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Abstract 

Nano-oxide dispersed austenitic alloys are widely used as structural components in 

different applications such as heat exchanger parts and pressure vessels in thermal or 

fusion nuclear power plants. Austenitic stainless steels are the main candidate materials in 

residual heat removal circuits of pressurised water reactor applications. As nuclear 

applications require high-temperature strength of the candidate material, improving 

strength of austenitic stainless steels is a challenge. By dispersing fine oxide particles into 

austenitic matrix higher strength of the material could be achieved. 

The present work aims at synthesis of 70.0Fe-19.0Cr-11.0Ni (alloy A), 69.0Fe-

19Cr-11Ni-1.0Y2O3 (alloy B), 69.0Fe-19Cr-11Ni-1.0TiO2 (alloy C) (all in wt %) each 

synthesized through mechanical alloying and subsequent consolidation by conventional 

sintering and spark plasma sintering methods. Following this mechano-chemical synthesis 

and consolidation, extensive effort has been undertaken to characterize the as-milled and 

consolidated products by X-ray diffraction study, scanning electron microscopy, optical 

microscopy, energy disperse spectroscopy, followed by evaluation of physical (density 

and porosity), mechanical (hardness and wear resistance) and chemical (oxidation 

resistance) properties. The average particle size of alloy A powder decreased from 50.86 

± 6.19 µm to 3.5 ± 1.96 µm with increase in milling time from 0 h to 40 h, and the same 

phenomenon was observed in mechanical alloying of alloy B and alloy C powders. 

Samples sintered by spark plasma sintering (SPS) recorded high hardness values (476.0 

HV - 724.4 HV) which are nearly 1.5 - 2.0 times the hardness values (268.0 - 464.9 HV) 

of same alloys consolidated by conventional sintering. Furthermore, wear resistance 

property of spark plasma sintered alloys, in the range of 3.17×10
-7

 - 15.62×10
-7

 mm
3
/mm, 

followed similar kind of trend as hardness. The wear rate of SPS alloy C (3.17×10
-7

 

mm
3
/mm) is 1/5

th
 the wear rate of alloy C sintered by conventional sintering (16.8×10

-7
 

mm
3
/mm). The rate of oxidation of the present austenitic steel decreased with addition of 

nano-oxides in general and samples sintered by spark plasma sintering show the lowest 

rate of oxidation. Alloy C sintered by spark plasma sintering offers the maximum 

improvement in terms of mechanical and oxidation properties as compared to the other 

alloys and other sintering technique. Thus, it was concluded that mechanical alloying 

followed by spark plasma sintering (SPS) is the most promising route for synthesizing 

oxide dispersed austenitic matrix offering attractive mechanical properties. 

Keywords: Oxide Dispersion; Austenitic Steel; Mechanical Alloying; Conventional 

Sintering; Spark Plasma Sintering; Mechanical Properties; Oxidation Study
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Chapter 1 

 

 

Introduction 
 

1.1 Motivation for Present Work 

Ever increasing technological needs of the world necessitate suitable materials to be used. 

Materials scientists have thus continuously aimed at improving properties and 

performance of materials and also design new ones for specific applications termed as 

advanced materials. Developing advanced materials primarily involves fixing a certain 

chemical composition and developing techniques to economically produce in a mass 

scale. In order to fulfil these objectives, new elements were added to base materials and 

hence harnessing properties of each element. This came as a challenge as addition of 

alloying elements to base materials and thus producing an advanced alloy involved 

systematic synthesis and control of structure on which depends the desired properties. 

Synthesis of advanced alloys by conventional melting and casting route is very difficult 

because, the density differences between various alloying elements and base materials 

result in inhomogeneous structure. To have better control of structure and obtain 

optimised properties non-equilibrium processing techniques have been employed. Non-

equilibrium processing techniques which have gained scientists interest are rapid 

solidification from the liquid state, plasma processing, mechanical alloying, and vapour 

deposition. Scientific investigations have proven that non-equilibrium processing 

techniques resulted in structural homogeneity and improved mechanical properties [1]. 

The effectiveness of these individual processes can be determined by comparing the 

energy in the processes which deviates from equilibrium. Mechanical alloying deviates 

more from equilibrium than rapid solidification. Also, the mechanical alloying technique 

is relatively simple and inexpensive and thus used widely [2]. 

Mechanical alloying is essentially a powder processing technique, also termed as 

mechanical milling, wherein the powder particles are subjected to repeated cold welding, 

fracturing, and rewelding in a ball mill. The mechanical energy in this process transfers to 

the particles and induces strain in them consequently refinement of particles occurs. 

When different alloying elements are blended in powder form by mechanical alloying 
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process, the resultant products would be metastable phases such as intermetallics, nano-

structured phases, and high energy mixing compounds, metallic glasses and 

supersaturated solid solutions. The development of mechanical alloying was an industrial 

necessity during 1960s in order to produce nickel-base superalloys with oxide dispersions 

which improved high temperature strength [3]. Recently more emphasis is being laid on 

oxide dispersion strengthened steels as these are candidate materials for GEN IV fission 

reactors and fusion reactors for example Demonstration Power plant (DEMO).  

Conventional low activation Fe-Cr steels have poor creep properties above 550 °C but the 

oxide dispersion strengthened variety of the same steels exhibit excellent high 

temperature properties. Also, these steels retain mechanical strength and resistance to 

corrosion/oxidation at elevated temperatures [4,5]. 

Other fabrication routes namely EDTA–citrate complex method and sol–gel method have 

been reported to produce oxide dispersion strengthened steels [6]. However, mechanical 

alloying process has been proven to be most effective alloying technique and is being 

widely used. Various categories of advanced steels are oxide dispersion strengthened 

(ODS) ferritic steels, ODS ferritic-martensitic steels and ODS austenitic steels. Out of all 

these materials the most oxidation and corrosion resistant steels are austenitic steels. They 

are also not extensively studied compared to ferritic and ferritic- martensitic steels. 

Austenitic stainless steel grades such as 304, 304L, 316 are potential candidate materials 

for future advanced nuclear reactors which operate at >550 °C. Hence, it is of very high 

importance to produce these steels with enhanced high temperature properties. 

1.2 Scope and Objectives of the Present Work 

(1) Synthesis of three different austenitic alloys with nominal compositions of 70Fe-

19Cr-11Ni (alloy A), 69Fe-19Cr-11Ni-1.0Y2O3 (alloy B) and 69Fe-19Cr-11Ni-

1.0TiO2 (alloy C) (all in wt. %) by mechanical alloying for 40 h and two different 

sintering processes i.e. conventional sintering and spark plasma sintering. 

Conventional sintering of all alloys at 1150 °C for 1 hour and spark plasma 

sintering at 800, 900, and 1000 °C with 5 minutes holding time, 200 °C/min 

heating rate which would be same for all alloys. 

(2) Study of particle size of mechanical alloyed powder samples at different stages of 

milling (0 h, 5 h, 10 h, 20 h, 30 h and 40 h) through particle size analysis and 

micro structure analysis (SEM). 
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(3) Study of phase evolution, microstructural evolution and chemical composition 

analysis in mechanical milled powder samples and sintered pellets through X-ray 

diffraction analysis (XRD), scanning electron microscopy (SEM) and electron 

dispersive spectroscopy (EDS) respectively. 

(4) Evaluation and comparison of physical property (density) and mechanical 

properties (hardness and wear resistance) of the three different alloys consolidated 

at different sintering temperatures and by different sintering techniques. 

(5) To study oxidation behaviour of both conventional and spark plasma sintered 

alloys when subjected to 1000 °C temperature for 50 h. 

 

1.3 Thesis Outline 

The thesis is presented in five chapters. Chapter 1 contains the general background as 

well as the challenges and motivation to pursue the present work. The discussion includes 

an overview of the objectives and scope of the present investigation. Chapter 2 gives 

extensive review of available literature relating to materials and methods used in the 

present work. The examples and research findings that have been mentioned in this 

chapter are duly referred wherever necessary. Chapter 3 meticulously provides 

information regarding all kinds of experimentations carried out in this research. Which 

includes, (i) synthesis of all the three alloys with 1.0 wt.% nano-Y2O3/TiO2 dispersion, 

consolidation by conventional sintering and spark plasma sintering (SPS) and (ii) 

characterization of microstructure, phase aggregate, physical/mechanical/Chemical 

properties of interest. Chapter 4 deals with the results and discussions on phase 

transformation, crystallite size reduction and microstructural evolution during mechanical 

alloying. Also, the effect of milling time has been discussed. Furthermore, this chapter 

includes discussion on the evaluation and comparison of physical (density, porosity), 

mechanical (hardness and wear resistance) and oxidation resistance properties of the three 

different alloys developed by different processing methods with the relevant results 

reported in the literature. The thesis conclusions drawn from the analysis of experimental 

outputs are listed in Chapter 5. 

The references cited within each chapter are listed at the end of the thesis. In addition, the 

figures and tables are numbered independently in each chapter. 

.     
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Chapter 2 

 

 

Literature Review 

 

2.1 General Background 

Stainless steels are one of the most important categories of alloys as they possess desired 

properties for a wide variety of applications. The applications that depend on the use of 

stainless steels range from low-end, i.e. furniture and cooking utensils, to very advanced 

applications such as space vehicles making the use of stainless steels quite essential. The 

amount of chromium, of at least about 11% by weight, present in stainless steels is 

directly responsible for their “stainlessness” nature. At this amount of chromium, an 

adherent chromium oxide forms on the surface of steel. In addition to chromium other 

alloying elements are added to enhance properties and to stabilise certain phases. For 

example Nickel is added to stabilise austenite phase at room temperature [7]. Hence by 

rightly varying the steel chemical composition different microstructures namely 

Austenitic, Ferritic and Martensitic may be obtained in the steel. Based on these three 

important microstructures the stainless steels are classified into austenitic stainless steels, 

ferritic stainless steels, martensitic stainless steels, duplex stainless steels, Mn-N 

substituted austenitic stainless steels and precipitation hardening stainless steels. For 

convenience the development of additional PM grades of stainless steel will adhere to 

these categories. Stainless steels which are fully austenitic are non-magnetic but those 

containing fully martensitic or fully ferritic microstructures possess ferromagnetism [8]. 

2.2 Austenitic Stainless Steels and Applications 

Austenitic stainless steels are the most common and known categories of stainless steels. 

These steels are non-magnetic in nature and contain Chromium (Cr) in the rage of 16 - 

25% and nitrogen in solid solution which are responsible for their high corrosion 

resistance. Some of the austenitic stainless steels can resist boiling sea water. They 

possess high degree of toughness and are highly weldable and formable. Austenitic 

stainless steels in wrought form are used for a wide range of applications more so than 
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Fig.2.1: Available stainless steel alloy systems [8]. 

 

other types of stainless steel because of their excellent formability, weldability and 

corrosion resistance. They can be used as materials for operations involving low 

(cryogenic) temperatures and high temperature applications such as furnaces, jet engines 

and also nuclear reactors as these steels have good creep resistance to higher 

temperatures. Few drawbacks of these steels are they are relatively less resistant to cyclic 

oxidation than ferritic steel, susceptibility to stress corrosion cracking and thermal fatigue. 

Because of their greater thermal expansion co-efficient, break down of protective oxide 

layer takes place resulting in low cyclic oxidation resistance. Metal powder Industries 

Federation standard 35 lists the most common austenitic grades of stainless steel used by 

PM manufacturers. These steels include 303L, 304L, and 306L. All stainless steel grades 

manufactured by conventional press and sinter powder metallurgy are shown in Fig.2.1. 

Among austenitic grades AISI 304 stainless steel is one of the widely investigated 
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material because of its very good corrosion resistance, particularly in sulfidizing and 

oxidizing atmospheres and in molten salts [9]. AISI 304L stainless steel is commonly 

used in the manufacture of larger vessel internals in pressurized water reactor (PWR) and 

pressurized heavy water reactor (PHWR) environment. Manuela Fulger et al [10] studied 

the effect of oxide layers on corrosion resistance of AISI 304L stainless steel and 

compared the general corrosion behaviour of this steel in SCW at temperature from 723 K 

to 873 K under 25 MPa pressure. It was found that the oxidation of AISI 304L stainless 

steel between these temperatures, follows parabolic rate. This behaviour indicates that it 

is driven by diffusion process and the steel is self-protecting. These stainless steels 

processed by using powder metallurgy techniques do not have corrosion resistance on par 

with the wrought form of same alloy. The reason being presence of porosity in the 

powder metallurgy processed steels and impurities picked during processing [11]. Many 

studies have been carried out to improve the overall properties of PM processed austenitic 

stainless steels as their mechanical properties for nuclear reactor application are 

inadequate. Variety of these attempts include employing alternate sintering techniques 

like hot-pressing, hot-isostatic pressing, non-conventional consolidation methods  such as 

microwave sintering [12], pulse plasma sintering [13], and spark plasma sintering [14].  

