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ABSTRACT 

 

The advanced energy systems being developed to achieve economy, safety, reliability and 

sustainability require high performance materials that can withstand to extremely hostile 

service conditions. Oxide dispersion strengthened steels are being considered as potential 

candidate materials for high temperature applications, such as, blanket materials for 

fusion reactors, fuel cladding for Generation–IV fission reactors and blades for gas and 

ultra–super critical steam turbines due to excellent properties, such as, high temperature 

strength and resistance to creep, corrosion, oxidation and neutron irradiation. Many of 

these alloys for above mentioned applications are based on Fe–(9–18 %)Cr–2W–0.2Ti 

matrix with yttria as dispersoids. The performance of ODS steels depends on the 

composition, size and number density of dispersoids in the matrix. These steels usually 

contain a high number density of fine (Y–Ti–O) complex oxide particles along with fine 

grained structure. Addition of Ti to the yttria containing steel is known to reduce the size 

and increase the number density and the volume fraction of complex dispersoids. Even 

though ODS–9Cr ferritic–martensitic steels exhibit nearly equi–axed grain structure, they 

suffer from corrosion and oxidation. The resistance to corrosion and oxidation of ODS 

steels can be enhanced significantly by increasing the Cr content from 9 to 18 % without 

causing much concern from  phase embrittlement. ODS steels are generally processed 

by mechanical alloying followed by consolidation either by hot extrusion or hot isostatic 

pressing. The emphasis of this work was aimed at developing a detailed understanding of 

the effect of mechanical milling duration on the microstructural evolution during various 

stages associated with manufacturing and the resultant mechanical, corrosion and 

oxidation properties of ODS–18Cr ferritic steel. 

 

Dispersion of oxide particles in 18Cr ferritic steel (Fe–18Cr–2.33W–0.34Ti) was done by 

high energy ball milling of pre–alloyed powders with Y2O3. Simultaneously, the base 

steel was also processed under similar conditions without Y2O3 for comparative 

assessment. The milling was carried out for varying times up to 6 h. Consolidation of the 

milled powders was achieved by upset forging and hot extrusion. Microstructural 

evolution was studied at different stages of processing for both milled powders and 

consolidated rods. The changes that occur in milled powders with increasing milling time 

(strain accumulation) with respect to crystallite size and oxide size were examined. The 
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xi 
 

size of crystallite and Y2O3 progressively decreased with milling time and reached a near 

steady state after 5 h. The Y2O3 particles in powders either formed atomic clusters or 

dissolved in the matrix under steady state condition. In hot upset condition, the 

microstructure consisted of regions of unrecrystallised grains along with areas consisting 

of fine grains. In the case of consolidated rods, microstructural changes in grain and oxide 

particle sizes for different milling times were evaluated. In extruded and annealed rods, 

decrease in grain size, size of oxide particles and increase in the number density of 

dispersoids (oxide particles) observed as the time of milling is increased. The significant 

increase in the number density of dispersoids with milling time is due to the increase 

participation of titanium in the formation of oxides and decrease in size. The dispersoids 

were identified to be of Y2Ti2O7 with cuboidal shape and       diamond cubic crystal 

structure. 

 

The effect of mechanical milling time on microhardness of 18Cr and ODS–18Cr powders 

and bulk hardness of upset forged and extruded+annealed ODS–18Cr steel along with 

NODS steel was evaluated. The microhardness of both 18Cr and ODS–18Cr ferritic steel 

powders increases with increasing milling time and attaining a steady state after 5 h.  The 

bulk hardness of ODS–18Cr steel is higher than NODS and increases with milling time. 

The tensile deformation and fracture behavior of ODS–18Cr ferritic steels were studied 

over a wide range of temperature (RT–800 C) as a function of milling time along with 

the oxide–free 18Cr steel (NODS) to understand the inter–relation between 

microstructure and mechanical properties. At all the test temperatures, the strength of 

ODS–18Cr ferritic steels increased with the duration of milling time. The overall tensile 

deformation behavior varied significantly with milling time, but, was similar up to test 

temperatures below 400 C. Beyond 400 C, the flow stress decreased rapidly, even 

though the general trend of increase in strength with milling time was retained up to the 

maximum test temperature of 800 C. The enhanced strength of yttria containing steels 

when compared to NODS is due to the development of ultra–fine grained structure along 

with fine dispersion of complex oxide particles. The ductility and strain hardening 

exponent of ODS–18Cr steels were lower than NODS steel and were found to decrease 

with milling time at all test temperatures. The concomitant roles of the microstructural 

features and oxide particles in the strengthening of ODS–18Cr steels from RT–800 C 

were rationalized using root of sum of squares model. The predicted flow stress values of 
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ODS–18Cr steel compare well with experimentally measured values. Fractographic 

examination carried out on ODS–18Cr and NODS fractured tensile samples, revealed that 

the fracture was in the ductile fracture mode with distinct neck and shear lip formation 

showing dimples of varying sizes for all milling times and at all test temperatures. The 

role of larger inclusions and nano–sized dispersoids in dimple nucleation and growth was 

evident in the fracture process. 

 

Corrosion resistance of high chromium steels, particularly in the marine environment, is 

of immense engineering importance. While the corrosion resistance of 18Cr steels is well 

studied, the corrosion behavior of the steels containing nano–sized dispersoids (ODS) is 

not examined in detail. The present study is aimed at understanding the influence of 

Y2Ti2O7 dispersoids on the corrosion behavior in 3.5 % NaCl medium by employing 

electrochemical and immersion techniques. The results clearly suggest that, a) the main 

corrosion damage is by pitting corrosion, b) the rate of localized corrosion is higher in 

ODS–18Cr steel, when compared to the base steel (NODS) steel and c) the rate of 

corrosion increased with increased milling time. The corrosion rate initially decreased up 

to 48 h of exposure beyond which it increased. The higher corrosion rate at higher 

exposure times was attributable to the formation of the passive oxide film which is 

porous. Impedance analysis indicated the formation of a surface film with better corrosion 

resistance for NODS than ODS–18Cr steels. The corrosion behavior assessed by 

immersion technique was also found to be similar. The inferior corrosion resistance of 

ODS ferritic steel when compared to the base steel (NODS) without dispersoids was due 

to the action of oxide particles in promoting nucleation of pits. The study indicates that 

the corrosion resistance of NODS steel was marginally higher than the ODS–18Cr steels 

and the difference is not significant. 

