The duplex composition was showing ferritichpse till 5h of milling and écame
duplexafter 10h in DDPM.

The powder particles were of micron range and of random size before milling and as
milling starts there will be slight increase in the particle size due to the repeated
welding of ductile iron during milling. As milling caimues, particles become strain
hardened and spherical. After 10h of millirie crystallite size reduced to 9 and
11nm in case ofiuplexand ferritic stainless steel respectively. The lattice strain goes
on increasing in both cases.

Annealing of the poders at 750C promote ferritic to austenitic transformation in
both argon and nitrogen atmosphere. However, nitrogen favors austenitic
transformation to a greater extent as compared to argon.

Thermal analysis study shows the exothermic peak, which reprasystallization of
amorphous powder, crystal growth and latBtrin release during heating.

BET surface area measurensstiow the increase in surface area after milling due to
the nano sized particles.

Although bulk efficient synthesis of nano stwed duplex and ferritic stainless
powder is the main focus of the present work, but there is a need for further research
to scaleup the issues. There is plenty of scope for improved design of the milling
system with enhanced energy efficiency to maka duve planetary milling a viable
commercial technique for bulk production.
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4.2 Optimization of milling parameters for the synthesis of nanetructured duplex and
ferritic stainless steel powders

4.2.1 Objectives and scope of the work

Nanostructuredduplex and ferritic stainless steel powders were prepared by high energy
planetary miling of elemental Fe, Cr and Niowders Here, we havestudied the effecof
process controlling agent (PCA) such #&sasc acid (SA)effect of ball to pwder weight
ratio (BPR 6:1and 12:1and milling speed (64 and 75% critical speeatlring planetary
milling of elementaFe& 18Cii 13Ni (duplex)andFe 17Ci 1Ni (ferritic) powdersfor 10h ina

dual drive planetary mill (DDPM)We have found that all these mill parameters have great
influence in tuning the final particle morphology, size and phase evolution during miilling
was found that addition of PCA, a BPR of 12:1 and %&#cal speed is more effective in
reducing particle size and formation of duplex and ferritic stainless steel after 10h wofilling
elemental powder compositions than their counterparts.

4.2.2Preparation of duplex and ferritic stainless steel powder

The effect of different milling parameters like process controlling agents (stearic acid), mill
speed, BPR and milling atmosphere (dry and wet milling) were studied. In al] pagekers
were milled in DDPM for 10h under toluene atmosphere (wet milling)agdn atmosphere
(dry milling) to prevent oxidation. lwas ensured that all the balls and powders were
immersed in toluene. All milling experimentgere carried out in DDPM consisting of 1kg
chrome steel balls of 8 mm diameter kept in steel jar of 1000lme. A volume of 30% jar
was filled with balls and powders.

4.22.1 Effect of stearic acid

Duplex and ferritic stainless steel powder sammlese prepared by milling the elemental
compositions of Fe, Cr and Ni powders in DDPM at a mill speed of 64%atispeed (CS)

with 6:1 BPR for 10h in presence of SA and in the absence of SA under toluene atmosphere
(wet milling). Before starting milling operation, 1wt. % of SA was addeBdd.8Cii 13Ni

and F&17Ci 1Ni powder compositiosiseparately in two differd jars of DDPM.

4.2.2.2 Effect of ball to powder weight ratio
The wet millingwas carried out at BPR of 6:1 and 12:1 using 1wt. % SA as PCA in both

ferritic and duplex steel. Here, millas run at 64% of CS.
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4.2.23 Effect of milling speed

Wet milling was carried out at 64 and 75% CS. The main shaft speed was kept constant at
275 rpm, whereas jar spee@ds varied. The jar speetsre kept at 620 and 726 rpm for 64%

and 75% CS respectively. Here, millimgs carried out at BPR of 6:1.