Also, researchers considered addition of alloying elements such as Nb, W, Ti and nano-

oxides such as Y2O3, TiO2 etc. into the steel matrix through mechanical alloying process. 

Particularly, more importance was given to addition of nano-oxides because ODS (oxide 

dispersion strengthened) steels have potential to suppress void formation due to slow 

recovery of initial dislocation structure immobilized by oxide particles. Further changing 

the ODS steel chemical composition researchers have added elements like Ti, Zr, W and 

Hf. The following sections discuss about ODS steels and ODS austenitic steels. 

2.3 Oxide Dispersion Strengthened (ODS) Steels 

2.3.1 Desired Properties and Microstructure of ODS Steels 

Oxide dispersion strengthened (ODS) steels are basically being developed to meet the     

applications involving high temperatures in nuclear reactors. Conventional 

ferritic/martensitic steels have desired properties but upper operating temperature of these 

steels limits to 550-600 °C and in the case of conventional austenitic steels the high 

temperature strength needs to be improved. For the purpose of improving this limit to 

higher temperatures and retain the properties inherent in the base alloy (like high thermal 

conductivity, low thermal expansion coefficient, and low void swelling, high temperature 

strength etc.) oxide particles are added to the base alloy, primarily through mechanical 

alloying. This high density of small oxide particles distributed though out the steel matrix 



 

7 
 

is responsible for the elevated temperature strength [15]. Also, the oxide particles in the 

steel matrix act as sinks for defects like helium bubbles and the nucleation of large voids 

is delayed. Other detrimental effects at high temperatures such as fatigue, grain boundary 

sliding can be prevented by dispersion of ultra fine oxides [4, 16]. Hence the oxide 

particles structure is very crucial for desired properties. The microstructure should consist 

of homogeneously distributed oxide particles in the steel matrix. Apart from oxide 

particles added to the steel, nanoscaled second phases formed from interaction of oxides 

and added metals, during MA process, directly influence the strengthening. A bimodal 

nano-sized grain structure with improved ductility was obtained by introducing copper to 

ODS ferritic steel [17]. The experiment by R. Kasada et al [18], in which aluminium is 

added along with oxide dispersions resulted in formation of coarse Y-Al oxides and hence 

has reduced the effect of strengthening. Another variant of ODS ferritic steels are 

nanostructured ferritic steels (NFSs), which possess further enhanced properties such as 

excellent creep strength and significant radiation resistance [19]. M.J. Alinger et al [20]  

found that nanostructured ferritic steel (NFS) produced by mechanical alloying of ferritic 

steel with Ti and Y2O3 contain Y-Ti-O enriched nanoclusters with merely 1-2 nm 

diameter. Mechanical alloying dissolves yttrium (Y) and oxygen (O) in base alloy matrix. 

In the presence of Ti the dissolved Y and O precipitate as nanoclusters (NCs) and oxides 

after hot consolidation. Enhanced properties of the steel have been attributed to these 

nanoclusters (NCs). 

2.3.2 Oxide Dispersion Strengthened Austenitic Steels 

Although ODS ferritic steels have been developed, these steels have poorer corrosion 

resistance compared to austenitic steels [21]. Austenitic stainless steels are considered for 

this purpose because of their superior overall mechanical properties and comparatively 

very good oxidation and corrosion resistance than ferritic – martensitic steels. But the 

major challenge pertaining to application of austenitic stainless steels is to improve high 

temperature creep strength and ultimate tensile strength (UTS) [22]. Research interest has 

been more on 316 and 304 austenitic stainless steel with alloying additions in minor 

quantity, such as Ti, Mo, W, and Y2O3 dispersions. Zhangjian Zhou et al [22] have 

extensively characterised the morphology and properties of a 304 ODS austenitic stainless 

steel and found that the most of the dispersoids are complex oxides of around 20 nm size. 

The ODS austenitic steel has very high tensile strength and good ductility at room and 

high temperatures. It has been observed that Y2O3 dissolves in the steel matrix during 

milling and the alloying elements get into solid solution. It has also been reported that 

very small quantity of oxide dispersions can accelerate the solid-solution formation and 

also these particles retard the grain growth during consolidation. Forging of these sintered 
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ODS steel has resulted in decreased porosity and hence improving uniformity in 

microstructure and ductility while retaining the same ultimate tensile strength [23, 24]. 

2.4 Mechanical Alloying 

2.4.1 Genesis 

Non-equilibrium processing techniques are promising in order to produce better materials 

with improved/desired properties when compared to materials produced by conventional 

techniques. Mechanical alloying is a solid state synthesis process that consists of repeated 

cold-welding, fracturing, dynamic recrystallization and mechanically activated inter-

diffusion among the powder particles in a high energy ball mill [25]. MA is an established 

technique to produce oxide dispersion strengthened (ODS) nickel-Iron-based materials. 

Metastable phases and equilibrium phases can also be synthesized by mechanical 

alloying. Although this technique was developed, by Benjamin in 1966, to develop oxide 

dispersion strengthened nickel base superalloy for gas turbine applications, different 

materials are being produced which find applications such as hydrogen storage materials, 

gas absorbers, heaters, fertilizers, cosmetics, catalysts and waste management. However, 

even though the history of mechanical alloying processing technique for industrial 

applications is decades long, the basic understanding of mechanism of MA has been 

achieved only recently. 

2.4.2 Types of Milling Equipment 

Various types of mills are being used to produce mechanically alloyed powders; they are 

as follows SPEX shaker mills, planetary ball mills, Attritor mills, Commercial mills. 

SPEX mills are high energy variety of mills manufactured by SPEX CertPrep Metuchen, 

NT. The typical SPEX mill consists of a vial in which sample and grinding balls are 

placed. The vial swings to and fro thousand times in a minute. The movement of the 

clamp is as fast as about 1200 RPM which results in high ball velocities and subsequently 

ball impact is very high [2]. A number of vial materials are used in SPEX materials such 

as tungsten carbide, hardened steel, zirconia, alumina stainless steel, silicon nitride, 

methacrylate and plastic. Relatively simple equipment for efficient grinding of materials 

is a planetary ball mill. It consists of two or more vials (which rotate around their own 

axis) installed on a disc which rotates at a given rotations per minute (RPM) which can be 

preset. In the vial milling media such as chrome steel balls, hardened steel balls, ceramics 

and also rubber are responsible for effective grinding. Parameters such as physical 

properties and geometry of these grinding media affect the overall comminution process, 
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the particle sizes after milling and their defects [26]. These parameters are namely:  

Density of the grinding medium- large size (high density) of grinding medium will 

transfer higher impact energy to the powder particles. Size of the balls affects the final 

formation of the powder. It was reported that milling conditions such as small ball sizes, 

lower ball-to-powder ratio (BPR) and lower energies result in amorphous phases. Small 

balls develop acute frictional forces which boosts the formation of amorphous phase [27]. 

High energy planetary ball milling has been hence used to produce ultrafine particles and 

also amorphous phases. In the recent years it was also demonstrated by using high energy 

planetary ball milling there is possibility of mechanical coating (MC) on metal substrates 

can be done [28]. In the case of ceramic powders, to produce nano-sized powders 

particles from coarse particles of micrometer sizes high speed planetary ball milling is 

advantageous [29]. Another type of milling equipment is attritor mill which essentially 

generate high energies. In these mills large quantities of powder can be milled (up to 40 

kg) at a time, the stirring action of an agitator that has a vertical rotating shaft with 

horizontal arms. This creates movement between balls, the grinding medium, and the 

materials being milling. The impact and shear forces are responsible for milling. The 

grinding medium moves in trajectory motion and collide with powder thereby breaking 

down particles into smaller sizes [30]. 

 

2.4.3 Scope and Mechanism of Mechanical Alloying 

It has been repeatedly proven that reduction of particle size can substantially improve 

properties of the alloy. By using simple equipment i.e. a planetary ball mill, powders of 

few microns size can be brought to nano sized level, hence a nano- structured alloy is 

produced  [31]. A four vial planetary ball mill equipment and schematic representation of 

planetary ball-mill are shown in Fig.2.3. In addition to the structure refinement of powder 

particles, mechanical alloying has few characteristic benefits such as: dissimilar metal 

elements can be alloyed at room temperature by high energy mechanical milling and the 

initial nano-sized oxide particles get further refined and as a result ultra fine complex 

oxide particles are formed [22]. The steps involved in mechanical alloying of dissimilar 

metal elements are shown in Fig.2.2. Enhanced physical and mechanical properties of 

nano-structured materials, compared to materials with grain size greater than 1 µm, can 

be attributed to concentration of large fraction of atoms in the grain boundaries due to 

very small size (typically 1-100 nm) of the grains [32]. Formation of inter metallic 

compounds by mechanical milling of elemental powders has not only confirmed that MA 

is a non-equilibrium processing technique but also led to quite a number of research 

activities which involved synthesis of different alloy phases such as supersaturated and 
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equilibrium solid solutions, crystalline and quasi crystalline, intermediate phases and 

amorphous alloys 

 

Fig.2.2: Steps in mechanical alloying process 1.Initial particles, 2. Flattering, 3. Welding, 4. 

Fracturing and welding, 5. Final alloy particle [69]. 

Hence, it was evident that mechanical alloying offers unique advantages over 

conventional and other non-equilibrium processing techniques. These advantages are: 

Novel alloys can be synthesized: elements which are immiscible can be alloyed as MA is 

completely a solid-state processing technique. Fine dispersion of second phase particles 

can be produced. It is possible to refine grain sizes to nano scale range. Increase in solid 

solubility limits of alloying elements. During MA, chemical reactions take place at room 

temperature, also amorphous phases, disordered structures of ordered intermetallics can 

be obtained [33-35]. Fig.2.4 shows fusion and fracturing of powder particles between 

grinding media (balls) in mechanical alloying. The mechanism of mechanical alloying 

depends upon on the nature of materials being alloyed. It differs for ductile-ductile 

components, ductile –brittle components and brittle-brittle components. C. Suryanarayana 

et al [2] states that ductile-ductile combination is best for effective mechanical alloying. 

In this combination initial stage involves micro forging of powder particles which leads to 

flat shaped particles. Particles get cold welded and form lamellar structure, Fig.2.5a, with 

greater work hardening and thereby increase in hardness and brittleness upon further 

milling. 
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Fig.2.3: (a) Four vial planetary ball mill equipment (b) Schematic representation of planetary ball-

mill [26]. 

As milling is continued the diffusion distance decreases, lattice defect density increases 

and these combined with heat generated during milling, alloying occurs. At the alloying 

stage there will be no change in hardness and particle size and hence called steady- state 

stage. 

 

Fig.2.4: Schematic showing fusion and fracturing of powder particles between grinding media in 

mechanical alloying [70]. 
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J. S. Benjamin et al [36] reports that while mechanical alloying of Cr and Fe powder 

steady state distribution of powder particle sizes was achieved after more than 100 

minutes of milling. Oxide dispersion strengthened alloys come under the category of 

ductile-brittle combination and during MA of these systems. In general, the mechanism 

involves flattening of ductile powder particles and fragmentation of brittle particles in the 

initial stages of milling. On further milling, brittle particles get trapped in the lamellar 

structured ductile particles and are uniformly dispersed in the ductile matrix [37]. 

 

Fig.2.5: (a) SEM micrograph depicting the convoluted lamellar structure obtained during milling 

of a ductile-ductile component system.(b) Schematics of microstructural evolution 

during milling of a ductile-brittle combination of powders [2]. 

The brittle - brittle combination of mechanical alloying has been found difficult to 

describe. Mechanisms such as surface melting, temperature enhanced deformation; 

microdeformation and temperature enhanced diffusion have been proposed. It was 

described that there is deviation from particle morphologies and the usual lamellar 

structure formed for ductile components. As mentioned earlier the lamellar structure is 

developed by compressive forces experienced by the powder particles during mechanical 

alloying. However mechanical alloying of brittle components like Si-Ge has shown that 

complex stress-states in the compressed particles may lead to neck formation. These 

stress states can be hydrostatic stress or hydrostatic – tensile stress. Other research 

findings suggested that the stored elastic stress in the contact region between spherical 

particles could result in the formation of neck. 