 

The high temperature oxidation behavior of 18Cr ferritic steel with and without yttria was 

studied by exposing the samples at different temperatures (650–850 C) for different 

times (100–2000 h). The weight gain with time during the oxidation was obtained and the 

morphology and composition in different regions of the oxidized samples were then 

analyzed. The weight gain increased with exposure temperature and time, following a 

parabolic rate law. At any given exposure temperature, ODS–18Cr samples exhibited 

lower weight gain than the NODS (dispersoid–free) sample and the weight gain decreased 
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with grain size. In both NODS and ODS–18Cr samples, the inner most oxide layer was 

found to be Cr2O3 at all the temperatures. The outermost layer of the oxide layer mainly 

consists of Fe3O4 at lower temperatures ( 750 C) and FeCr2O4 at higher temperature 

(850 C). The presence of fine grained structure and uniformly distributed fine oxide 

particles in ODS–18Cr steel are the main reasons for enhanced oxidation resistance.   
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CHAPTER 1 

INTRODUCTION 

 

A brief on the current knowledge of the identified topic is provided here, highlighting the 

necessity for the present study.  

 

The energy requirement of the world is increasing rapidly due to improvement in the 

living standards of developing nations and increase in world population (6 to 10 billion by 

2050) resulting in increased consumption of the fossil fuels. Hence, the concerns 

regarding the energy needs of the world have become an important topic over the past 

several years. It also led to the development of efficient, safe, clean and long lasting 

energy materials [1, 2]. It is projected that the world’s energy consumption shall increase 

to 25–60 TW by 2050 from the present 14 TW [2]. Electrical power is generated from 

several sources such as (a) fossil fuels (coal, petroleum and natural gas), (b) renewable 

(solar, wind, hydro, geothermal, biomass, tidal etc.) and (c) nuclear sources [3]. At 

present, fossil fuels contribute to more than 85 % of the total energy production of the 

world [4–6]. The carbon dioxide (CO2) released during the burning of fossil fuels 

contributes to the greenhouse effect, causing detrimental changes in the global climate 

[7]. The projected increase in energy demands and associated carbon emissions have 

necessitated the need to increase the efficiency of the existing thermal power plants by 

operating at a higher temperature (>650 C) and to identify alternative incessant energy 

supplies like nuclear or renewable energies. Nuclear power is an attractive source of 

efficient and reliable high density energy and at present its contribution is about 11 % of 

the total electricity produced in the world [8, 9].  It is economically viable and helps to 

reduce the environmental degradation due to lower CO2 emissions (five grams of carbon 

dioxide is emitted for each kilowatt–hour of electricity generated by nuclear reactor when 

compared to emission of 900 and 365 g of CO2 from coal and gas fired power plants 

respectively) [3] and also reduced the release of polluting gases (sulfur and nitrogen 

oxides) and particulate matter.  

 

The efficiency of thermal power plants can be improved by increasing the operating 

temperature which requires materials that can withstand to such high temperatures. 

Understanding of operational conditions is crucial for the selection of materials for the 
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above mentioned applications. The advanced materials being developed for efficient, 

safe, reliable and sustainable nuclear and thermal power plants should have high 

temperature strength, good creep and irradiation induced void swelling resistance, 

corrosion and oxidation resistance and compatibility with sodium, fuel materials and 

fission products. This chapter gives a brief discussion of future power reactors, various 

strengthening mechanisms in materials and evolution of materials for the above stated 

applications.  

 

1.1 Future generation power reactors 

1.1.1 Nuclear fission reactors 

Nuclear fission is a process in which atomic nuclei of heavy elements split into lighter 

fragments and release neutrons and huge amounts of energy. Nuclear reactors create and 

control fission reactions to generate heat and this heat energy is used to produce steam to 

generate electricity. In a fission reaction, the excellent but dangerous aspect is the chain 

reaction, in which, the neutrons that are released during the first fission reaction initiate 

consecutive fission reactions at an exponential rate. Thermal neutrons are the neutrons 

which have a low kinetic energy to cause fission. Fast neutrons have higher kinetic 

energy than thermal neutrons. A moderator is used in the nuclear reactor to slow down the 

fast moving neutrons to equilibrium thermal energies needed for fission. Fast reactors are 

designed in such a way that no moderator is required and are based on the fission caused 

by fast neutrons. The fast moving neutrons convert (U–238 and Th–232) into the 

fissionable material (Pu–239 and U–233) by using neutron capture which is called as 

“breeding” and each fast breeder reactor (FBR) include this process. FBRs produce more 

fuel from non–fissile materials than it consumes. 

 

Nuclear fission power employs several methods for electricity generation. Fig. 1.1 shows 

the timeline illustration of the evolution of different nuclear reactors. For the future 

nuclear energy production, Generation–IV (Gen–IV) fission reactors are being developed 

that incorporate economics, revolutionary design features, sustainability and improved 

safety features than the current generation nuclear reactors [10]. Very High Temperature 

Reactor (VHTR), Sodium–cooled Fast Reactor (SFR), Molten Salt Reactor (MSR), Lead–

cooled Fast Reactor (LFR), Gas–cooled Fast Reactor (GFR) and Super Critical Water–

cooled Reactor (SCWR) are the proposed six systems that being developed. 
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Fig. 1.1 Evolution of nuclear fission reactor generations [10]. 