4.2.2.4 Effect ofdry and wet milling

We studied the effect of milling media on the synthesis of duplex and ferritic stainless steel
powder samples milled in DDPM at 300rpm mill speed @il BPR for 10h.The
disadvantage of dry milling is the particle agglomeration due taesudiecrease in the
particle size, hence we added 1% of SA along with Fel8Cii 13Ni and Fel7Ci 1Ni
composition for milling. The duplex and ferritic stainless steel powders were prdpedeg

and wet millingand characterizeldy XRD, SEM and particlsize analysis techniques.

4.2.2.1 Effect of stearic acid

4.22.1.1 X-Ray diffraction study

Figure4.21 (a) and4.21 (b) show XRD spectra of FEBCr13Ni (duplex composition) and
Fe-17Cr1Ni (ferritic composition) milled for various times in DDPM in peese of SA. As
milling proceedsthe sharp crystalline peaks of elemental Fe, Cr and Ni starts broadening
continuously with milling time and they move into the lattice of Fe. This process starts just
after 2h of milling in case of duplex and after 30 masuin case of ferritic stainless steel.
Ther e i s -Fa(lXhpedkRigure4i21 &) towards lower angle side during milling
from O to 10h. This displacement of (110) peak is due to the formation of austenite phase
along with ferrite phase and camfis the presence of dyshase duplex stainless steel. Figure
4.21 (c) and4.21 (d) show XRD spectra of 10h milled duplex and ferritic stainless steel
powders with and without the addition of SA respectively. XRD spectra of duplex and ferritic
steels wihout SA show sharp and high intense crystalline peaks confirming higher crystallite
size and lower strain. Whereas stainless steel samples with the addition of SA show broad

and low intense peaks due to lower crystallite size and higher internal strain.

77



Results & Discussion: CHAPTER 4

(110) (110)
(a) . (b) a (200) (211)
(111) (200) (200) (220) (211) A & a
L ¥ o y a =] o 10h
A~ A 10h 3
o
(] | —
~ = A SN 5h ~ -
=] =}
< < “
? L A A 2h z A A 2h
z E ~ A 0.5h
\ A A 0.5h H"’
cr Ni e " Fe F
I CK Ni cefe oh A SN NAI. M g oh
T T J T . T ¥ T E T T T . T T T T v T T T y T L T 3
30 40 50 60 70 80 20 100 30 40 50 60 70 80 90 100
Diffraction angle (26) Diffraction angle (26)
110 110
(c) (110) (d) 10
o o
(111)
Y
(=]
\ S
- 211 o
5 (200) (200)  (220) (211) < (200) (220)
< 7 a 1 < [ 3
z With SA z With SA
" >
= =
3 3
= ]
40
Without SA A .)\L Without SA
T s T v T . T v T v T . T T . T - T T T T T T T T T
40 50 60 70 80 90 100 40 50 60 70 80 90 100
Diffraction angle (26) Diffraction angle (26)

Figure4.2.1 XRD spectra of 0 to 10h milled (a) Duplex stainless steel (b) Ferritic stainless
steel in presence of 1wk SA. XRD spectra of only 10h milled (c) Duplex stainless steel (d)
Ferritic stainless steel in presence and absence of SA

4.2.2.1.1(a) Lattice parameter calculation

NelsonRiley (N-R) extrapolation methodias used to calculate lattice parameter by selecting
three high intense XRD peaks of each duplex and ferritic stainless steel powderdanilled
different time periodsFigure4.22 (g and4.22 (b) show the graphs of true lattice parameter
values versus milling time of both duplex and ferritic stainless steel powder milled with and
without SA respectivelyDue to the large amount of defects generated during milling of both
the stainles steel powdersan increasingtrend of lattice parameter with milling timés
observed The lattice spacing value of austenite present in duplex and pure ferritic stainless
steel powder milled with SA is 3.43A and 2.87A respectively. Similarly, thedapéarameter

of duplex and ferritic stainless steel prepared without adding SA are 3.07A and 2.86A

respectively. Both the stainless sgegthow higher lattice parameter value when SA is added
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as PCA during milling. Addition of SA increases the amount ééate such as dislocations,
stacking fault, vacancy and it decreases crystal size more reldilet al. reported that
addition ofSA decreasethe milling time required téorm FeCr-Ni solid solution [].
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Figure 4.2.2 Graphical representation showitige effect of milling time on the lattice
parameter (calculated from Nels&®iley extrapolation method) qf&) Duplex stainless steel
(b) Ferritic stainless steel in presence and absence of SA