2.4.4 Significance of Process Parameters on Microstructure Evolution 

and Properties 

 

Various process parameters in mechanical alloying include milling temperature, milling 

time, ball-to-powder weight ratio, process control agent, quantity ratio of powders to be 

milled and grinding medium size. Reports suggest low milling temperatures take much 

shorter durations to synthesize metals such as titanium when compared to milling 
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conducted at room temperatures. In the mechanical alloying process with increase in 

milling time the particle size gradually reduces and residual strain, dislocations in powder 

crystals increase. In comparison between stearic acid and ethyl alcohol as process control 

agents (PCA), stearic acid yielded finer crystallite size with spherical powder particles 

uniformly distributed. After 5 h milling of Fe-Cr-Al alloy in the absence of PCA large 

particles were observed, which suggest that for true alloying to occur a PCA is necessary. 

Else excessive cold-welding and associated agglomeration hinder alloying process. Use of 

stearic acid distributed particles more homogenously and with no agglomeration and 

decreased particle size. Spherical particles and a little agglomeration occurred when ethyl 

alcohol was used. It was also reported that large amounts of ethyl alcohol lead to lamellar 

shape morphology. Stearic acid was found to reduce crystallite size more effectively than 

ethyl alcohol [38]. Apart from these parameters the milling time within which powder 

particles size gets reduced is very important, Hiroshi oka et al [21] studied the effect of 

milling time on PNC316 powder. The alloy powder contained 0.35wt. % Y2O3 and X-ray 

diffraction patterns show disappearance of Y2O3 peak after 6 h of milling which was 

present even after 3 h of milling. The reason for this was mentioned to be reduced Y2O3 

particle size and or dissolution of Y and O atoms in matrix. Another similar study on 

microstructural changes while mechanical milling W and W-Y powders was reported by 

Mingyue Zhao et al [39]. As milling time increased W powders were characterized by 

refinement in particle size while coarsening occurred in W-Y powders. Since W is brittle 

in nature the powder particles were first flattened with an oriented morphology. Upon 

further milling, particles with sizes less than 1 µm became more equiaxed and reached a 

steady state.  In W–Y system powders, they behaved as brittle/ductile powder systems. 

During the milling process, ductile Y particles acted as a coherent agent that could 

improve the capacity of cold welding of refined tungsten powders. Therefore, the W–Y 

powders exhibited spherical-like morphology. While mechanical milling of ODS ferritic 

steels like 9-Cr powder the particle size first increased after 1 h of milling and then 

gradually decreased. The spherical shape of powders was turned to disc shape milling. 

Fig.2.6 shows the morphology ODS-9Cr steel powder at different milling times [40]. 

The ball-to-powder weight ratio has a significant influence on rate of crystallite size 

reduction. Although 20:1 ball-to-powder (BPR) weight ratio is recommended, 10:1 ball-

to-powder weight ratio (BPR) is most commonly taken one. Generally the effect of ball-

to-powder weight ratio is regarded as follows: there should be high degree of movement 

of balls in the ball mill vials i.e. for the velocity of the balls to be high the amount of 

powder in the vials should be low relatively to the number of balls. This results in more 

number of collisions between the grinding media, balls, and the powder. Hence, ball-to-

powder weight ratio should be high enough for effective milling process [41]. However, it 
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can be understood from recent publications that ball-to-powder weight ratio alone cannot 

be used as single most parameter for determining milled powder properties. 

Investigations on effect of ball size during milling of aluminium powder by S. Razavi-

Tousi et al [42] revealed that when large size balls are used steady state milling time 

reduced. Large sized balls provide high energy impacts and this is preferred over high 

number of low energy as in latter case significant part o that energy can be of no use as 

the impacts do not reach a threshold level to deform powder particles. However 

microstructural evolution was found to be similar with small and large sized balls but 

only milling progress varied. In addition to this when different BPRs i.e. 10:1, 20:1 and 

30:1 were used to synthesis an Fe-Cr-Al powder, higher BPR resulted in greater level of 

contamination hence lower level of BPR was recommended [38]. Properties of alloys 

produced by mechanical alloying and sintering depend upon as milled microstructure, 

which in turn depends on milling parameters, and sintering process. For example, when 

alloyed with Y2O3with increasing milling time Y and O distribute uniformly in the base 

matrix and also grain refinement takes place resulting in better hardness. The bending 

strength of the consolidated W–Y compacts was reported to depend on dispersion of Y 

particles [39]. 

 

Fig.2.6: Morphology ODS-9Cr steel powder at (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h of milling 

 [40]. 
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Sintering and subsequent heat treatment has substantial affect on end properties of 

consolidated products. In ODS steels the oxide particles precipitate in recystallized grains 

when subjected to annealing after sintering. If fine grain size obtained from mechanical 

milling could be retained after sintering, the sintered alloys would possess excellent 

mechanical properties. To achieve this, few non-conventional consolidation techniques 

are being used, which are discussed in section 2.5.3. 

2.5 Methods for Consolidation of Nano-Structured Powders 

Sintering is a powder consolidation process and its origin dates back to 6000 BC. The 

earliest example of sintering is heating of clay objects in an open pit fire to make bricks. 

In the years 1920 to 1950 it was discovered that consolidation occurs by mass transport 

mechanism [43]. To understand the process better several investigations have been 

carried out. Main objective of these investigations was to increase the mass transport and 

sinter refractory materials or to consolidate at lower temperatures. One such method of 

activating sintering process involves the use of electric current and was named “spark 

sintering” and later developed as spark plasma sintering technique [44, 45]. In recent 

years materials scientists have been using the spark plasma sintering to consolidate nano-

structured powders as the end product also retains nano-structure with very less grain 

growth and retaining properties of powders. The details including construction of 

sintering equipment and mechanism of different sintering processes, both basic and 

advanced are as follows: 

2.5.1 Conventional Powder Consolidation  

Conventional powder consolidation of two aspects i.e. powder compaction and furnace 

sintering. Compaction is essential to pack the powder particles into a desired shape. In the 

compaction process the shape and final dimensions are set considering future changes 

which the powder could undergo during subsequent sintering. One of the main purposes 

of compaction is to impart sufficient strength which is required for posterior processing. 

Powder compaction can be carried out both at room temperature or at high temperature. 

The advantage of high temperature compaction being, the flow behavior of powders is 

better than in that of room temperature hence resulting in greater green compact density. 

A typical compaction press consists of fixed die, upper punch and lower punch as shown 

in Fig.2.7. Different compaction techniques are used which can be distinguished by the 

relative movement of these three parts of the press. 
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Fig.2.7: Single action and double action powder compaction [71]. 

In general, dies are fixed and upper punch or/and lower punch are movable. If only one 

punch is movable it is called single action pressing. While if both the punches are 

movable the process is called double action pressing. Double action pressing is 

advantageous over single action pressing due to the fact that in the former process both 

upper punch and lower punch are movable, dies will be stationary, and the pressure 

distribution in powder is uniform. But in single action pressing lower punch and die are 

fixed and only upper punch is movable resulting in high pressure at top and low pressure 

at bottom. Next stage in consolidation is sintering generally carried out in a furnace at 

certain fixed temperature and holding time. Mechanisms such as mass transport and pore 

closure take place and a dense product of desired shape is obtained. 

2.5.2 Pressure – Assisted Consolidation Methods 

Advanced materials that are being produced possess unusual properties compared to that 

of materials produced by conventional methods. In general most of these materials are 

produced using powder metallurgy techniques and these powders attribute their 

exceptional properties to a metastable condition like nanocrystalline, amorphous or non-

equilibrium phase structures. It is definitely a challenge to consolidate such type of 

powders since under exposure to high temperatures phase transformation occurs.  In 

recent years nano powder densification was done using all pressure-assisted consolidation 

methods: hot-pressing, HIP, and Ultra-High pressure sintering, pulse plasma sintering, 
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and hydrostatic extrusion. Out of which Hot-pressing and Hot-Isostatic Pressing are 

widely used: 

Hot-Pressing: Hot pressing has typical advantages over pressure-less sintering in 

obtaining full density products with minimal grain growth. This has been proven by 

processing nanocrystalline Fe-(9Fe, Mo)6C, ZrO2-Al2O3, and TiO2. Near net densities, 

grin sizes less than 100 nm were achieved by mechanical alloying and hot-pressing at 550 

°C of Fe-10%Al, Al-10%Ti, and Fe-2% Al. 

Hot-Isostatic Pressing (HIP): Hot-Isostatic pressing is a commercial consolidation 

technique to produce dense products of tool steels, ceramics, Titanium alloys, superalloys. 

In this method powder is packed into an evacuated sheet metal perform and then 

simultaneously heated with high pressure in an inert gas pressure vessel. Cheng Hao et al 

[46] have investigated the application of Hot-isostatic pressing (HIP) treatment in order to 

improve fatigue properties of the LMD AerMet100steel．It was observed that when 

LMD steel was HIP treated above austenitization temperature columnar grains if the steel 

have transformed to equiaxed grains. It was concluded that the number and size of defects 

has decreased after hot-isostatic pressing. Lei Xu et al [47] investigated on effects of hot-

isostatic pressing conditions and cooling rate on microstructure and properties of Ti–6Al–

4V Alloy. It was found that when HIP treated at 800 °C and at 120 MPa pressure best 

room temperature tensile strength can be achieved. It known that cooling rate during 

sintering effects microstructure, but geometry of the samples also can significantly affect 

microstructure and mechanical properties. Litao Chang et al [48] studied the effect of HIP 

temperature on microstructure and tensile properties of Inconel 718. 

2.5.3 Non- Conventional Consolidation Methods 

Non-conventional consolidation methods widely applied to nano-powder densification are 

microwave sintering and electrical field-assisted sintering. These sintering methods 

enhance the densification process, thus reducing sintering temperature and time ultimately 

preserving final fine grain sizes.  

Microwave Sintering: Microwave sintering emerged in recent years to meet the demands 

of powder metallurgy industry for new and improved sintering process. Microwave 

energy is a form of electromagnetic energy with the frequency range of 3000 MHz to 300 

GHz. In this process heating occurs when the materials couple with microwaves and 

absorb the electromagnetic energy volumetrically and transform into heat. In conventional 

sintering surface of the material is first heated then the heat moves inward. This leads to 

temperature gradient between inside and the surface. In the case of microwave sintering 
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the heat is generated inside the material first and spreads to entire volume [49]. 

Microwave sintering of materials was limited to ceramics, semiconductors, polymer and 

inorganic materials until the year 2000. However, it has been proven that microwave 

sintering can be used for consolidating powdered metals also. Advantages of this process 

are reduced energy consumption, enhanced diffusion processes, rapid heating rates and 

processing times, decreased sintering temperatures, improved physical and mechanical 

properties [50-52].   

The theory of consolidating metallic materials by an electro-discharge process was 

proposed in 1960s. Sintering processes developed on this concept which are widely used 

are: 

Pulse plasma sintering (PPS), and 

Spark plasma sintering (SPS)  

There is no use of external heat source in these processes as in conventional hot pressing. 

However, a current (DC, pulsed DC, or AC) is allowed to pass through the electrically 

conducting pressure die and, in appropriate cases also through the sample. This means 

that the die itself acts as heat source and sample is heated from outside and the inside.  

The characteristic features of these processes are as follows: 

Pulse Plasma Sintering (PPS): In PPS, the material is crossed by intense electrical 

currents while kept under compressive stress at high temperature, which is locally 

enhanced through electric pulses. The main feature of PPS lies on the extremely high 

current of several tens of kA obtained by capacitor discharging. Pulsed DC applied at 

room temperature for short period of time and continuous DC during remaining sintering 

process. Many researchers have reported their work on PPS for different materials like 

Ni3Al/diamond composites [53], W–Ta composites [54], Diamond–W based coating–Cu 

composites [55]. 

Spark Plasma Sintering (SPS): The spark plasma sintering equipment, shown in Fig.2.8, 

consists of upper and lower punches through which load is applied, graphite die 

arrangement which contains powder sample to be sintered. The equipment also consists of 

an electric system which provides pulsed DC current to the powder. SPS systems have 

many advantages compared to conventional systems like hot-isostatic press, hot press or 

atmospheric furnaces, such as accurate control and ease of operation. 
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Fig.2.8: Schematic of Spark plasma sintering setup [56]. 

 

In this process, a pulsed DC (3.3 ms pulses of 0.5 to 10 kA intensity) is applied from the 

beginning to the end of sintering cycle. Hence, SPS effect involves simultaneous 

application of mechanical pressure and high power pulse. Fig.2.9 shows various stages in 

mechanism of neck formation in SPS process. The pulsed DC current leads to cleaning 

and surface activation of powders. As soon as the powder surfaces get activated an 

electric discharge appears in the gap between the powder particles. When the electric 

discharge appears in the gap between the powder particles, a local high temperature state 

occurs. This causes vaporization and the melting of the surfaces of the powder particles. 