 

1.1.2 Nuclear fusion reactors 

Fusion power plants are being considered as potential replacements for fission power 

plants that can give abundant amounts of clean energy, but the design of commercial 

fusion reactor poses scientific, technical and industrial challenges. Fusion power is 

produced by combining the light atomic nuclei to heavier one at extremely high 

temperatures (150 million degrees centigrade). This process uses superheated hydrogen 

isotopes in magnetically confined plasma to produce a large amount of energy. In this 

system, deuterium (
2
D) and tritium (

3
H) fuse to form an unstable 

5
H, which bursts into a 

4
He with 3.5 MeV of kinetic energy and a neutron with recoil energy of 14.1 MeV [11]. 
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International thermonuclear experimental reactor (ITER) project [12], envisages the 

setting up of experimental nuclear fusion reactor (Fig. 1.2). Many countries including, 

Japan, European Union, India, Korea, China, Russian Federation and the USA are part of 

the ITER project team.  
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Fig. 1.2 ITER demonstration device for the use of fusion power [12]. 

 

1.1.3 Thermal power plants 

Thermal power plants use fossil fuel mixed with compressed air to produce thermal 

energy in a boiler which converts water into steam at high temperature and pressure. The 

high pressure steam runs a steam turbine, by which mechanical energy is converted into 

electrical energy. The increase in operating temperature and pressure (700–750 °C and 35 

MPa) of steam will result in increased efficiency, which results in the reduction of CO2 

emission. The improvement in efficiency can be achieved by using high performance 

alloys for steam turbines, boiler membrane wall, super heater and reheater tubes and thick 

walled headers. The gas turbine is a combustion engine and in recent times, gas turbines 

have become one of the most efficient machines for converting fuel energy (liquid fuels 

and natural gas) to electrical energy. Air is compressed to high pressures in the 

compressor side of gas turbine and sent into the combustion chamber along with fuel in 

which fuel burns and releases hot gases. These hot gases pass through the turbine. There 

is current need for research and development on advanced structural materials required 

for thermal power plant applications. 

 

1.2 Materials requirement for the nuclear and thermal power plants 

Structural materials proposed for the advanced power reactors will need to meet rigorous 

material requirements. The materials in nuclear and thermal reactors are exposed to 

chemically reactive environments, combinations of high temperatures, varied stresses and 
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vigorous neutron radiation fields resulting in severe material degradation. Consideration 

of alloy systems for the above mentioned applications is based on the thermal and 

mechanical properties, resistance to radiation induced damage, economical constraints 

and radioactive decay behavior. Various types of materials, like stainless steels 

(austenitic, ferritic, ferritic/martensitic (F/M) and RAFM), zirconium based alloys and 

vanadium (V)–based alloys. In future generation power plants, oxide dispersion 

strengthened (ODS) steels and Ni–based super alloys have been selected as potential 

candidates for high performance structural materials.  

 

For centuries, metallurgists and material scientists have worked to produce high strength 

materials for the above mentioned applications without seriously sacrificing the ductility 

by exploiting various strengthening mechanisms. 

 

1.3 Strengthening of metals 

Strengthening of metals is needed because metals are invariably weak due to the nature of 

metallic bonding, which is diffuse and non–directional and also because of a large 

number of lattice defects. Dislocation, is an important defect, has high mobility because 

of the long–range periodicity of metallic lattices and the small translation vectors as 

compared to the spacing of the planes on which they move [13]. In crystalline metals, 

dislocations are the principal carriers of plastic deformation. Strength can be controlled 

by obstructing their dynamic motion by the addition of various microstructural obstacles 

through various strengthening methods. In metals, five broad categories of strengthening 

mechanisms exist and these are presented in Table 1.1. 
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Table 1.1 Summary of various strengthening mechanisms [14–16]. 

 

In many engineering alloys, the combination of several important strengthening 

mechanisms is exploited to achieve useful strength levels. The following simplified 

equation 1.1 gives the flow stress of a material. 

)( OrssPHof f     ,    (1.1) 

where, f  is the flow stress, o  is the strength of annealed base material,  is the strain 

hardening, PH  is the grain size refinement strengthening, ss is the solid solution 

strengthening and Or  particle strengthening. 

 

To understand the mechanisms involved in different strengthening methods, 

understanding the behavior of dislocations and their interaction with various types of 

defects and microstructural features is important. A very brief summary of the methods 

employed to enhance strength of metallic materials is presented below. 

 

(1) Strain hardening  

Strain (work) hardening is the phenomenon by which ductile materials become 

harder and stronger when they are deformed plastically [15, 16]. The strength due 

to strain hardening increases with dislocation population due to cold work and the 

Strengthening 

mechanism 

Effective 

temperature 
Characteristics Equation 

Strain 

hardening 
0.3Tm

 Dislocation–Dislocation strain field 

interaction 
 

Grain 

refinement 
0.3Tm 

Grain boundaries–Dislocation 

interaction 
 

Solid solution 

strengthening 
0.4Tm 

Lattice strain fields–Dislocation 

interaction 
 

Precipitation  

strengthening 
0.6Tm 

Distribution of fine precipitates, impede 

dislocation motion 
2

1
2

1

2
1

2
1

6  f
b

r
G  

Dispersion  

strengthening 
0.9Tm 

Distribution of insoluble 2
nd

 phase 

particles, stabilize grain, subgrains 






b

d
cut

2




















b

d

S

Gb
A

p

Orowan
2

ln  

2
1

0  Gb

2
1

 kdiy 

2
3

 cGb
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strength increment is proportional to the dislocation density. The equation for the 

strength of a material due to strain proposed by Taylor is given as below:   

,    (1.2) 

where,    is a friction stress to move the dislocation in the absence of other 

dislocations in the crystal,   is a proportionality constant,   is the shear modulus 

and   is the Burgers vector. 

 

(2) Grain refinement 

The strength of the material increases due to grain refinement, grain boundaries 

being effective barriers to dislocation motion. E.O. Hall and N.J. Petch have 

derived the relation between yield stress (  ) and grain size ( ) known as “Hall–

Petch relation” (H–P) [15, 16]. 