4.2.2.1.1(b) Crystallite size and lattice strain calculation

Figure4.23 (a) and4.23 (b) depict the crystallite size and lattice strain of duplex and ferritic
stainless steel powders with the addition of SA. From the figure it is clear that crystallite size
decreases and strain increases with milling time. Retme of crystallite size reaches a
saturation level at higher milling time and further refinement becomes quite difficult. Due to
more and more interaction of powegall, powdefpowder and powdgar surface, the lattice
strain increases continuously evadter 10h of milling.Strong and frequent collision of ball
powderjar reduces the crystallite size from 124nm to 7nm in case of duplex and from 121nm
to 10nm in case of ferritic steel after 10h of milling. Similarly, lattice strain increases from
0.25 t00.99% and from 0.1 to 0.94% respectively in case of duplex and ferritic stainless
steel. We calculated crystallite size and lattice strain of duplex and ferritic stainless steel
milled in the absence of SA using Williamsbiall equation. Crystallite sizand lattice strain

of 10h milled duplex stainless stemte 10nm and 0.72% respectively. Similarly, ferritic

stainless steaxhibitscrystallite size of 8nm and lattice strain of 0.90% after 10h of milling.
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Figure 4.2.3 Graphical representation showitige variation of crystallite size and strain
(Calculated from Williamsoiidall method) with milling time ofa) Duplex stainless steel (b)
Ferritic stainless steel milled in presence of SA

4.2.2.1.2 Scanninglectron microscopy (SEM)

SEM micrographs of duex stainless steel powder milled at different intervals of time for O
to 10h with SA and 10h powder sample without SA are showkigare 4.24. Similarly,
SEM micrographs of ferritic stainless steel powder milled at different milling time from 0 to
10h @vith SA) and 10h powder sample without SA are showrigure4.2.5.

Figure4.2.4 SEM images of duplex stainless steel powder milled for (a) Oh (b) 0.5h (c) 2h
(d) 5h (e) 10h in presence of SA; (f) 10h in the absence of SA

Final 10h powder samples ofthahe stainless steshilled with SA show lesser patrticle size
as compared to SA free samplés amount of 1wt. % SA is sufficient to cover the newly

yielded surface area of the stainless steel powder particles and me\afrexcessive cold
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welding. This results in a quick balance between the rate of-welding, alloying and

fracturing.

Figure4.2.5 SEM images of ferritic stainless steel powder milled for (a) Oh (b) 0.5h (c) 2h
(d) 5h (e) 10h in presence of SA; (f) 10h in the absence of SA

Elemental powder particles are large and irregular before milling but as milling starts
particles start to form flat flakes and cold welded due to ductile nature of Fe. Meanwhile, SA
covers the surface of the flakes and reduces the further cold weldinmcrease in milling

time. As milling progress further, the ductile powder particles get work hardened and contain
uniformly diffused Cr and Ni atoms in Fe lattice. The work hardened stainless steel fractured
in to small particles with milling. This refinemenf particle size reaches a saturation and
further refinement of particles become more difficult after. Ile stainless steel powders
milled in presence of SA have irregular shape and lesser particle size compared to stainless
steel milled in the absencé SA.

4.2.2.13 Particle size analysis

Particle size distribution of duplex stainless steel milled at different intervals of time from 0
to 10h with SA and 10h powder sample without SA are shoviigare4.26 (a). Similarly,

particle size distributionf ferritic stainless steel powder sample is showRigure4.2.6 (b).