During the SPS process constricted shapes or necks are formed around the contact area 

between the particles. These necks gradually develop and plastic transformation 

progresses during sintering, resulting in a sintered compact of over 95-99% density. Since 

only the surface temperature of the particles rises rapidly by self-heating, particle growth 

of the starting powder materials is controlled. The sintering dies and punches made of 

graphite are subject to Joule heating according to the progress of the sintering of the 

internal powder material, and function as heating elements to assume the role of 

maintaining the homogeneousness of the sintering temperature for the densification [57]. 

Iwona Sulima et al [58] investigated the effect of SPS parameters on densification and 

properties of 316 steel matrix composites. It was found that the apparent density of 
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sintered composites depends on sintering temperature and holding time. At higher 

sintering temperatures high density products, 98-99% of theoretical density, are achieved. 

In this study SPS holding time did not affect the densification the reason being most of 

the densification process in SPS will be completed in first few minutes of the process.  

 

Fig.2.9 various stages in mechanism of neck formation in SPS process 

Karthikeyan Rajan et al [59] measured hot-hardness of ODS ferritic steel processed by 

spark plasma sintering. The microstructure after spark plasma sintering (SPS) consisted of 

ultra fine grain structure in the size range 310 ± 42 nm and nano-precipitates. High hot 

hardness was achieved for this steel and hence the combination of mechanical alloying 

(MA) and SPS was found to give encouraging results.  

C. Menapace et al [60] reported bimodal grain structure after MA and SPS in Fe-1.5%Mo 

with SiC nanoparticles.  Full density was achieved at 1050 °C sintering temperature with 

bainitic ferrite, austenite microstructure. Interestingly the steel displayed ductility 

although having fine grain structure. High hardness and low yield strength were reported, 

however the yield strength recorded was greater than typical dual phase microstructured 

steels. The increased work hardenability makes the material better also than typical 

(Transformation Induced plasticity) steels in terms of both yield and tensile strength.      

Hence from previous research results it can be said that spark plasma sintering is an 

attractive technique to consolidate nano-structured powders and obtain desired properties.  
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2.6 Densification of Mechanically Alloyed Powders 

Densification of mechanically alloyed powders involves thermally activated transition of 

powder particle system to thermodynamically more equilibrium state through a decrease 

of the free surface energy. In solid state densification process decrease in surface free 

energy is small when compared to other sintering processes. However the distance matter 

has to be transported is in the order of particle size. The entire sintering process can be 

divided into three distinct stages, the first stage starts as soon as some degree of atomic 

mobility is achieved. In this stage sharp concave necks will form between individual 

particles. About 5% linear shrinkage can be developed during this process. In the inter-

mediate stage, high curvature formed in the first stage have been moderated and 

microstructure consists of three-dimensional inter penetrating network of solid particles 

and continuous, channel-like pores. In this stage 5-10% porosity will be persist which 

covers most of densification. Grain coarsening starts to become important at this stage. 

Grain coarsening intensity will be high during final stage. 

Mechanism of Sintering: Various mechanisms like surface diffusion, vapour transport, 

lattice diffusion, grain boundary diffusion and dislocation motion, occur during sintering 

process. Fig.2.10 shows schematic diagram of matter transport paths for two sintering 

particles. Out of these, surface diffusion and vapour transport do not cause densification. 

Grain boundary diffusion and lattice diffusion from grain boundary to the neck are the 

most important densification mechanisms. Neck growth and densification through 

deformation of particles are caused by plastic flow by dislocation motion which is more 

common in metal powder sintering. 

 

 

Fig.2.10:  Schematic diagram of matter transport paths for two sintering particles [72]. 
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2.7 Strengthening Mechanism in ODS Steels 

2.7.1 Matrix Strengthening 

The yield strength can be increased by reducing the grain size of the metallic particles. 

The grain size of the material can be related to yield strength Hall-Petch equation 2.1. 

o = i + k d
-1/2

                                                   (2.1) 

Where, I is the “lattice friction stress” which is temperature dependent, k is the Hall-

Petch constant, and d is the grain size of the material. K is independent on temperature, 

composition. As the temperature increases, dislocation recovery processes occur and 

Hall-Petch effect becomes less effective. This happens because Hall-Petch effect is based 

on dislocation mechanism. Subsequently weaker deformation mechanism may start to 

regulate the strength. In fine grained material this results in drop of yield strength at high 

temperatures. Hence it is desirable to work with materials that possess a stable grain size 

at high temperatures [61]. 

2.7.2 Dispersion Strengthening Mechanism 

Strengthening in oxide dispersed strengthened austenitic steels is achieved by dispersoid 

particles acting as barriers to dislocation motion during deformation and as an increasing 

the load required to tear away to dislocation or bulge it through an array of particles. 

Strengthening depends on the interactions between particles and dislocations. Finer 

dispersoids have greater effect on strength than higher volume fraction. Particles hinder 

dislocations and also apply a retarding force on grain boundaries that tend to migrate. 

This retarding force per unit area, Fr is given by equation 2.2. 

r/fF gbr 23 
                                                    (2.2) 

Where, f is the volume fraction of particles, r is the uniform radius of particles, and gb is 

the grain boundary energy per unit area. From this equation it can be inferred that for 

certain volume fraction finer the particles greater will be the resistance to grain boundary 

movement. The strengthening from dispersoids comes from the need to move the 

dislocations pass the particles [62]. According to Orowan model (Orowan 1946) the 

resolved shear stress (s) required for dislocation by-pass is given by the equation 2.3. 

s = K (G b/)                                                 (2.3) 
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Where, G is shear modulus of the matrix, b is the magnitude Burgers vector of the 

dislocation,  is the inter-particle spacing and K is a numerical constant [19]. To establish 

a relation between hardness and grain size, if hardness H is assumed to be proportional to 

the yield strength, it follows equation 2.4 which is 

H = Hm+ k d
-1/2                                                                             

(2.4) 

where, Hm - hardness of the matrix and k - Constant. From these equations it is clear that 

for a fixed volume fraction of dispersed particles, the hardness increases with decreasing 

particle diameter and for a fixed particle size, hardness increases with volume fraction of 

dispersoids. Therefore, strengthening is increased if the dispersoids volume fraction is 

high, powder particles are fine, and distribution of particles is homogeneous. High 

temperature stability of the particles is necessary for high temperature applications. To 

take account of the interaction between neighboring dislocations, which had bowed the 

line energy of the dislocations and the inter-particle spacing Orowan model has been 

modified. The modified model, equation 2.5, resulted in a reduction of applied stress 

required for by-passing to occur.     

s = K

 (G b/) ln(x/2b)  K

o                                    (2.5) 

where, x is the average diameter of the circle of intersection between the particle and the 

slip plane, o is the increase in the tensile stress for dispersion strengthened alloys with 

uniform spherical particles and K

- Constant. 

2.8 Dislocation - Particle Interaction in ODS Alloys 

Pinning of dislocations at hard oxide particles in an ODS alloy can be explained by 

several theories of the following researchers such as: 

1. Orowan bowing of dislocations between particles. This mechanism is for low 

temperature deformation.  However it has been reported that testing at high temperature 

yielded slightly different results from the Orowan stress for ODS alloys. 

2. Another mechanism „dislocation smearing‟, explains the interactions between 

dislocations and disjointed dispersoids at elevated temperatures. The dislocation glides up 

to the particle and moves out over the interface between disjointed particle and matrix. 

This mechanism relays on diffusive processes and therefore is not likely to function at 

low temperatures 
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3. Cross slip becomes less likely to occur when there is decrease in stacking – fault 

energy. Since Chromium additions decrease the stacking-fault energy in Ni-Cr alloys, 

cross slip is expected to be unlikely in alloys with high Cr concentrations.  

4. Climb over dislocations happens only if there is an attractive force between particles 

and dislocations. At High temperatures dislocations overcome the oxide particles by 

thermally activated climb, while at low temperatures where diffusion is slow, dislocation 

by-pass is assumed to occur by Orowan looping 

5. Shearing of particle can take place if a dislocation bows around a particle (soft one), 

there is possibility for the particle to be sheared. 

2.9 Oxidation Behaviour of ODS steels 

ODS austenitic steels are potential nuclear structural materials which are believed to be 

capable withstanding oxidation at high temperatures. Cr content in 304L steel leads to 

formation of chromium oxide when exposed to high temperatures. This acts as protective 

layer and stops further oxidation. For the same reason high Cr alloys are used for high 

temperature applications [68]. Investigations on the effect of grain refinement on 

oxidation behaviour of austenitic stainless steels were carried out earlier. Austenitic 

stainless steel, grade 310, containing high Chromium (19-22%) was proposed as a 

potential candidate for supercritical water- cooled reactor (SCWR) because of its high 

corrosion resistance at high temperature and high pressure water conditions [63]. Also 

oxidation behaviour of austenitic stainless steels gets affected by grain size refinement. It 

is believed that the fine grain structure is responsible for the formation of protective 

Chromium oxide layer [64]. 

 

2.10 Open Questions and Future Scope of Study 

The preceding sections discussed that the development of nano oxide dispersed austenitic 

steels is required to meet high strength materials at room and elevated temperatures for 

structural and nuclear applications. Few previous investigations on these steels have 

identified suitable techniques to synthesize desired ODS austenitic steels and also 

characterize microstructure and mechanical properties. The mechanical alloying 

technique is a technically viable and potentially promising method for the growing 

industrial demands for the development of oxide dispersed austenitic steels with better 

strength both at room and elevated temperatures. Several categories of ODS steels have 

been developed to meet such industrial demands. However, a lot of research work is still 

required so as to understand many of the unusual characteristics of the mechanical 
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alloying technique. It is also necessary to develop new ways of sintering and 

characterization methods to improve and understand mechanical properties respectively. 

Hence, the overall scope of the present study will include the synthesis of nano-oxide 

dispersed austenitic steel by mechanical alloying, characterization of the structure and 

composition of the milled product, consolidation of the milled powders by conventional 

sintering and spark plasma sintering as well as studies on the microstructure and 

mechanical behaviour of the bulk consolidated samples. 

.   
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Chapter 3 

 

Experimental Details 
 

 

Fig.3.1: Flowchart of series of experiments carried out in the present work 
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The order of the experiments carried out is as shown in Fig.3.1. Raw materials taken and 

experimental procedures followed are described in detail in the following sections. 

3.1 Raw Materials and Alloy Selection 

The raw materials used for the present work are powders of pre-alloyed 304 austenitic 

stainless steel with size 100 mesh, Yttrium (III) oxide, Reaction, 99.995% (REO) and 

Titanium (IV) oxide, Anatase, 99.9% (metals basis) from Alfa Aesar. Form and physical 

properties of the powders are listed in table. 

Table 3.1: Details of 304 steel and nano-oxide powders used for producing desired alloys 

Material Size Density Melting temperature 

Pre-alloyed 304 

austenitic stainless 

steel 

100 mesh (< 149 

micron) 
8.03 g/cc 1454.44 °C 

Yttrium (III) oxide 36 nm powder 5.01 g/cc 2410 °C 

Titanium (IV) oxide 32 nm APS powder 3.90 g/cc 1855 °C 

 

A total of three different alloys were prepared for mechanical alloying, one base alloy 

(alloy A) and two nano-oxide dispersed alloys designated as alloy B (1 wt. % Y2O3) and 

Alloy C (1 wt. % TiO2). Table lists the alloy compositions.  

 

Table 3.2: Chemical compositions of individual alloys in wt. % 

Alloy Powder composition (wt. %) 

Alloy A  Fe-19 Cr-11 Ni 

Alloy B (Fe-19 Cr-11 Ni)- 1 Y2O3 

Alloy C (Fe-19 Cr-11 Ni)-1 TiO2 

 

3.2 Mechanical Alloying (MA) of Austenitic Stainless Steels  

50 g of pre-alloyed 304 austenitic stainless powders was used for making the alloys with 

desired compositions. The pre-alloyed powder was divided into two quantities of 25 g 

each. Two different compositions were produced by adding 0.25 g of Y2O3 (1 wt. %) and 

0.25 g of TiO2 (1 wt. %) individually to each of the powder quantities of weight 24.75 g 

(weighed and taken from 25 g). Weighing of all powders was carried out using a high 

precision electronic weighing machine with 0.001 g readability. The measured powder 

quantities of desired compositions were put in individual vials of a planetary ball mil 

named FRITCSCH, Pulverisette-5. A ball-to-powder ratio of 10:1 is maintained 

throughout the milling process, i.e. as the powders weigh about 25 g individually, the 
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grinding media which were chrome steel balls weighing 250 g were introduced in each 

vial of the ball mill. The mechanical alloying operation was carried out for duration of 40 

hours at a rotation speed of 300 RPM. Using these milling parameters and following same 

procedures a base alloy (alloy A) of composition mentioned in table was milled 

separately. Samples of the individual alloys were collected at the following intervals of 

mechanical alloying/milling, 1 h, 5 h, 10 h, 20 h, 30 h, and 40 h, to study phase evolution 

and changes in particle characteristics. Each alloy powder after final stage of mechanical 

alloying/milling was consolidated by using spark plasma sintering at temperatures of 800 

°C, 900 °C and 1000 °C.  