,    (1.3) 

where,    is overall resistance to dislocation movement offered by the crystal 

lattice which is called as the ‘friction stress’,   is the ‘locking parameter’ which 

measures the relative contribution of grain boundaries to hardening. The       

term in Eq. (1.3) is small for coarse grained materials. The H–P predication was 

found to be in reasonable agreement when               . In very small 

grains (<10 nm), grains are unable to support dislocation pile–ups and hence this 

mechanism is not expected to be valid. This leads to softening at low grain sizes. 

The inverse H–P effect observed in nanocrystalline materials shows that the H–P 

slope becomes negative below a critical grain size [17].  

  

(3) Solid solution strengthening 

The strength of a metal due to solid solution hardening increases by alloying with 

another element and the strength increment is related to the concentration of the 

alloying element [15, 16]. The strengthening is attributed to lattice distortion 

caused by solute atoms. The shear stress required to move the dislocations in a 

solid solution is expressed as, 

,    (1.4) 

where,   is the solute concentration and   is the strain exerted on the material by 

the solute. 

2
1

0  Gb

2
1

 kdiy 

2
3

 cGb
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(4)  Precipitation strengthening  

 The increase in flow strength is achieved by precipitation of fine coherent or 

 semi coherent second phase particles in the matrix [15, 16]. It is produced by 

 solution treating and quenching of an alloy in which a second phase in solid 

 solution at the elevated temperature. For precipitation hardening to occur the 

 second phase must be soluble at elevated temperature, but must exhibit 

 decreasing solubility with decreasing temperature. The presence of nano–sized 

 precipitates pin the dislocations and retard their motion, thus enhancing the 

 flow stress.  

2
1

2
1

2
1

2
1

6  f
b

r
G ,    (1.5) 

 where,    is an increase in yield stress,   is the particle radius,   is the volume 

 fraction,   is the measure of the strain field. 

 

(5)  Dispersion strengthening 

The strength increase in dispersion strengthening is due to the introduction of fine 

semi coherent or incoherent hard and non deformable particles into the matrix [15, 

16]. The dispersoids are usually Y2O3, Tho2, Al2O3 etc.  

  

 In shearing process, the dispersed particles act as penetrable particles through 

 which, dislocations can pass only when the slip plane is continuous from the 

 matrix through the dispersed particle. At the stress levels needed to move a 

 dislocation in dispersoid is higher than that required for dislocation motion 

 through the matrix. Cutting is easier for small particles and the particle/matrix 

 interfacial energy would increase due to the creation of new surfaces (Fig. 1.3). 

 When dislocations cut through the particles, the increase in the resistance to 

 dislocation motion occurs due to the creation of a step at the interface and other 

 imperfections like stacking faults within the particle. The particle properties, such 

 as, ordered structure, coherency strains, interfacial energy, stacking fault  energy, 

 morphology, lattice friction stress and modulus effect dictate the ease with which 

 a dislocation can pass through a particle by cutting. Generally, when the size of 

 the particle is smaller than a critical size, the particles are weak and easily 
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 deformable and hence cutting mechanism is  favored. The stress required  for a 

 dislocation to cut through a second phase particle is given by, 






b

d
cut

2
 ,     (1.6) 

 where,   is the energy of the surface created by dislocation cutting,   is the 

particle diameter and  is the inter particle spacing. 

 

          Fig. 1.3 A dislocation cutting/shearing a particle. 

 

Under certain conditions, cutting of particles is not possible. The dislocations have 

to bend around the particles to bypass the particles. Such dislocation–particle 

interaction is named as Orowan strengthening. In this case, dispersoids force the 

dislocations to bypass them (Fig. 1.4) because they act as absolutely strong, 

impenetrable barriers. Orowan mechanism involves a) bowing of dislocations 

between two particles and b) dislocation exists by leaving Orowan loops after the 

yielding. The formation of these Orowan loops further resists the dislocation 

motion and leads to high work hardening. The stress required to bend a dislocation 

and the average inter dispersoid spacing of particles are inversely related to each 

other. In the matrix, uniform distribution of second phase particles plays a 

significant role in strengthening effect. The extent of strengthening depends on 

many factors, including particle size and shape, inter dispersoid spacing, volume 

fraction of dispersoids and the nature of bonding between the matrix and 
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dispersoid. An equation for the inter dispersoid spacing relating all particle related 

parameters is given as: 

    2/12/1
32232

2
 f

d
S

p
 ,   (1.7) 

 where,    is average dispersoid size. The strengthening effect is related to  inter 

 dispersoid spacing and the resulting increase in yield strength is given below: 



















b

d

S

Gb
A

p

Orowan
2

ln ,    (1.8) 

 where,   is a numerical constant and   is the inter dispersoid spacing.  

 

 

 Fig. 1.4 Orowan mechanism for dispersion strengthening. 

 

1.4 Oxide dispersion strengthening   

The efficiency of retention of the strengthening effect by any of the mechanisms critically 

depends on the temperature of deformation [14]. It can be found that from Table 1.1, 

precipitation and dispersion strengthening mechanisms are the most feasible methods at 

temperatures greater than 0.5Tm, for achieving the high temperature strength of a 

material. It is essential to retain the room temperature strength as effectively as possible 

for high temperature applications. But most of the strengthening mechanisms become 

ineffective at high temperatures because of grain growth, dislocation annihilation 

(recovery and recrystallization) and climb. Precipitation strengthening effect becomes less 

dominant if the precipitates coarsen due to high temperature exposure leading to 
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increased inter particle spacing and loss of coherency. The only strengthening mechanism 

effective at high temperature is dispersion strengthening achieved by dispersion of stable 

oxides in a ductile matrix. The oxides are chosen based on their chemical inertness, 

thermal stability and high elastic modulus. Generally, in dispersion system, dispersoids 

are semi coherent or incoherent with the matrix. The stable oxides not only resist the 

dislocation motion, but also act as sinks for neutrons, thereby increasing the irradiation 

resistance. For high temperature and high performance applications ODS materials are 

most preferred due to their high tensile strength and creep resistance at elevated 

temperatures.  