From the figure it is clear that the stainless steel powders milled with SA show lower particle
size than without SA stainless steel samples. As the milling time increases fromh) ttee10
particle size decreases and this is evidenced by the shift of cumulative size distribution curves

towards left side. The reduction of mean particle size is due to the addition of SA which
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powder particlesThe rate of particle refinement during milling mainly depends upon PCA,

ball to powder weight ratio, milling time, milling speed, size of the balls used for milling, etc.

100 - (a)

1/—=—0h
80 - |—@—0.5h
|—*—2h
|—O—5h
60 4 | —y—10h
] |—s*—10h (without SA)

40

20

Cummulative passing (%)

—T—rrTTTTT —r—TrrTTrT
1 10 100

Particle size (um)

80

1(c) —=— With SA
—&— Without SA

70
60
50:
40 4

30

Median size (um)

20 4

10

T T T T
0 2 4 6 8

Milling time (hour)

Figure4.2.6 Particle size anaig of 0 to 10h milled (a) Duplex stainless steel (b) Ferritic
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The effect of SA on the median particle size of duplex and ferritic stainless steel powders

with milling time are represented Figure4.26 (c) and4.2.6 (d) respectively. The median
particle size of duplex and ferritic stainless steehilled in presence of SAarefound to be

satez 0 e ars didr WikaeunBA. tHeneen
SA serves as an effective process aadrdgent to reduce the cold weld of stainless steel

13 and 14 m

particles during milling The particlesize of duplex and ferritic steel is also supported by
SEM results Figure4.24 andFigure4.2.5).

respectivel vy,

S

Figure 4.27 depicts the schematic showing the effect of SA as PCA during planetary milling

of stainless steel powders. Figure shows that each powderlgasticoated with SA and

82

Z e



Results & Discussion: CHAPTER 4

prevents attraction between particlddilled samples contain very fine stainless steel
powders with high surface area and energy; as a result of which possibility of agglomeration
is more. But SA acts as a protective coatinghmndach stainless steel powder particles and
impedesthe cold welding. During milling in toluene atmosphere, the hydrophilic head end
covers the stainless steel powders and hydrophobic tail end repels the other SA coated
stainless steel powder and thusrdases the chance of agglomeration as sown in the Figure
4.2.7.

Toulene

Wet milling (Toulene) Hydrepule

‘ ‘ Milled in DDPM for 10h

Hydrophobic ¢«——————

3 o tail
Stearic acid Elemental Fe, Cr

and Ni particles

Figure 4.2.7 The mechanism of SA as PCA during mechanical alloying of stainless steel
powders

4.2.2.2 Effect of ball to powder weightatio

4.22.2.1 X-Ray diffraction study

Figure4.28 (g and4.28 (b) show XRD spectra of duplex and ferritic stainless steel powder
milled for different times in DDPM at BPR of 12:1. The sharp crystalline peaks of elemental
Fe, Cr and Ni start broadening continuously with milling and gradually move intéehe
lattice. Figure4.2.8 (c) and4.28 (d) show XRD spectra of duplex and ferritic stainless steel
powders milled for 10h at BPR of 6:1 and 12:1 respectively. It has been found that duplex
and ferritic stainless steel powders milled at BPR of 12:1 shoadkddfraction peaks than
BPR of 6:1. It has also been noticedt)te ( 111) peak i s proeFmi nent
(110) peak at higher BPR in case of duplex steel after 10h of milling. The reason is higher
energy input to elemental powder compos#ialue to large number of impacts and collisions

at BPR of 12:1 than BPR 6:1. At BPR 6:1, the energy input is not sufficient and dgaEece

peak is absent even in case of duplex steel after 10h of milling.
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Figure4.2.8 XRD spectra of 0 to 10h milled (a)uplex stainless steel (b) Ferritic stainless
steel at 12:1 BPR. XRD spectra of only 10h milled (c) Duplex stainless steel (d) Ferritic
stainless steel at 6:1 and 12:1 BPR respectively