3.3 Consolidation of Alloy Powders 

3.3.1 Conventional Sintering 

The mechanically alloyed nano-oxide dispersed stainless steel powders were compacted 

under a uniaxial pressure of 700 MPa for 3 minutes holding time in hardened steel 

cylindrical die. The green compacts after compaction, were of 15 mm average diameter 

and 6 mm average height. In the final stage of this consolidation process, the green 

compacts were sintered at 1150 °C for 60 minutes in a tube furnace with controlled argon 

gas atmosphere. A constant heating rate of 5 °C/min was maintained and an isothermal 

hold was allowed for 10-15 minutes at temperatures 1100 °C to ensure uniform 

temperature distribution in the compacts. The heating cycle followed for spark plasma 

sintering is shown in Fig.3.2. Characterization of each sintered pellet was carried out by 

X-ray diffraction analysis, scanning electron microscopy, energy dispersive spectroscopy, 

ball-on-plate wear tester and Vickers microhardness tester. 

 
Fig.3.2: Thermal cycle at 1150 °C temperature during conventional sintering 
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3.3.2 Spark Plasma Sintering  

A different set of alloy powders with same compositions and processing conditions as 

those of powders which were conventionally sintered, were subjected to Spark plasma 

sintering using SCM 1050, Sumitomo Coal Mining co Ltd., Japan, SPS instrument. The 

specification of the spark plasma sintering unit used is mentioned in the following table 

3.3. The powders were placed inside the graphite die, which was placed between the 

graphite electrodes of the SPS chamber. Materials were compacted in vacuum in a 

graphite die with inner diameter 15 mm using a maximum pressure of 30 MPa. Maximum 

pressure was obtained after 10 min of test duration. Argon was introduced into the SPS 

chamber which acted as a protective gas and the sintering process was carried out. The 

alloy powders were sintered at 800 °C, 900 °C and 1000 °C for 5 minutes and a heating 

rate of 200 °C per minute was used. The heating cycle followed for spark plasma 

sintering is shown in Fig.3.3. 

 

Table 3.3: Specifications of the spark plasma sintering unit 

Current Voltage Load 
Compact 

size 

Vacuum 

level 
Mould 

 

up to 5 kA 

 

up to 10 V 
up to 

100 kN 

30 mm 

diameter 

maximum 

up to 6 Pa Graphite etc. 

 

 
Fig.3.3: Thermal cycle for different temperatures during spark plasma sintering 
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3.4 Characterization of Powders and Sintered Products 

3.4.1 X-Ray Diffraction 

Phase identification and evolution of all the alloy powders and sintered products was 

carried out in Multipurpose X-Ray Diffraction System (Rigaku Japan/Ultima-IV) 

maintaining a step size of 0.05, for a 2 theta scan  range of 20
o
 to 80

o
 and a scanning 

speed of 10
o
 per minute. The results obtained for each sample are then analysed by X‟pert 

high score plus software. Apart from phase analysis, the crystallite size and residual strain 

calculations were also made using the X-ray diffraction data. Crystallite size and residual 

strain of milled powders (at 1 h, 5 h, 10 h, 20 h, 30 h, and 40 h) were calculated from 

(111) peak for austenite phase and (110) peak for ferrite phase by using Voigt function 

[65]. 

3.4.2 Particle Size Analysis of Powders 

The particle size analysis of the milled powders at different stages of milling was done 

using Malvern - Particle Size Analyzer, U.K.  Sample powders of all alloys at 0 h, 5 h, 10 

h, 20 h, 30 h, and 40 h of mechanical alloying were individually analysed. Each sample 

powder was dispersed in ethanol and sonicated for at least 15 minutes before analysis.  

3.4.3 Optical Microscopy 

Microstructural observation of all the alloy samples was elaborately done using optical as 

well as electron microscopy. For optical microscopy the sintered pellets surface was first 

subjected to wheel grinding so as to remove the graphitic and other oxides layers formed. 

This was followed by belt grinding to obtain a perfectly flat specimen with all the 

scratches aligned. In the later stage the specimens were polished on a series of emery 

papers. Fine polishing on diamond impregnated discs was done for required amount of 

time so as to remove all the superficial scratches and obtain a mirror like surface. Post 

polishing, the specimens were etched with 5% Nital solution.  

3.4.4 Scanning Electron Microscopy and Energy Dispersive X-ray 

Microanalysis 

Microstructural characteristics of milled powders and sintered products were observed 

under JEOL-JSM-6480 LV scanning electron microscope and field emission- scanning 

electron microscope, Nova NanoSEM 450. Samples for this purpose were prepared by 
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similar procedures which were followed for optical microscopy. Elemental analysis and 

mapping of each phase in the observed microstructures was done using Energy Dispersive 

Spectroscopy (EDS) analysis, which equipment is attached to the scanning electron 

microscope. Through EDS analysis an estimation of elemental distribution in different 

phases was obtained.   

3.4.5 Density and Porosity Measurement 

Archimedes principle was used to measure the density of consolidated samples. The 

immersion medium was distilled water (density 1 g/cc) and its temperature was 

maintained within 24 ± 0.3 °C. The following equation was used to calculate densities: 

( ) )ρ(
WW

W
ρ w

wa

a

air -
=                                                 (3.1) 

air = Densityof sample in air, Wa = Weight of sample in air, Ww = Weight of sample 

when immersed in water, w = Density of Water. 

At least three density measurements were taken for each sample to obtain a precise and 

reliable value and minimize error. Theoretical densities of alloys calculated from rule of 

mixtures and the measured experimental densities were used to determine porosity (%) in 

consolidated samples.  

3.4.6 Hardness Measurement 

Vickers hardness of all the sintered specimens was evaluated using LECO (LM248AT) 

micro-hardness tester at a load of 50 gf and for a dwell time of 10 s. The Vickers hardness 

has been calculated using the expression: 

 

                                                                                                    (3.2) 

Where, P = Applied load, davg = Average length of indentation diagonal. A minimum of 

10 hardness readings were taken for each specimen along its diameter. 

3.4.7 Wear Behavior Study 

The equipment used for wear behaviour study was DUCOM TR-208-M1 ball on plate 

type wear testing instrument, schematic shown in Fig.3.4, having a diamond indenter. The 

2)d avg(

P854.1
HV = mm2/kgf
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device was operated at 20 RPM and 20 N load for 5 min at the ambient temperature (22–

25 C) and humidity (50-55%). 

 

Fig.3.4: Schematic of wear testing equipment 

3.4.8 Oxidation Study 

Cylindrical Specimens consolidated by spark plasma sintering were used for oxidation 

tests. The tests were conducted inside a vertical tube furnace in dry air atmosphere at 

1000 °C temperature for up to 50 h. Of all the sintered samples highest density was 

achieved for alloys sintered at 1000 °C. Hence to better understand the behaviour of 

present 304 austenitic stainless steel, 1000 °C temperature was used. The samples used 

for the test were polished on all sides starting with medium and fine abrasive papers 

followed by fine polishing on diamond impregnated discs. The vertical tube furnace 

equipment consists of a mechanical mass balance, with a least count of 0.1 mg in-built in 

it facilitating to record the mass of samples at different time intervals between 0.5 to 5 h 

at a particular temperature. The furnace is equipped with a quartz tube of 5 cm diameter 

which is surrounded by insulation and SiC heating rods. To maintain a gap of 

approximately 0.15 m between the mechanical mass balance and the top end of quartz 

tube, the mass balance was positioned on a steel support frame. The test samples wrapped 

in platinum wire were so arranged in the furnace such that one end of the wire is hooked 

to the weighing pan and the other end with the sample was inside the hot zone of the 

furnace. 
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Chapter 4 

 

Results and Discussion 
 

4.1 Synthesis and Characterization of Powders 

4.1.1 Phase Evolution during Mechanical Alloying 

Fig.4.1 (a) shows X-ray diffraction patterns of alloy A (70.0Fe-19.0Cr-11.0Ni) powder at 

different milling times. It is relevant that the high intensity austenitic peak of unmilled (0 

h) alloy A powder is very sharp in nature in the initial stages of milling then gradually 

decreases and broadens as milling time increases. The presence of new ferritic peaks at 2θ 

= 44° and 65° after one hour of milling depict the transformation of some amount of 

austenite phase to ferrite. It can be observed from the patterns that upon further milling 

i.e. beyond 5 h, the peak broadening is more significant. This is due to the fact that the 

crystallite size decreases with increasing milling time which leads to peak broadening. 

Increase in full-width at half-maximum (FWHM) with increasing milling time depict that 

both plastic strain build up and reduction in crystallite size are occurring. 

X-ray diffraction results obtained from alloy B (69.0Fe-19.0Cr-11.0Ni-1.0Y2O3) 

and alloy C (69.Fe-19 Cr-11 Ni-1.0TiO2) powders at different milling times from 1 h to 

40 h are shown in Fig.4.1 (b) and Fig.4.1 (c) respectively. After 1 h of milling, there is a 

sharp peak at around 2θ = 44° corresponding to (110) plane of ferrite indicating the 

existence of ferrite along with austenite in the alloy matrix. There is gradual reduction in 

sharpness and intensity of the ferritic and austenitic peaks with increase in milling time 

and also the intensity of ferritic peak at around 2θ = 65° disappeared after 10 h of milling. 

The XRD patterns of alloy C powder were found to be not very different from 

those of alloy A and alloy B powders. Because of the fact that stain-induced 

transformation from austenite to ferrite had occurred after 1 h of milling. There exists 

similarity between the two oxide dispersion strengthened alloys (alloy B and alloy C) that 

the number of ferritic peaks reduced after 10 h of milling and the same peak at around 2θ 

= 44° gradually broadens and almost merges with the adjacent austenitic peak with 

increasing milling time. Strain-induced transformation of similar kind from austenite to 

ferrite was reported earlier by Man Wang et al [24]. In which similar MA was performed 
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but with higher amounts of Y2O3, pure Ti and lower Ball-to-powder weight ratio i.e. 5:1. 

Hence it is possible that the extent of strain-induced transformation depends on the 

amount of alloying additions and milling parameters. The processes namely plastic strain 

build up and crystallite size reduction were observed to be common during mechanical 

alloying (MA) of all the three alloys. 

 
Fig.4.1: X-ray diffraction profiles of (a) alloy A, (b) alloy B, (c) alloy C subjected to mechanical 

alloying up to 40 h 

 

4.1.2 Morphology and Size of Powder Particles during Milling 

Fig.4.2 shows scanning electron micrographs (SEM) of unmilled (0 h) and milled alloy A 

powders at different time intervals (0 h, 5 h, 10 h, 20 h, 30 h and 40 h). It is clear from the 

images that there is substantial variation in morphology and size of the powder particles 

during the course of milling. It is found that powder particles at unmilled condition (0 h) 

shown in Fig.4.2 (a) are irregular in shape and larger in size. During the early stages of 

milling, the stainless steel powder particles are soft and ductile. Soft particles have 
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tendency to weld together and form particles of larger sizes. As milling continues, the 

ductile nature of the austenitic stainless steel powder particles leads to particle 

agglomeration and after completing 5 h of milling the size of the powder particles get 

reduced and also these particles get flattened. At the later stages of milling, the flat 

powder particles lamellae weld together to form a single large lamella. It was observed 

that powder particles milled at 10 h are more spherical in shape and their size distribution 

is uniform. Apparent particle size of 10 h milled product was analyzed by SEM 

micrograph and the average particle size values are summarised in Table 4.1. It may be 

demonstrated that there is a possibility of work hardening phenomenon in the sub-micron 

size particles from 10 h to 20 h of milling.  

 

Fig.4.2: FE-SEM micrographs of alloy A powder at different milling times (a) 0h, (b) 5 h, (c) 10 

h, (d) 20 h, and (e) 30 h, (f) 40 h 

 

The increase in residual strain with milling time can be directly related to increase in 

work hardening of the powder particles. Increase in work hardening is  linear up to 30 h 

of milling as a result the particles gradually lose ductility and becomes brittle in nature. 