 

1.5 Examples of oxide dispersion strengthened alloys 

Generally, oxides make the best dispersoids due to their higher hardness, inertness or 

insolubility in the matrix and stability at high temperatures. Oxides of Al, Mg, Si, Be, Th, 

Zr and Y are preferred as dispersoids. Sintered aluminum product (SAP) and Ni 

strengthened with the dispersion of thoria are the initial products developed for 

commercial applications. The nickel base alloy (Inconel MA754) and more recently 

developed materials like cadmium oxide dispersed silver, platinum dispersed with thoria, 

yttria or zirconia and the rare earth element erbium oxide (Er2O3) dispersion strengthened 

Ti are examples of ODS materials. Efforts have been successively made to develop high 

performance steels with nano sized yttria dispersion. Although many oxide dispersoids 

have been investigated in steels, Y2O3 has been shown to give the most promising high 

temperature properties. 

 

1.6 Production methods of oxide dispersion strengthened alloys 

Several fabrication techniques were tried for the manufacture of ODS alloys, and they are 

(1) Mechanical alloying, (2) Internal oxidation, (3) Surface oxidation, (4) Selective oxide 

reduction, (5) Thermal decomposition, (6) Co–vaporization, (7) Electro combination 

forming, (8) Co–precipitation, (9) Stabilized precipitate, (10) Splat cooling, (11) Gas 

atomization reaction synthesis, (12) Crystallization of amorphous phases, (13) Chemical 

processing and (14) Ignition coating. 

 

Internal oxidation in combination with rapid solidification processing is a potential 

method, but has got problems with large scale production. In a metal matrix, dispersion of 

oxide particles can be achieved by mixing the matrix metal powder with a fine powder of 
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the oxide and then consolidating the mixture. However, in the matrix, uniform oxide 

particle distribution with the size and inter particle spacing of dispersoids of not more 

than a few tens of nanometers are necessary to get the required strengthening effect. The 

size of the oxide particles must be extremely fine and there should be intimate mixing of 

oxide particle with matrix to obtain the smaller inter particle spacing. Due to this reason, 

conventional mixing of metal and oxide powders is not effective for producing ODS 

alloys. Mechanical alloying (MA) is a viable processing method to obtain the 

homogeneous distribution of alloying elements with a fine dispersion of oxide particles 

and more economical for large scale production, which has been applied initially to 

produce nickel based dispersion strengthened alloys and subsequently to steels and 

aluminum alloys. 

 

1.7 Development of oxide dispersion strengthened steels 

With the sole intention of increasing the temperature capability beyond that of 

conventional steels, efforts were made to exploit dispersion hardening by introducing 

stable oxide particles. ODS steels refer to steels that are strengthened by fine stable oxide 

particles. In ODS steels, the dispersion of fine stable oxide particles in crystalline matrix 

results in a much stronger microstructure than the matrix phase alone [18, 19]. An 

overview of milestones of development of ODS alloy is presented in Table 1.2. Even 

though, development of ODS steels dates from the 1910s, and it was pioneered in 

Belgium in the late 1960s and work for the above applications has still been in process. 

There is a huge and increasing worldwide interest in ODS steel development. 

 

Table 1.2 Milestones in the developments of ODS alloy processing [20]. 

 

 

Year Processing method Alloy 

1910 Conventional powder metallurgy Ductile tungsten 

1930 Internal oxidation Cu, Ag and Be alloys 

1946 
Milling of Al powder with in–

situ formation of surface oxide 
Sintered aluminum product (SAP) 

1958 Fine powder metallurgy Thoria Dispersed Nickel (TD–Ni) 

1970 Mechanical alloying Ni based ODS alloy (MA 753) 

2006 
Gas atomization reaction 

synthesis 
Chemical reservoir alloys 
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ODS steels are generally processed by powder metallurgy (P/M) route, in which 

mechanical alloying followed by consolidation either by hot extrusion (HE) or hot 

isostatic pressing (HIP). Even though, ODS steels are already available in commercial 

quantities, this alloy is even so special and many of the important properties are not yet 

understood. Iron–based ODS alloys and nickel–based ODS alloys are the two main 

classes of ODS alloys.  

  

The nominal chemical compositions of some of the commercial ODS steels, such as Fe–

base (MA 956 and MA 957 (INCO, Special Metals and Plansee), PM 2000 (Special 

Metals and Plansee) and ODM 751 (developed by Dour Metal)) and Ni–base (MA 6000, 

MA760 and MA 758) are given in Table 1.3. ODS steel development programs are also 

in progress in Europe (ODS EUROFER), Japan (F82H), United States (ODS steel) and 

India, each of these ODS steels has their own advantages. 

 

Table 1.3 Chemical compositions of commercial ODS alloys (wt. %). 

 

1.7.1 Iron based oxide dispersion strengthened steels 

Fe–based ODS steels are designed to be corrosion and oxidation resistant and also 

possess an excellent high temperature strength compared to equivalent cast alloys due to 

the Y2O3 dispersoid particles. MA956 exhibits, excellent corrosion and oxidation 

resistance due to the formation of adherent, stable –Al2O3 phase. Because of its high 

strength, corrosion resistance and formability, it is being considered for a variety of high 

temperature applications. This alloy was developed for the gas turbine combustors and 

vacuum furnace fixtures. Even though, this alloy showed better creep properties, but 

exhibited low impact toughness with high ductile brittle transition temperature (DBTT). 

The residual porosity could be a reason for the low impact toughness of the ODS steel. 

Fe–base Cr Al Mo Ti C N Y2O3 Fe Ref 

MA 956 20 4.5 – 0.5 0.01 0.045 0.5 bal. 

[21] 
MA957 14 – 0.3 1 0.01 0.012 0.27 bal. 

PM 2000 20 5.5 – 0.5 <0.04 – 0.5 bal. 

ODM 751 16.5 4.5 1.5 0.6 – – 0.5 bal. 

Ni–base Cr Al W Ti C N Y2O3 Ni Ref 

MA6000 15 4.5 3.9 2.3 0.06 0.2 1.1 bal. 