4.2.2.2.1 (a) Lattice parameter calculation

True lattice parameter isicalated from NelsotRiley method of extrapolation by plotting the
graph of NR function versus milling timeFigure4.29 (a) and4.29 (b) show true lattice
parameter of duplex and ferritic stainless steel powder milled:Atand 12:1 BPR
respectivelylt has been observed from the graphs that lattice parametes valdieplex and
ferritic stainless steel samplare higher at BPR 12:1 as compared to 6:1. True lattice
parameter valigeof austenite present in duplex and pure ferritic stainless steelepowitied

for 10h at 12:1 BPRire 3.47A and 2.87A respectively and that of 6:1 B&e 3.43A and
2.87A respectively. Higher lattice parameter value for both duplex and ferritic steel at BPR
12:1 is due to the large amount of defects and imperfectRamsky at al. andRahmanifardet

al. reported that large amount of defeeii be generatd during millingand this increases

the lattice parametemalue [2, 3.
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Figure 4.2.9 Graphical representation showing the effect of milling time on the lattice
paramegr (calculated from NelseRiley extrapolation method) &) Duplex stainless steel
(b) Ferritic stainless steel milled at 6:1 and 12:1 BPR respectively

4.2.2.2.11)) Crystallite size and lattice strain calculation

Crystallite size and lattice strain otiplex and ferritic stainless steel powder samples are
calculated by using WilliamseHall equationFigure4.210 (a) and4.210 (b) represent the
crystallite size and lattice strain of duplex and ferritic stainless steel powder milled at 12:1
BPR.
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Figure 4.2.10 Graphical representation showing the variation of crystallite size and strain
(Calculated from Williamsoitdall method) with milling time ofa) Duplex stainless steel (b)
Ferritic stainless steel milled at 12:1 BPR

From the figures it is clear &h strong and frequent collision of balbwderjar reduces the
crystallite size and increases the lattice strain. Milling at 12:1 BPR, increases the interaction
and impact energy of powdball, powderpowder and powdgar surface. Whereas milling

at 6:1BPR, the impact energy of powedleall-jar interaction is less. Hence, the crystallite size

and strain of duplex stainless steel after milling for 10h at BPR o&@&Inm and 0.99%
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respectively. Similarly, a crystallite size of 6nm and lattice stain.48% is obtained for
duplex stainless steel at 12:1 BPR. On the other hand, crystallite size and strain of ferritic
stainless steel milled at 6:1 BPR condition show 10nm and 0.94% and at 12:1 BPR it shows

9nm and 1.44% respectively.

4.2.2.2.2 Scanning eletron microscopy (SEM)

SEM micrographs of duplex and ferritic stainless steel powder samples milled at different
intervals of time from O to 10h at 12:1 BPR and 10h samples milled at 6:1 BPR are shown in
Figure4.211 andFigure4.212 respectively. Beformilling, 1wt. % SA was added to both

the stainless steel compositsn

Figure4.2.11 SEM images of duplex stainless steel powder milled for (a) Oh (b) 0.5h (c) 2h
(d) 5h (e) 10h at 12:1 BPR; (f) 10h at 6:1 BPR

From Figure4.211 it is found that powderagticles are bulky and irregular in shape before
milling and as milling continues it becomes flaky due to ductile nature of constituent
powders. It has also been observed that size of the flakes gradually decrease with milling as
particles become brittld=rom Figure 4.212 it is evident that there is a gradual decrease in
the particle size and gradual increase in the spherical shape with the milling time. The
stainless steel powder samples milled at 12:1 BPR show lesser particle size and more
regularity intheir shape compared to powder samples milled at 6:1 BPR. This is due to the
increased rate of collision of balls on powdamples at 12:1 BPR condition. Similar
phenomena have also been reported by Ismail et aMandalet al.[4, 5].
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Figure4.2.12SEM images of ferritic stainless steel powder milled for (a) Oh (b) 0.5h (c) 2h
(d) 5h (e) 10h at 12:1 BPR; (f) 10h at 6:1 BPR