Plastic deformation and subsequent work hardening have lead to fatigue and 

fragmentation of brittle powder particles. Work hardening of powder particles during 

milling was reported earlier by Shashanka et al [31]. Beyond 30 h of milling although 

there was no significant change in powder morphology, average size of the particles was 

reduced from 20.58 µm to 5.12 µm. Compared to other milling times, the minimum to 

maximum size variation of the powder particles was found to be least after 40 h milled 

condition. Hence it can be suggested that particle size distribution upon 40 h of milling is 

relatively more uniform as compared to the previous milling stages. Small particle size 

helps in improving densification of the powder due to large surface to volume ratio. 
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Initially the average particle size is about 50 µm, and then it reduced to 3.5 µm after 40 h 

milling. Although the flaky nature of the particles was retained after milling, the 

morphology of powder particles has changed such that in the initial stages of milling the 

particles appear in group and overlapping on one another. While in later stages, as milling 

times increases the finer particles can be individually distinguished. 

Table 4.1: Average particle size of milled powder (Alloy A) at different milling times 

 Particle size (µm) 

Milling time 
Particle Size 

Analyzer 
Image analyzer 

(a) 0h 50.86 ± 6.19 39.24 ± 4.19 

(b) 5 h 32.25 ± 5.82 29.00 ± 4.03 

(c) 10 h 20.58 ± 4.23 16.49 ± 3.59 

(d) 20 h 10.53 ± 3.46 9.68 ± 2.55 

(e) 30 h 5.12 ± 2.09 4.16 ± 2.01 

(f) 40 h 3.50 ± 1.96 3.41 ± 1.75 

 

4.1.3 Crystallite Size and Residual Strain Calculations 

The data from X-ray diffraction spectrums of all alloy powders at different stages of 

milling were used for theoritical calculations of their crystallite sizes. Table 4.2 lists  

Crystallite Size (nm) and Residual strain (%) values at different milling times (h) 

calculated by using Williamson–Hall equation (Equation 4.1),  




 sin4)
94.0

(cos 
D                                                        

(4.1) 

where D is the crystallite size, β - FWHM and θ - bragg angle, measures average nano-

crystallite size, λ - wave length of X-rays, η - strain. The gradual increase in full-width at 

half maximum (Δθ) as milling time increases indicates the reduction in crystallite size 

and residual strain build up have happened. Crystallite sizes calculated from full-width 

half maxima (FWHM) of the high intesity peak  of each individual spectrum of alloy A, 

alloy B and alloy C are shown in Fig.4.3 (a), (b), and (c) respectively. Instrumental 

broadening measured from X-ray diffraction patterns of pure silicon i.e. the β standard (Si 

111) value was 0.18 (°2θ). Profile fitting in the X‟pert high score plus software fits 

Pseudo-Voigt profile function to the measured data, this has also deconvoluted the 

overlapped peaks and hence more reliable peak parameters were obtained.  
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Table 4.2: Crystallite Size (nm) and Residual strain (%) values at different milling times (h) 

Milling 

time (h) 

 

Crystallite Size (nm) 

 

Residual strain (%) 

 Alloy A Alloy B Alloy C Alloy A Alloy B Alloy C 

0 437.00 459.00 416.00 0.03 0.23 0.15 

1 138.00 142.73 178.20 0.15 0.37 0.93 

5 40.85 52.10 53.00 0.17 0.57 1.72 

10 22.87 27.45 26.00 0.32 0.65 2.38 

20 18.33 16.86 14.00 0.49 0.81 2.65 

30 14.03 15.86 9.00 0.72 0.98 2.88 

40 11.73 9.51 7.00 0.76 1.19 3.21 

 

                                  (4.2) 

To calculate their average crystallite sizes equations 4.1 and 4.2 were used. The average 

crystallite size of before milling alloy A was 437 nm while after 40 h of milling it 

decreased to 11.73 nm. The calculated average crystallite sizes of ODS alloys alloy B and 

alloy C after 40 h of milling are in the range of 7 to 10 nm. Residual strain induced was 

found to be more in the alloy C powders and least in alloy A powders. These results 

confirm that the addition of 1 wt. % nano-oxides can affect the crystallite size and 

residual strain of the alloy powders during the course of milling. 

  dardsobservedstructural tan
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Fig.4.3: Variation in crystallite size (nm) and residual strain (%) with increasing milling time (h) 

of (a) alloy A, (b) alloy B, and (c) alloy C powders 

 

4.1.4 Compositional Micro-analysis of Powders by EDS 

Electro dispersive spectroscopy (EDS) analysis results of alloy powders after milling 

them up to 40 hours are shown in Fig.4.4. The elemental proportions of Fe, Ni and Cr are 

in conformity with the initial powder composition taken before milling, Fig.4.4 (a). 

Fig.4.4 (b) consists of small peaks of yttrium and oxygen confirming the presence of 

Y2O3 in the milled alloy B powder. Similarly, the peaks of titanium and oxygen in (EDS) 

spectrum of alloy C Fig.4.4 (c) stand as evidence for TiO2 presence. No sign of 

intermetallic phases of Fe, Ni or Cr with yttrium or titanium was observed in X-ray 

diffraction analysis, shown in Figs.4.1 (a), (b), and (c). Hence, the yttrium and titanium in 

the alloys B and alloy C respectively should exist as initially added nano-oxides. Table 

4.3 summarizes the EDS analysis of powders mechanically alloyed for 40 h. 
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Fig.4.4: EDS spectrums of 40 h mechanically alloyed powders of (a) alloy A, (b) alloy B                 

and (c) alloy C 

 

Table 4.3: Summary of EDS analysis of 40 h mechanically alloyed powders 
 

Alloy 

 

Elements (wt %) 

Cr Ni Ti Y O Fe 

A 19.40 10.96 - - 0.03 Balance 

B 19.29 10.92 - 0.37 0.54 Balance 

C 19.21 10.94 0.58 - 0.38 Balance 
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4.2 Characterization and Properties Evaluation of Sintered 

Products 

4.2.1 Conventionally Sintered Products 

Phase Identification by XRD Analysis 

Fig.4.5 shows the XRD patterns of alloy A, B and C respectively, sintered at 1150 °C for 

1 hour in Ar atmosphere. It reveals that the presence of predominant austenite phase and 

also the presence of ferrite phase. Similar, kind of observation has been found by 

Shashanka R et al [66]. The patterns suggest no formation of intermetallic in alloy A and 

alloy B but Ni3Ti intermetallic peak was obtained for alloy C after sintering. The 

austenitic peaks obtained are of high intensity and sharper indicating substantial grain 

growth and perfect crystallographic orientation. In summary, by X-ray diffraction 

analysis the phases found in each alloy are as follows: Alloy A- austenite and, ferrite, 

Alloy B- austenite, ferrite and, Y2O3, Alloy C- austenite, ferrite, TiO2 and, Ni3Ti.   

 

Fig.4.5: X-ray diffraction patterns of conventionally sintered (at 1150 °C) Alloy A, Alloy B and 

Alloy C 
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Microstructural Evolution by SEM and EDS 

Figs.4.6 (a), (b) and (c) show the FE-SEM micrographs of the sintered pellets of alloy A, 

alloy B and alloy C respectively. Throughout the microstructures of all three alloys a 

combination  of bright and dark phase is present. The XRD results (Fig.4.5) also confirms 

the presence austenite and ferrite phases in the sinteted pellets. From the EDS analysis of 

alloy A (Table 4.4), it was found that the bright areas are Ni-rich (austenite phase) and 

dark areas are Cr-rich (ferrite phase). The summary of EDS analysis of bright and dark 

phases present in alloy A are tabulated in Table 4.4. 

 

Fig.4.6: FE-SEM micrographs of (a) alloyA, (b) alloy B, (c) alloy C conventionally sintered at 

1150
o
C for 1 h 

Fig.4.7 shows EDS patterns of sintered alloy A (a), alloy B (b) and alloy C (c). It is observed 

that there is variation in volume fraction of Ni-rich and Cr-rich phases in the three alloys. 

The variation in volume fraction of Ni and Cr- rich phases as observed in Fig.4.7 is due to 

the fact that any kind of sintering process is diffusion controlled process which depends 

on time, temperature and diffusion coefficient of the constituents. During sintering, 
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diffusion of Ni and Cr in austenitic stainless steel may alter because the diffusion 

coefficients of Ni and Cr are different. As a result of that there is pretty chance of the 

formation of Ni rich and Cr-rich phase in materials. As the alloys are different, the 

volume fraction of Ni and Cr rich phase will be different. Apart from presence of  Fe, Cr, 

and Ni Figs.4.7 (b) and (c) show presence of Y, O and Ti, O respectively.   

 

Table 4.4: Summary of EDS analysis of bright phase and dark phase in alloy A 

Elements Bright Phase wt. % Dark Phase wt. % 

Fe 72.96 73.17 

Cr 8.81 23.08 

Ni 18.23 3.75 

 

 

 
Fig.4.7: EDS patterns of (a) alloy A, (b) alloy B, (c) alloy C processed by conventional sintering 

  

4.2.2 Spark Plasma Sintered Products 

Phase Identification by XRD Analysis 

Figs.4.8 a-c, show the XRD patterns of the three alloys consolidated by spark plasma 

sintering at 800, 900 and 1000 C. It reveals that the presence of predominant austenite 

phase and also ferrite phase for all the alloys at different sintering temperatures. 

Furthermore, the presence of Y2O3 and TiO2 phase were identified in alloy B and alloy C, 



 

43 
 

respectively. Also, Fig.4.8(c) reveals the presence of nickel-titanium intermetallic (Ni3Ti) 

in alloy C. During sintering, there is a chance of formation of Ni-Ti intermetallic because 

Ti is reactive element which comes from its partial diffusion from TiO2 and also it has a 

great affinity towards Ni. So there is a possibility for Ni-Ti intermetallic formation during 

sintering. On the other hand yttrium from Y2O3 is not so reactive, thermodynamically 

more stable, to form any intermetallic with Ni. 

 

Fig.4.8: XRD patterns of samples sintered by spark plasma sintering (SPS) at different 

temperatures: (a) alloy A, (b) alloy B, and (c) alloy C 

 

Microstructural Evolution by SEM and EDS 

Figs.4.9a-c show scanning electron micrographs of alloy A consolidated at (a) 800 °C, (b) 

900 °C, and (c) 1000 °C by spark plasma sintering. From Fig.4.9a it is clear that there is 

porosity (dark regions) in all the microstructures. By close observation dark and bright 

phases can also be distinguished in the micrographs similar to that of samples sintered by 

conventional sintering (Fig.4.6) but are only fine in size. XRD analysis (Figs.4.8a-c) also 

confirmed the presence of austenite phase and ferrite phases in the alloy. From EDS 

spectrums shown in Figs.4.12a-b, it was confirmed that the dark phase belongs to ferrite 
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and bright phase belongs to austenite. Furthermore, the microstructures reveal that the 

sample sintered at 800 °C shows the minimum density or maximum area fraction of 

porosities in the microstructure which is attributed to incomplete grain bridge formation 

or welding at relatively low temperature resulting in partial sintering of the sample. 

 

Fig.4.9: Scanning electron micrographs (FE-SEM) of alloy A processed by spark plasma  

sintering at (a) 800 °C, (b) 900
o
C, (c) 1000 °C 

Similar trend was observed in microstructures of alloy B and alloy C shown in Figs.4.10 

and 4.11 which consist of bright phase, dark phase the black spots are pores. Also, from 

Figs.4.10 and 4.11 it is clear that the pores lose continuity which is observed in 

microstructure of samples sintered at 800 °C (Fig.4.10a and Fig.4.11a) and become 

smaller as the sintering temperature increases. This reduction in porosity can be attributed 

to higher extent of pore closure occurred in the alloys sintered at higher temperatures. 
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Fig.4.10: Scanning electron micrographs (FE-SEM) of alloy B processed by spark plasma 

sintering at (a) 800 °C, (b) 900
o
C, (c) 1000 °C 

The austenite and ferrite phases as obtained by XRD analysis of the sintered samples 

(Fig.4.8) are uniformly distributed in the microstructure of all the alloys which can be 

clearly observed in Fig.4.10c. Figs.4.12a-b show EDS spectrums of bright and dark 

phases in alloy A, which are of austenite and ferrite respectively. These findings are 

similar to that of conventionally sintered alloys with little variation in relative amounts of 

Fe, Cr, and Ni.  
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Fig.4.11: Scanning electron micrographs (FE-SEM) of alloy C processed by spark plasma 

sintering at (a) 800 °C, (b) 900 °C, (c) 1000 °C 

 

 
 

Fig.4.12: EDS spectrums of (a) bright phase and (b) dark phase in spark plasma sintered alloy A 
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As mentioned earlier the EDS spectrums of bright phase and dark phase reveal the 

elemental proportions of Fe, Cr, and Ni in wt.%.  The micro-compositional analysis by 

using EDS spectrum of bright phase and dark phase of alloy A are summarized in Table 

4.5. 