[21] MA760 19.5 6 3.4 – 0.06 0.3 1.0 bal. 

MA758 30 0.3 0.5 – 0.05 – 0.6 bal. 
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MA956 is used for high temperature service applications in the form of tubes in steel 

making, coal and oil burning power stations and glass processing industry. 

 

More recently MA957 and DT2203Y05 ferritic steels have been evaluated for its use at 

temperatures of about 700 C in a liquid sodium environment due to their excellent 

swelling resistance because of body centered cubic structure of the ferritic matrix. The 

conventional ferritic and austenitic alloys are not suitable for this application due to the 

dimensional swelling caused by the high neutron fluxes [22].  

 

Oxide dispersion micro forged (ODM) ferritic alloys are also considered for various high 

temperature applications, such as, heat exchangers, gas turbine combustion chambers, 

thermocouple shielding, resisters and diesel engine components, etc. The compositions of 

ODM 331 and ODM 751 are similar to that of MA956 steel except for little changes in 

the contents of Cr and Ti. ODM751 with 1.5 % Mo shows higher rupture strength than 

that of MA956 either due to the –phase or solid solution strengthening [23].  

 

PM2000, a ferritic ODS alloy, exhibits superior mechanical properties, weldability and 

less pore formation during the service. It shows a lower weight gain than MA956 during 

the isothermal and cyclic oxidation. The applications of PM2000 are gas turbines, furnace 

construction as shields, ceramic industry, combustion chambers, burner tubes, 

thermocouple protection tubes, glass industry, high temperature testing equipment, 

automotive diesel engines, etc.  

 

The ODS steels being developed at present are based on Fe–(9–18%)Cr–2W–0.2Ti with 

yttria as dispersoids. Even though, the ODS steels based on 9Cr exhibit isotropic 

mechanical properties, they suffer from corrosion and oxidation. The corrosion and 

oxidation resistance of ODS steels is improved by increasing the chromium content up to 

18 % without serious incidence of   phase embrittlement but compromising on isotropy 

[24].  
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1.8 Mechanical alloying 

Mechanical alloying (MA) is an efficient and one of the best techniques to disperse fine 

oxide particles uniformly in the ductile metal matrix [25–27]. MA is a high energy ball 

milling, in which welding and fracture of powder particles occur repetitively. High energy 

ball mills, such as, shaker mills (SPEX 8000 mixer/mill), planetary mills (Fritsch and 

Retsch mills), attritor mills (Szegvari attritor) and large diameter ball mills are used to 

carry out MA. These mills differ from each other because of capacity, speed of the 

milling and temperature. Generally, SPEX shaker mills have very low capacity and 

arthritis have a high capacity to produce powders [26].  

 

ODS alloys were produced through MA in 1970 by J.S. Benjamin [25]. The first alloy 

was a thoria dispersed nickel based superalloy developed for high strength and creep 

resistance at elevated temperatures. At present, MA being used to synthesize a variety of 

metastable phases starting from elemental powder blend stage to pre–alloyed powder 

stage with a combination of ductile–ductile or ductile–brittle or brittle–brittle materials 

[25]. Several generally accepted features of the MA are alloying of elements with high 

differences in their melting points, extension of the solid solubility limit, formation of 

metastable phases, homogeneous dispersion and grain size refinement. 

 

During MA, the powder particles are entrapped between the balls when they collide. The 

impact energy exhibited on the powder particles results in work hardening and subsequent 

fracture of the powder particles. The newly formed surfaces enhance the welding of 

particles resulting in increase in particle size [26]. The particles get strain hardened and 

subsequently fragmented into flakes, with continued deformation. At this stage, the 

particles tend to fracture easily rather than cold welded [27]. The structure of the particles 

gets refined progressively because of the continuous impact of grinding balls and reaches 

a steady state beyond a particular duration milling due to the equilibrium between 

welding and fracture. High energy milling also induces crystal defects, such as, stacking 

faults, vacancies, dislocations and increased number of grain boundaries. Diffusivity of 

solute atoms in the matrix is enhanced due to these defects, thus the alloying effect of 

different elements is significant [25–27].  

 

Various MA parameters, such as, the ball–to–powder weight ratio (BPR), size of the 

balls, type of equipment, milling time, milling speed, milling atmosphere, process 
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temperature, process control agent, fill volume etc., influence the physical and chemical 

properties of powders. 

 

1.9 Objective of the present work 

Even though, much research work has been carried out to evaluate the size and structure 

of dispersoids in milled powders as well as in consolidated samples and their influence on 

the mechanical properties, there is an ambiguity with respect to the effect of process 

parameters on the evolution of microstructure at every stage of processing and their 

influence on mechanical, corrosion and oxidation properties. Therefore, the present 

research work is aimed at studying the influence of milling time on the evolution of 

microstructure at various stages of processing and the resultant structure–dependent 

properties (mechanical, corrosion and oxidation) of ODS–18Cr steel. The objectives of 

the present work are identified after detailed literature review and are given below:  

1. To produce ODS–18Cr steel powders by high energy milling for varying times 

and subsequently consolidate milled powders by hot extrusion. 

2. To study the effect of milling parameters on the morphological and structural 

changes in the matrix and dispersoids. 

3. To understand the changes that occur in the microstructure and size, shape and 

structure of dispersoids after upset forging and extrusion at high temperatures. 

4. To understand the structure and the temperature dependent deformation behavior 

of consolidated samples. 

5. To study the influence of dispersoids on corrosion behavior of ODS–18Cr steel in 

3.5 % NaCl solution. 

6. To observe the effect of dispersoids on oxidation of ODS–18Cr steel at different 

temperatures and exposure times.  

 

1.10 Overview of the thesis 

As the present study includes all the details and analysis carried out to address the above 

mentioned objectives, the entire research work is divided into 5 chapters and details of 

these chapters are given below: 
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Chapter 1 presents on the need of high performance materials, various strengthening 

mechanisms, development of ODS steels and their applications. In addition, this chapter 

highlights the motivation, objectives and an overview of the present study.  