42223 Particle size analysis

Particle size distribution of duplex and ferritic stainless steel powders milled at 12:f0BPR
different intervals of time from O to 10h are shownFHigure 4.213 (a) and4.213 (b)
respectively. From the figure it is clear that cumulative size distribution curve shift towards
left side indicating the decrease of the particle size with millinge.tiThe rate of particle
refinement during milling at 12:1 BPR is more than the 6:1 BPR milling condifibis. is

due to the maximum impact energy exerted by the balls on less quantity of powder sample.
The effect of BPR on the median particle size oflelxi@nd ferritic stainless steel powders
with milling time are represented Figure4.213 (c) and4.213 (d) respectively. The median
particle size of duplex and ferritic stainless steel powder milled at 12:1 BPR condition is
found to be 10 and 22m wehaesr t he medi an particle size |

condition.
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Figure4.2.13 Particle size analysi$ O to 10h milled (a) Duplex stainless steel (b) Ferritic

stainless steel at 12:1 BPR and 10h milled samples at 6:1; Median particle size of éx) Dupl

stainless steel (d) Ferritic stainless steel at 6:1 and 12:1 BPR respectively

4.2.23 Effect of milling speed

4.2.23.1 X-Ray diffraction study

The XRD spectra of duplex and ferritic stainless steel powders milled for various time

periods at a mill spad of 75% CS are shown Figure4.214 (a) andt.2.14 (b) respectively.

We can see gradual decrease in the intensity of ferrite phase and shifting of peak towards

lower diffraction angle confirms the formation of austenite phase. It is seen from both the

graphs that intensity of individual elements (Fe, Cr, Ni) decreases gradually with milling.

After 10h of milling, strong austenite peak is present along with ferrite peak for duplex

stainless steel. However, weak peak of austenite is present along it fetirite peaks in

case of ferritic stain steel. This is dioethepresence of higher amount of austenite stabilizing

element Ni in duplex than ferritic stainless stééfure4.214 (c) andd.214 (d) show XRD

spectra of 10h milled duplex and ferrigtainless steel powders milled at a speed of 64 and
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75% CS respectively. From the figures, it is confirmed that higher mill speed favours the
phase tr ansf-Pe mBaMeaget alfreportad tHaEe with crystallite size less
than 14nm makesaustenite phase more stabl6]. [ At higher milling speed, phase
transf or mdétei dmis favoured. The higher mill speed increases impact energy

of balls and thus increases the rate of collision betweespbaitierjar [7].
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Figure4.2.14XRD spectra of 0 to 10h milled (a) Duplex stainless steel (b) Ferritic stainless
steel at 75% CS. XRD spectra of 10h milled (c) Duplex stainless steel (d) Ferritic stainless
steel at 64% and 75% CS respectively

4.2.2.3.1 (a) Lattice parameter calculation

NelsonRiley extrapolation method is used to calculate true lattice parameter of 10h DDPM
milled duplex and ferritic stainless steel samples at 75%@8re4.215 (a) andt.215 (b)

show true lattice parameter of duplex and ferritic stainless steel samfikss ami64% CS

and 75% CS speed respectively.
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Figure 4.2.15 Graphical representation showing the effect of milling time on the lattice
parameter (calculated from Nels&iley extrapolation method) qf&) Duplex stainless steel
(b) Ferritic stanless stelemilled at 64 and 7% CS respectively

At higher mill speed, the impact energy of collision and the amount of defects formation is
more. Thereforelattice parameter value at 75% CS milled duplex and ferritic stainless steel
is more compared with 64% CS Irad samples. True lattice parameter value of austenite
present in duplex and pure ferritic stainless steel powder milled at 75% CS is 3.48A and
2.87A respectively and that of 64% CS milled samples is 3.43A and 2.87A respectively.