 

Table 4.5: Summary of EDS analysis of bright phase and dark phase in SPS alloy A 

 

4.2.3 Evaluation of Physical and Mechanical Properties of Consolidated 

Products 

Physical Properties 

Figs.4.13a and b show variation of bulk density and porosity of the sintered samples, 

measured using Archimedes principle, as a function of sintering temperature for all three 

alloys. From the density values of conventionally sintered samples, Fig.4.13a, it was 

found that the maximum density is achieved for alloy C and minimum density for alloy 

A. From Fig.4.13b it is evident that density increases with increase in sintering 

temperature for all the SPS alloys. The bulk density and porosity values of all the three 

sintered alloys by conventional sintering and SPS, measured using Archimedes principle, 

as a function of sintering temperature are summarized in Table 4.6. It clearly reveals that 

a maximum density of 7.77g/cc was attained for SPS alloy C by sintering at higher 

temperature i.e. 1000 °C. Relatively low density at lower temperature is because of 

incomplete diffusional bonding. Previous investigations have reported dependence of 

density on sintering temperature and that increase in sintering temperature would lead to 

enhanced diffusion [25]. Kerry N. Allahar et al [67] also have reported the influence of 

sintering temperature on relative density values of alloys milled for 40 h duration and 

consolidated by spark plasma sintering. In which, it was found that, particularly the 

consolidated samples of the powder milled for 40 h were most influenced by sintering 

temperature among unmilled (0 h) powder and 20 h milled powder. Density values of 

conventionally sintered alloys (6.57 - 6.89 g/cc) are lower than those of SPS alloys (7.06 -

7.77 g/cc). The maximum density of alloy C processed by spark plasma sintering is 

attributed to the continuous application of pressure (30 MPa) at high temperature during 

Elements Bright phase Wt. % Dark phase Wt. % 

Fe 74.97 71.38 

Cr 9.45 20.92 

Ni 15.58 7.70 
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the sintering process. As a result samples processed by SPS for 5 min were densified 

greater than 90% but samples that sintered by conventional method for longer duration, 1 

h, in furnace achieved only nearly 85% densification. 

 
Fig.4.13: Variation of density and porosity values of (a) alloy A, alloy B and alloy C processed by 

conventional sintering at 1150
o
C, (b) alloys processed by spark plasma sintering at 800 

°C, 900 °C, 1000 °C 

 

Table.4.6: Density and porosity values of conventional and spark plasma sintered alloys 

 Conventional sintering Spark plasma sintering 

Alloy 
Sintering 

temperature(°C) 

Density 

(g/cc) 

Porosity 

(%) 

Sintering 

temperature(°C) 

Density 

(g/cc) 

Porosity 

(%) 

Alloy A 

1150 

 

6.57 

 

18.18 

 

800 7.06 10.50 

900 7.19 8.841 

1000 7.40 7.743 

Alloy B 6.70 16.04 

800 7.18 11.52 

900 7.32 9.89 

1000 7.48 4.01 

Alloy C 6.89 13.22 

800 7.3 8.06 

900 7.48 5.79 

1000 7.77 2.02 

 

Mechanical Properties 

Fig.4.14 represents the apparent Vickers hardness values of all alloys sintered by 

conventional sintering and spark plasma sintering. It is observed that the hardness values 

of conventionally sintered alloys are in the range of 268 - 464 HV and the hardness values 

of samples sintered by SPS are in the range of 476 - 724 HV which records almost 1.5 to 
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2.0 times the hardness values of samples sintered by conventional method. This is due to 

presence of high porosity (Table 4.6) and substantial grain growth during sintering by 

conventional methods. On the other hand, the hardness values of alloys sintered by SPS 

show the function of sintering temperatures and it gradually increases with increasing 

sintering temperature as similar kind of trends were found in the previous section that the 

increase in density with increase in sintering temperature (Table 4.6). Hence, the highest 

hardness value obtained at 1000 °C samples for all the alloys. Furthermore, a close 

comparison of the densities achieved in different alloys concludes that the maximum 

hardness is obtained when processed by spark plasma sintering which yields the highest 

density too. The summary of the measured hardness values of all the alloys processed by 

both conventional and spark plasma sintering are shown in Table 4.7. From Table 4.7 it is 

also clear that the hardness is a function of alloy composition and alloy C offers highest 

hardness for both the processing routes.  

 

 

Fig.4.14: Vickers hardness values of all alloys processed by conventional sintering and spark 

plasma sintering (SPS) 

The maximum hardness achieved is 724.9 HV, for alloy C spark plasma sintered at 1000 

°C. In general it is taken into account that the apparent hardness depends on grain size, 

density, alloying elements and phase structure. Hence, apart from densification the nano-

Y2O3 or nano-TiO2 particles in alloy matrix of alloy B and alloy C respectively, 

contributed to their high hardness. Nano-oxide particles contribute significantly to 

mechanical properties of an alloy [23].  
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Wear Behaviour Study 

In order to study the wear mechanism quantitatively, the volume loss of sample (V) at a 

given load has been calculated using the equation 4.3 recommended by ASTM standard G 

99 – 95a.  

 
)

2
(r6

)3(w)
1

π(r

=3loss(V),mmvolumeDisk

                                          

(4.3) 

Where, r1= wear track radius in mm, w = track width in mm, r2= sphere radius in mm 

It is valid to use this equation for present wear condition which follows the condition that 

there is no significant pin wear. Fig.4.16- 4.18 shows optical microscopy images of wear 

track surfaces, which are used to measure the wear track widths (w). From the calculated 

wear volume the wear rate is calculated using the equation 4.4. Fig.4.15 shows variation of 

wear rate per unit sliding distance (×10
-7 

mm
3
/mm), the wear rate was found to be high 

for samples sintered by conventional sintering than that of SPS samples. 

mm/3mm,
cetandisslidingtotal

V
=rateWear

                                   

(4.4) 

It was also observed that, in SPS alloys the wear rate decreases with increase in sintering 

temperature. The dependence of wear rate of the alloys on sintering route and sintering 

temperature is directly related to their respective density and hardness. In the previous 

section it was discussed that densities of samples sintered by conventional sintering are 

low compared to that of samples sintered by SPS. Therefore the wear rates obtained for 

all alloys consolidated by conventional sintering are in the range of 16.8×10
-7

 to 20.3×10
-7

 

(mm
3
/mm) while SPS alloys have comparatively very low wear rates of 3.17×10

-7
 to 

8.87×10
-7

 (mm
3
/mm). Also, the difference in wear resistance in terms of wear rate 

calculated is much less between the oxide dispersion strengthened alloys (ODS), alloy B 

and alloy C. But, the difference is significant between ODS (alloy B, alloy C) and non-

ODS alloys (alloy A) clearly indicating the effect of nano-oxide dispersions on the 

material wear rate.  
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Fig.4.15: Wear rate values of all alloys processed by conventional sintering and spark plasma 

sintering 

Material loss due to wear was significant in conventionally sintered alloys because of 

localised plastic deformation. As these sintered samples are of low density and more 

porous surface, wear happened very rapidly. In all the alloys both conventional and spark 

plasma sintered, SPS alloy C sintered at 1000 °C recorded the minimum wear rate of 

3.17×10
-7

 (mm
3
/mm). The higher wear resistance of this alloy is because of the presence 

of nano - TiO2 particles which are harder than Y2O3 particles. 
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Fig.4.16: Optical microscope images showing wear tracks of (a) alloy A and (b) alloy B 

spark plasma sintered at 800 °C 

 

 

Fig.4.17: Optical microscope images showing wear tracks of (a) alloy B and (b) alloy C            

 Spark plasma sintered at 900 °C 

 

 

 

 

Fig.4.18: Optical microscope image showing wear track of alloy C spark plasma sintered at 1000 

°C 
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4.3 Isothermal Oxidation Study of Consolidated Products 

The studies on oxidation resistance under isothermal condition of all the alloys have been 

carried out in dry air at 1000 °C. Fig.4.19 shows the kinetics of isothermal oxidation in 

terms of cumulative weight gain (per unit area) as function of time (h). During the 

oxidation process it was observed that oxidation behaviour of spark plasma sintered 

alloys is better than that of conventionally sintered alloys. Better oxidation behaviour of 

SPS alloys is believed to be the result of their relatively fine microstructure and physical 

integrity. Fig.4.20 shows the rate constant of isothermal oxidation (Kp) during exposure to 

1000 °C for SPS alloy A, alloy B, and alloy C (sintered at 900
o
C) and conventionally 

sintered alloy A, alloy B, and alloy C.  It may be noted from Fig.4.20 that the rate 

constant of alloy A is high and that of alloy C is low for both the sintering techniques. 

Conventionally sintered alloys have higher rate constant (Kp) of isothermal oxidation than 

that of SPS alloys and among which alloy C has lower rate constant value. 

 

 

Fig.4.19: Kinetics of isothermal oxidation of  SPS alloy A, alloy B and alloy C (sintered at 900 

°C)  and conventionally sintered alloy A, alloy B and alloy C in terms of mass gain per 

unit area as a function of time during isothermal exposure to 1000 °C in dry air 

In all the alloys, the rate of weight gain is very quick in the initial stages and reaches a 

steady state beyond certain duration of time. The steady state is reached because of the 
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formation of a protective layer on the sample surface. The parabolic law equation 

(equation 4.5) represents the kinetics of isothermal oxidation. 

))(()( tKW p
n 

                                                                
(4.5) 

Where, ΔW is mass gain per unit area (mg/cm
2
), t is the time (h), n value is taken as 2, and 

Kp is the rate constant.  

The material loss due to isothermal oxidation at 1000 °C is least for SPS alloy C. While in 

conventionally sintered alloy A it was found to be highest. The fine grain structure of SPS 

alloys had beneficial effect on their oxidation behaviour. 

 

Fig.4.20: Rate constant during isothermal exposure to 1000 °C dry air for alloy A, alloy B 

and alloy C consolidated by two different processes namely; conventional sintering 

at 1150 °C and spark plasma sintering at 900 °C 

 

Evidently from Fig.4.19 and Fig.4.20, depending on the alloy composition and sintering 

route, different oxidation behavior of alloys were observed, which are: 1. Growth of a thin 

protective oxide scale with small mass change, 2. Accelerated attack with spallation with 

significant material loss [68]. Fig.4.21 shows the microstructures of oxide scales on 

conventionally sintered and SPS samples. The surface was covered with a compact oxide 

scale consisting of small grains of less than 2 µm in size and big nodules of about 2-3 µm in 

size such that the small grains fill up the gaps among the bigger ones. Scale formation and 



 

55 
 

growth in conventionally sintered alloy A was found to be greater than that of all other 

samples. Uniform protective oxide layer was observed on SPS alloy A, B and C which 

explains lowest weight gain of these alloys per unit time of exposure to 1000 °C 

temperature. In these alloys the formation of (Fe, Cr)2O3 inhibits faster diffusion of alloy 

elements because of nano-crystalline structure. This causes decrease in parabolic rate of 

oxidation compared to conventionally sintered alloys. Fig.4.21 (a) and Fig.4.2 (b) of 

conventionally sintered alloys show no indication of early oxide layer formation but their 

surfaces have saturated with increasing amounts of Fe and Cr oxides upon prolonged 

exposure to 1000 °C. In oxide dispersion strengthened steels Y2O3/TiO2 segregates at the 

grain boundaries which may reduce the (Cr
+3

/Fe
+3

) cations moving outward across grain 

boundaries. This means that the oxide particles also reduce the inward oxygen flow. 