Chapter 2 describes the evolution of steels for high temperature applications over a 

period of time with special emphasis on detailed and latest literature review on the ODS 

steels. 

Chapter 3 deals with all the experimental details to produce ODS–18Cr steels and 

description of characterization tools used for evaluation of the microstructural, 

mechanical, corrosion and oxidation properties. 

The results obtained from the present work are discussed in Chapter 4 of the thesis. The 

Chapter on Results and Discussion is organized in to 4 sections. 

Section 4.1 discusses the evolution of microstructure and size, shape and structure of 

dispersoids in ODS–18Cr steel at various stages of processing. The majority of the results 

discussed in this chapter has been published in a journal article; M. Nagini, R. Vijay, 

Koteswararao V. Rajulapati, K. Bhanu Sankara Rao, M. Ramakrishna, A.V. Reddy and 

G. Sundararajan, “Effect of process parameters on microstructure and hardness of oxide 

dispersion strengthened 18Cr ferritic steel”, Metallurgical and Materials Transactions A, 

47 A (2016) 4198–4209. 

Section 4.2 presents the evaluation of mechanical properties and fracture studies of ODS–

18Cr steel. This chapter deals with the influence of powder milling time (microstructural 

changes depend on milling time) on the tensile deformation and fracture behavior of 

ODS–18Cr steel at different temperatures along with oxide–free 18Cr steel. This chapter 

also discusses the prediction of strength values using root of sum of squares model in 

comparison to the experimental values. The details presented in this chapter will be 

communicated to Metallurgical and Materials Transactions A. 

Section 4.3 includes the study of corrosion behavior of ODS–18Cr steels in 3.5 % NaCl 

solution using both the electrochemical and immersion techniques. This chapter presents 

the results on cyclic polarization (CP), electrochemical impedance spectroscopy (EIS), 

potentiodynamic polarization and immersion studies of ODS1 and ODS6 along with 

NODS steel. The results discussed in this chapter have been published in a journal article; 
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M. Nagini, A. Jyothirmayi, R. Vijay, Tata N. Rao, A.V. Reddy, Koteswararao V. 

Rajulapati and G. Sundararajan, “Influence of dispersoids on corrosion behavior of oxide 

dispersion strengthened 18Cr steels made by high–energy milling”, Journal of  Materials 

Engineering and Performance, 25 (2016) 577–586. 

Section 4.4 discusses about the influence of dispersoids on the high temperature 

oxidation behavior of 18Cr ferritic steel with and without yttria. The oxidation studies 

were carried out at different temperatures (650–850 C) for different times (100–2000 h). 

This chapter also discusses about morphology and phases present in the oxide layer. The 

content related to this work will be communicated to Oxidation of Metals. 

Chapter 5 contains summary of the present work on development of ODS–18Cr steels 

and suggestions for the future work. 

All the references that have been cited in the thesis have been listed at the end of each 

chapter. The style of each citation is as follows: Authors names (Initials, Last name), 

Title, Journal name, Volume number (Year) Page nos. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

This chapter on literature review is organized into ten sections to facilitate the co–

ordination between the wide ranges of literature that is relevant to the proposed problem. 

Section 2.2 provides a brief on the evolution of steels for high temperature applications. 

Section 2.3 highlights the composition design of ODS steels. Section 2.4 highlights the 

production of ODS steels. Sections 2.5–2.7 review the microstructural, mechanical, 

corrosion and oxidation properties ODS ferritic–martensitic, ferritic and high–Cr ferritic 

steels. Section 2.8 deals about the mechanism of the formation of complex–oxide 

particles. Section 2.9 discusses the effect of process parameters on the structure and 

properties of ODS steels.  Section 2.10 is aimed to highlight the unresolved issues and 

thereby describe the significance of the current work. 

 

2.2 Evolution of steels for high temperature applications 

2.2.1 Ferritic/Martensitic steels 

Ferritic/martensitic (F/M) steels (9–12 % Cr) are promising clad materials in sodium fast 

reactor (SFR), ducts of several Generation–IV (Gen–IV) designs and structural (blanket 

and core) components for fusion reactors due to its high thermal conductivity, good 

swelling resistance and low thermal expansion relative to austenitic steels [1, 2]. 

Microstructure of F/M steels is usually obtained by appropriate balancing the composition 

in terms of Creq and Nieq to achieve a desired fraction of ferrite and martensite on 

quenching. The process named as tempering (760 C), which transforms much of the 

martensite to ferrite, results in formation of tempered martensite. Initially, in 1920s, 

introduction of Cr–Mo steels as structural materials lead to the development of F/M steels 

in thermal power plants. The advantage of commercial F/M steels for fast reactors in 

1970s and for fusion reactors in 1980s was established and since then, extensive research 

has been done on the progress and application of materials for nuclear plants [2]. In 

1960s, for the power generation industry, Sandvik HT9 martensitic steel was developed in 

Europe and was selected as the material in the fast reactor program of the U.S. for the 

exploration of properties. Steels (EM–12, FV448, DIN 1.4914, PNC–FMS and JFMS) 

similar to HT9 were used for applications involving moderate temperature of  550 C. 
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Excellent swelling resistance was exhibited by these steels with a steady–state swelling 

rate of 0.2 %/dpa up to 200 dpa [1]. When compared to conventional high Cr steels, the 

Japanese PNC–FMC steel has high temperature strength. At 650 ºC, this steel has the 

highest creep rupture strength amongst similar steels and irradiation environment could 

not degrade the cladding of this steel [3]. Even though, improved versions of these steels 

are developed; still some of these are candidates for Gen–IV reactors. Substantially, F/M 

steels have been developed for conventional power plants due to their high temperature 

creep and oxidation resistance [2, 4]. Klueh [4] provided a detailed review on various 

types of F/M steels that were developed during the last six decades. The nominal 

chemical composition of various F/M steels is shown in Table 2.1.  

Table 2.1 Nominal chemical compositions of F/M steels [1–4]. 