4.2.2.3.11)) Crystallitesize and lattice strain calculation

Crystallite size and lattice strain of duplex and ferritic stainless steel powder samples are
calculated by using WilliamseHall equationFigure4.216 (a) and4.216 (b) represent the
crystallite size and lattice sin of duplex and ferritic stainless steel powder milled at 75%
CS respectivelyFrom the figures it is clear that crystallite size of both the stainless steel
powders decreases with increase in milling time. Similarly, lattice strain value goes on
increagng with milling time due to the formation of defects during milling. The crystallite
size and strain of duplex stainless steel milled at 75% CS speed is 6nm and 1.06% and at 64%
CS is 7nm and 0.99% respectively. Similarly, ferritic stainless steel haglity size of

7nm and lattice stain of 1.03% at 75% CS respectively and at 64% CS crystallite size and
lattice strain is 10nm and 0.94% respectively. High mill speed involves high impact energy
and results in more dislocations. As a result high laticain and low crystallite size are
generated. The impact energy generated during 75% CS mill speed is more compared with

the impact energy generated during 64% CS mill speed.
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Figure 4.2.16 Graphical representation showing the variation of crystallite and strain
(Calculated from Williamsoiidall method) with milling time ofa) Duplex stainless steel (b)
Ferriic stainless steel milled at 76CS

4.2.23.2 Scanning electron microscopy (SEM)

1z 48 8SET

X588 56 im

Figure4.2.17 SEM images of duplex stainless steel powdkedrfior (a) Oh (b) 10h at a mill
speed of 75% CS; (c) 10h at a mill speed of 64%aD8ferritic stainless steel powder milled
for (d) Oh (e) 10h at a mill speed of 75% CS; (f) 10h at a mill speed of 64% CS

Figure4.217 (a) andt.217 (b) represent thEEM micrographs of Oh and 10h milled duplex

stainless steel powders at 75% Sgure 4.217 (c) shows the micrograph of duplex

stainless steel milled for 10h at 64% CS. Simildfigure4.217 (d) and4.217 (e) represent

SEM micrographs of ferritic staiess steel milled for Oh and 10h at 75% CS Biglre

4.2.17 (f) shows the ferritic stainless steel milled for 10h at 64% CS respectively. From SEM

figures it is evident that stainless steel milled at 75% CS shows lesser particle size compared

to stainles steel powders milled at 64% CS. At higher mill speed, rapid cold welding and
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work hardening occur due to high acceleration field. Therefore, particles gets work hardened
at lesser time at 75% CS as compared to powders milled at 64% CS. Hence, thegeget mo
time to undergo fragmentation and this result in smaller partwitssize of around 2 to

3um in both the stainless steel powders

4.2.23.3 Particle size analysis

Figure4.218 (a) and4.218 (b) depict the particle size distribution of 10h millegldn and

ferritic stainless steel powder samples at different mill speeds. Milling was carried out in the
absence of SA and at mill speed of 64 and 75% CS respectively. From the figure it is
confirmed that both tymeof stainless steel powders milled att@%CS show lowr particle

size than the powder milled at 64% CS. At higher mill speed (75% CS), the rate of defects
formation and solid solution formation is maximum. The median particle size of 10h milled

duplex and ferritic stainless steel samples mili¢db4% CS is found to be 20 andelf

respectively, whereas the median size is 3.

variation is one of themost important milling parameterwhich control the particle
morphology.
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Figure 4.2.18 Particle sizenalysis of 10h milled (a) Duplex stainless ste@) Ferritic
stainless steel at a mill speed of 64 and 75% CS

4.2.2.4 Effectof wet and dry milling

4.22.4.1 X-Ray Diffraction study

The XRD spectra of duplex and ferritic stainless steel powders milladgon atmosphere
areshown inFigure4.219 (a) and.219 (b) respectivelyThe dry milled duplex and ferritic
stainless steel samples show very broad peaks with decreased intensity when compare with

wet milled stainless steel samples shown in the Fige 4.2.19 (¢ and 4.2.19 (4
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respectively. This due to the effective rate collision of balls with powder particles during dry
milling when compared with wet milling. The impact energy generated during dry milling is
more as the balls can freely move irsttie jars as there is no liquid media to hinder the ball
and particle movementhis increases the effective collision of ball-powder; hence ry

milling results in decreased crystallite size and increased strain when compared with wet

milled samples.
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Figure 4.2.19 XRD spectra of 0 to 10kiry milled (a) Duplex stainless steel (b) Ferritic
stainlessin argon atmosphere; Comparison of 10h milled Dejplex stainless stedd)
Ferritic stainless stedly wet and dry milling