 

 

Fig.4.21: SEM micrographs of conventionally sintered (a) alloy A, (b) alloy B, and (c) alloy C, 

and spark plasma sintered (d) alloy A, and (e) alloy B and (f) alloy C after isothermal 

oxidation at 1000 °C for 50 h 

From the detailed microstructural characterization of the oxide scale of all the alloys it is 

clear that the discontinuous Cr2O3 layer that formed at the beginning of oxidation, was not 

sufficient to protect the alloys from internal oxidation.However the mechanism in which 

oxidation occurs in metallic materials can be explained by grain boundary diffusion at the 

oxidation temperature. Previous investigations on oxidation behaviour [10] of metallic 

materials prove that when exposed to long durations at high temperature, these materials 

undergo grain coarsening through diffusion. This kind of diffusion follows equation 4.6 

where in, De is total effective diffusion co-efficient of the grain, Db is the grain boundary 

diffusion and Dv is the average volume diffusion of the grain and Vf  is the volume 
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fraction of grain boundaries in the polycrystalline materials. Vf  = psx/d, where p is the 

numerical factor defending on grain shape, (p = 1 for parallel grain boundaries), x is the 

grain boundary thickness, s is the segregation factor and d is the spacing between grain 

boundary.  

vfbfe DVDVD )1( 
                                                

  (4.6) 

 

While at grain boundaries of non-ODS microstructures, cation and oxygen flux would be 

greater resulting in higher oxidation and scale formation. The Fe+2 or Fe+3 ions migrate 

towards the free surface leading to the formation and rapid growth of Fe2O3. Blocked by 

Cr2O3, Fe2O3 nucleates and grows discontinuously in areas such as the non-compact 

Cr2O3 scale or micro-defective areas; leading to some bulges and pores. Subsequently, 

outward diffusion of Cr into Fe2O3 scale leads to dissolution of Cr3+ in Fe2O3 lattice to 

form (Fe,Cr)2O3 mixed oxide scale. This Cr diffusion and dissolution not only causes 

formation of stable (Fe,Cr)2O3 phase, it also fills the gaps within Cr2O3-rich scales in 

areas without Fe2O3 and hinders the inward diffusion of oxygen to restrict the formation 

or continuous growth of the oxide scale. The chemical reactions during oxidation can be 

summarized as follows: 

 

4Cr + 3O2→ 2Cr2O3                                                                                                     (4.7) 

4Fe + 3O2→ 2Fe2O3                                                                                                     (4.8) 

2Cr+Fe2O3→ (Fe, Cr) 2O3                                                                                                                                          (4.9) 

X-ray diffraction analysis carried out on oxidised specimen gave an overview of the oxide 

phases on the specimen surface. Among all peaks, prominent were of Cr2O3 and 

Fe2O3phases and (Fe, Cr)2O3 phase was also identified. These are the most common 

oxides which exist in oxide film on austenitic stainless steel. XRD results of SPS alloys 

after oxidation for 50 h at 1000 °C shown in Fig.4.23 suggest the presence Cr2O3 in 

considerable amount. 



 

57 
 

 

Fig.4.22: X-ray diffraction patterns of conventionally sintered (a) alloy B,(b) alloy C after 

isothermal oxidation at 1000 °C for 50 h 

 

While Fe2O3 is the predominant phase in oxide layer of samples sintered by conventional 

sintering, shown in Fig.4.22. Cr2O3 is taken as the most protective oxide owing to very 

low diffusion constants for both metal ions and oxygen. 

 

Therefore, with all these details combined it can be deduced that the present austenitic 

(with nano-oxide dispersed) SPS alloys have high oxidation resistance. The formation of 

(Fe,Cr)2O3 phase is because both Cr and Fe have same crystal structure (BCC), 

completely soluble in each other and hence forming a solid-solution of chromium iron 

oxides. The weight gain (mg/cm
2
) per unit time results obtained, shown in Fig.4.19, 

reflects the minimal scale formed on SPS alloy surfaces. The rate constant of spark 

plasma sintered alloys increased with decreasing sintering temperature. Rate constant of 

conventionally sintered alloy A was found to be highest.  
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Fig.4.23: X-ray diffraction patterns of SPS (a) alloy A, (b) alloy B, and (c) alloy C after 

isothermal oxidation at 1000 °C for 50 h 

4.4 Comparison of Properties 

Density, porosity and physical integrity contribute towards mechanical behaviour of all 

the developed alloys and strongly depend upon alloy composition, sintering temperature 

and processing route. For SPS alloys, as sintering temperature increases from 800 °C – 

1000 °C density increases and porosity decreases. Spark plasma sintered samples have 

better density (Table 4.7) compared to those produced by conventional sintering process.  

This is because process parameters play a vital role in achieving highest level of 

densification. In spark plasma sintering rapid agglomeration of powder particles 

facilitates retaining of fine grain structure. While in conventional sintering, the 1 hour 

sintering time at 1150 °C was sufficient for diffusion and grain coarsening during the 

process. Absence of required pressure, for desired agglomeration, in this process leaves 

some of the pores from compaction without any change, resulting in low dense products.  

As stated before, variation in hardness of sintered samples depends on sintering 

temperature, alloy composition, density and porosity and processing route. With all other 
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process parameters maintained constant hardness of the sintered alloys increased with 

increase in sintering temperature. SPS alloy C sintered at 1000 °C has highest value of 

hardness while conventionally sintered alloy A has lowest hardness. The hardness value 

of alloy C is the highest as compared to other two alloys this because the presence of 

nano-TiO2 particles which have higher elastic modulus (288 GPa) than that of nano-Y2O3 

particles (173 GPa). This is also described from the chemical structure of TiO2 which 

consists of two distorted tetrahedral site oxygen atoms (of four O atoms) in the unit cell of 

TiO2 are responsible for the high hardness of TiO2. In alloy A the absence of any particle 

reinforcement results in even lower hardness than alloy B. Since hardness of nano-

particles directly affects the hardness of the sintered sample, alloy C has higher hardness 

than the other two alloys. The contribution of nano-TiO2 particles in conventionally 

sintered alloy C is neutralized by its low density. But in SPS alloy C with above 95% 

density the same dispersion which has contributed to more refined microstructure 

enhanced the hardness.  

Table 4.7: Summary of Physical and Mechanical Properties of all Alloys Developed by 

Conventional and Spark Plasma Sintering 

 

Alloy 

Sintering 

temperature 

(°C) 

Density 

(g/cc) 

Porosity  

(%) 

Hardness  

(HV) 

Wear Rate 

(×10
-7 

mm
3
/mm) 

Conventional 

Sintering 

Alloy A  

1150 

 

6.57 18.18 268.0 20.30 

Alloy B 6.70 16.04 437.6 18.40 

Alloy C 6.89 13.22 464.9 16.80 

Spark Plasma 

Sintering 

Alloy A 

800 7.06 10.50 476.0 15.62 

900 7.19 8.84 522.6 10.06 

1000 7.40 7.74 586.4 8.87 

Alloy B 

800 7.18 11.52 615.0 5.95 

900 7.32 9.89 615.0 5.42 

1000 7.48 4.01 628.0 5.23 

 

Alloy C 

800 7.30 8.06 657.0 4.30 

900 7.48 5.79 684.2 3.77 

1000 7.77 2.02 724.4 3.17 

 

Wear resistance of the sintered alloys increased with increase in sintering temperature for 

both the consolidation processes as it happened for hardness. The wear tests conditions 

having maintained same for all alloys, the difference in their wear rates points out to 

dependence of wear behaviour on alloy composition, sintering route and sintering 
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temperature. Higher wear resistant properties were obtained for SPS alloys compared to 

that of conventionally sintered alloys. However among SPS alloys, nano-TiO2 dispersed 

alloy (alloy C), sintered at 1000 °C is better resistant to wear than the other alloys. 

Oxidation resistance properties also depend on alloy composition, sintering temperature, 

sintering route and oxidation time. In conventionally sintered alloys presence of Fe2O3 

phase (Fig.4.21) is identified to be more in the oxide scale which is the result of greater 

oxidation compared to that of SPS alloys. SPS Alloy C has superior oxidation resistance 

property than all other alloys. Due to fine grain structure the formation of Cr2O3happened 

much faster on SPS alloy surfaces and hence protecting the alloys. The XRD results of 

oxidised SPS samples indicate presence of Cr2O3 in higher amounts than Fe2O3.  
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Chapter 5 

 

Summary and Conclusion 

 
In the present study, a comprehensive effort has been made to develop austenitic 

alloys with compositions 70Fe-19.0Cr-11.0Ni (alloy A), 69.0Fe-19.0Cr-11.0Ni-1.0Y2O3 

(alloy B) and69.0Fe-19Cr-11Ni-1.0TiO2 (alloy C) (in wt. %) by mechanical alloying and 

subsequent consolidation by conventional sintering and spark plasma sintering. As 

mechanical alloying yields powders, a major effort in this work has been devoted to 

explore different routes of consolidation and optimizing relevant sintering parameters for 

developing bulk components retaining the novel microstructure obtained by mechanical 

alloying. By evaluating the results in terms of synthesis and characterization, 

consolidation, physical properties (density and porosity), mechanical properties (hardness 

and wear resistance property) and high temperature oxidation resistance in three sets of 

alloys with variation of alloy composition and sintering temperature a considerable 

volume of novel and new understanding about effect of nano-oxide dispersion and 

sintering temperature on the present austenitic stainless steel has emerged. Major outcome 

of the present study are summarized as follows: 

1. Mechanical alloying is a potential route for synthesis of nano- Y2O3/TiO2 dispersed 

austenitic stainless steel powders with nominal compositions of 70.0Fe-19.0Cr-11.0Ni 

(alloy A), 69.0Fe-19.0Cr-11.0Ni-1.0Y2O3 (alloy B) and 69.Fe-19 Cr-11 Ni-1.0TiO2 

(alloy C). 

2. From the XRD analysis it is found that alloy powders at different stages (1 h, 5 h, 10 

h, 20 h, 30 h and 40 h) during mechanical alloying indicates the presence of 

predominant phase austenite (FCC) with also evolution of ferrite (BCC) phase after 1 

h of milling.  

3. There was gradual reduction in crystallite size with increase of milling time. The 

crystallite size reduction from 450 to 11.73 nm for alloy A, 459 to 9.51 nm for alloy B 

and 416 to 7 nm for alloy C respectively, with increase in milling time.  

4. Particle size analysis at different times (0 h, 5 h, 10 h, 20 h, 30 h and 40 h) of ball 

milling of alloy A powder show reduction in particle size from  51 to 3.5 µm. Similar 
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kind of trend has been observed through SEM analysis that the average particle size 

reduced from 40 to 3.4 µm. 

5. Phase evolution of consolidated products (conventional sintered and SPS alloys) by 

XRD analysis showed presence of predominant austenite and ferrite phases for all 

alloys. XRD analysis of alloy Cshowed presence of intermetallic precipitate phase 

Ni3Ti along with the presence of austenite and ferrite phases. 

6. Bulk mechanical (hardness, wear resistance) properties of present alloys consolidated 

by spark plasma sintering (SPS) record high levels of hardness (476–724.4 HV) which 

is 1.5 to 2.0 times higher than that of conventionally sintered alloys (268-464 

HV).Alloy C sintered by sample spark plasma sintered at 1000 °C records superior 

hardness (724.4 HV) compared to other alloy samples. Similar kind of trend was 

observed for its wear study. It is observed that alloy C has least wear rate of 3.1710
-7

 

mm
3
/mm. 

7.  The oxidation resistance property of oxide dispersion strengthened alloys (alloy B 

and alloy C) has improved significantly compared to alloy A. The rate of oxidation 

decreased with increase in sintering temperature in SPS alloys and is least for alloy C 

spark plasma sintered at 1000 °C. 

8. Also, it is clear from isothermal oxidation study that the samples which are 

consolidated by spark plasma sintering form a protective oxide scale much faster than 

conventionally sintered samples and hence restricting oxidation only to surface of the 

sample. The improvement in oxidation resistance property in SPS alloy C is attributed 

to the formation of a relatively continuous oxides of Fe and Cr with the following 

compositions:  Fe2O3, Cr2O3and (Fe,Cr)2O3, presence of which was confirmed by X-

ray diffraction analysis.  

Thus, the above mentioned conclusions suggest that mechanical alloying followed by 

spark plasma sintering is a promising route for synthesizing austenitic stainless steel with 

nano-oxide dispersed matrix offering attractive mechanical and oxidation resistance 

properties. And that the nano-oxide dispersions significantly improve overall properties of 

the present austenitic stainless steel.  
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Future Work 

 
 The factors which control the mechanical properties of the present oxide dispersion 

strengthened (ODS) alloys i.e. hardness of nano-particles, size and distribution of 

nano-particles in the matrix, porosity volume fraction in the alloys, and grain size 

could be further studied in detail.  

 

 The effect of different nano-particles reinforcement on the wear resistance, i.e. the 

effect of abrasive mechanism after ploughing through the nano-particle could be 

investigated for better understanding of enhanced wear resistance property of oxide 

dispersion strengthened (ODS) alloys.   
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