4.2.2.4.1 (a) Lattice parametecalculation

NelsontRiley method of extrapolation method was used to calculate true lattice parameter of
10 hours dry milled duplex and ferritic stainless steel sampliggire 4.220 (a) and4.220

(b) show true lattice parameter of duplex and ferrit@gndess steel samples milled in argon

and toluene atmospheres respectively. In wet milling there is a hindrance of balls and powder

collisions by toluene but this type of hindrance is absent in dry milling. This increases the
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impact energy of collision ding dry milling. Hencethe amount of defects formed during

dry milling is more than the defects formed during wet milling. Therelatéce parameter
value of dry milled duplex and ferritic stainless steel is more compared with wet milled
samples. Trudattice parameter value of austenite present in duplex and pure ferritic stainless
steel powder milled at argon atmosphere is 3.471A and 2.875A respectively and that of

toluene atmosphere is 3.43A and 2.870A respectively.
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Figure4.2.20 Graphical represtation showing the effect of milling atmosphere on the lattice
parameter (calculated from Nels&iley extrapolation method) qf&) Duplex stainless steel
(b) Ferritic stainless steel during dry milling (argon) and wet milling (toluene) respectively

4.2.24.1 p) Crystallite size and lattice strain calculation

Crystallite size and lattice strain of duplex and ferritic stainless steel powder samples were
calculated by using WilliamseHall equationFigure4.221 (a) andt.221 (b) represents the
crystallite size and lattice strain of duplex and ferritic stainless steel powder milled in argon
and toluene atmospheres respectively. Fronfithee it is clear that crystallite size of dry
milled duplex and ferritic stainless steel is less compared to wet nsthidless steel
samples. Similarly, lattice strain of both the stainless steel is more during dry milling than
wet milling. This is because dry milling involves high impact engmggults in more
dislocations and hence high lattice strain. The impaatggrgenerated during dry milling is
more compared with the impact energy generated during wet milling. The crystallite size and
strain of duplex stainless steel milled in argon atmosphere is 6nm and 2%.8Xd0in
toluene atmosphere is 7nm and 9.98Xt@spectively. Similarlydry milled ferritic stainless

steel has crystallite size of 8nm and lattice stain of 30%ditd wet milled ferritic stainless

steel has crystallite size of 10nm and lattice strain of 9.47Xd€pectively.
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Figure 4.2.21 Graphial representation showing the variation of crystallite size and strain
(Calculated from Williamsoiidall method) with milling time ofa) Duplex stainless steel (b)
Ferritic stainless steel milled at argon atmosphere

4.22.4.2 Scanning electron microscop{SEM)
Figure4.222 (ad) and4.222 (i) represent the SEM micrographs of 0, 2, 5 and 10h milled

duplex and ferritic stainless steel powdersgderargon atmospherd-igure 4.222 (e) and
4.2.22 (j) show the micrograph of duplex and ferritic stainlessl siglled for 10hin toluene

atmosphere.

Figure4.2.22 SEM images of duplex stainless steel powders milled for (a) Oh (b) 2h (c) 5h (d)
10h at argon atmosphere, and (e) 10h at toluene atmosphere. SEM images of ferritic stainless
steel powder milled forf{ Oh (g) 2h (h) 5h (i) 10h at argon atmosphere, and (j) 10h at toluene

atmosphere

From SEM figures it is evident that stainless steel milled in argon (dry mibitmgdsphere
shows lesser particle size compared to stainless steel powders milled in {aleenglling)
atmosphere. In wet milling, the balls and powder collisions had been hindered by toluene due
to its viscous nature when compared to argon gas. As results of which the milling at argon

atmosphere increases the free movement of balls andtimpagy of collision. This in turn
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