Alloy/Composition 

(wt. %) 
C Si Mn Cr Ni Mo W V Nb B N Other 

12Cr–1MoWV (HT9) 0.20 0.40 0.60 12.0 0.50 1.0 0.5 0.25 – – – – 

EM–12 0.10 0.40 0.60 9.5 – 2.0 – 0.30 0.40 – – – 

FV448 0.10 0.46 0.86 10.7 0.65 0.6 – 0.14 0.26 – – – 

DIN 1.4914 0.11 0.45 0.35 11.3 0.70 0.5 – 0.30 0.25 0.008 0.03 – 

PNC–FMC 0.15 0.05 0.50 11.0 0.50 0.5 2.0 0.20 0.05 – 0.05 – 

JFMS 0.05 0.67 0.58 9.6 0.94 2.3 – 0.12 0.06 – – – 

2.25Cr–1Mo (T22) 0.15 0.30 0.45 2.25 – 1.0 – – – – – – 

9Cr–1Mo (EM10–T9) 0.12 0.60 0.45 9.0 0.20 1.0 – – – – – – 

12Cr–1MoV (HT91) 0.20 0.40 0.60 12.0 0.50 1.0 – 0.25 – – – – 

Modified 9Cr–1Mo (T91) 0.10 0.40 0.40 9.0 0.10 1.0 – 0.20 0.08 – 0.07 – 

HCM12 0.10 0.30 0.55 12.0 – 1.0 1.0 0.25 0.05 – 0.03 – 

NF616 (T92) 0.07 0.06 0.45 9.0 0.25 0.5 1.8 0.20 0.05 0.004 0.06 – 

E911 0.11 0.40 0.40 9.0 0.20 1.0 1.0 0.20 0.08 – 0.07  

TB12 0.10 0.06 0.50 12.0 0.10 0.5 1.8 0.20 0.05 0.004 0.06  

HCM12A (T122) 0.11 0.10 0.60 12.0 0.30 0.4 2.0 0.25 0.05 0.003 0.06 1.0Cu 

NF12 0.08 0.20 0.50 110. – 0.2 2.6 0.20 0.07 0.004 0.05 2.5Co 

SAVE12 0.10 0.30 0.20 11.0 – – 3.0 0.20 0.07 – 0.04 

3.0Co 

0.07Ta 

0.04Nd 

 

The evolution of the F/M steels will be reviewed by considering the compositional 

changes that have led to improved microstructures and properties. In 1940s, T22 steel was 

introduced and is still extensively used. Together with T22, T9 and also Fe–9Cr–1Mo–

0.6Si–0.4Mn–0.12C steels were developed for corrosion resistance. Subsequently, there 

has been an incessant push to enhance the operating temperatures of thermal power 

plants, leading to the development of various “generations” of steels with enhanced high 

temperature strength. Since, the introduction of T22 and T9, three generations of steels 

have been initiated and Gen–IV steels are in the developmental phase [5] (Table 2.2).  
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The two steels (T22 and T9) are called as the ‘zero
th

’ generation steels and they had 10
5 

h 

creep–rupture strength of 40 MPa at 600 ºC and were used up to a maximum of 538 C 

[5–7]. Beyond the zero
th

 generation (1940s), steels mainly contained the Cr concentration 

of 9–12 % for high temperature corrosion and oxidation resistance.  

 

In first generation steels, along with increased Cr, adding of carbide formers (V and Nb) 

to compositions of T22 and T9 also involved for precipitation hardening. To enhance the 

solid solution strengthening, in addition to that provided by Mo, a small amount of W was 

also added. In 1960s, these steels (2.25Cr–1MoV, HT91, HT9, EM12 and HCM9M) were 

introduced for the applications at the operating temperature of 565 º C. These steels had 

increased 10
5
 h creep–rupture strength of 60 MPa at 600 ºC. For HT9 and HT91 steels, C 

is used as the most effective austenite stabilizer in addition to Ni. HT9 contains 0.2 % C, 

but at high temperatures, the precipitate (M23C6) is prone to coarsen. 

 

Second generation steels were developed during 1970–1985. Alloying elements C, Nb, V 

and N were optimized and the maximum operating temperature increased to 593 ºC. 

These steels, which include 9Cr–1Mo (T91), HCM2S and HCM12, have 10
5
 h rupture 

strength at 593 ºC of about 100 MPa. All over the world, among these steels, T91 has 

been mostly used in the power generation plants [5–7]. A noticeable increase in the creep 

strength was observed in T91, which was achieved by adding Nb, N and lowering the C 

content to promote fine MX precipitates. The optimum content of V and Nb was found to 

be about 0.2 % and 0.05 %, respectively.  

 

In 1990s, third generation steels (NF616, E911, TB12 and HCM12A) were introduced 

and developed by the substitution of W, B and N, thus enhancing the temperature 

capability to 620 ºC with 10
5
 h creep rupture strength of 140 MPa. The third generation 

9Cr steels, NF616 (T92) and E911, are developed in Japan and Europe, respectively are 

simple modifications of T91. Partial replacement of W in favor of Mo and addition of B 

(named as T92) accomplished improvement in structural stability and creep resistance. 

For effective creep strengthening, the value of Mo + 0.5 W should be about 1.5 %. In 

stabilizing microstructure, boron is an effective addition which is being incorporated in 

M23C6. For the purpose of oxidation and corrosion resistance, Cr content shifted from 

2.25 to 9–12 % as the operating temperature was increased to 600 ºC. By increasing the 
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chromium content from 9 to 12 %, it is required to balance the influence of the adding of 

ferrites stabilizer with an austenite stabilizer if total austenitization and 100 % martensitic 

transformation is to be attained. The reason for using low carbon 9Cr steels rather than 

over high Cr (> 12 % Cr) steels is due to the formation  ferrite. To get better weldability 

for the third–generation 12Cr steels, usually, the carbon concentration was kept to about 

0.1 %, thus requiring some other austenite–stabilizing elements to be added if δ–ferrite 

was to be avoided.  

 

Finally, the next generation (fourth generation) of steels is being developed which aims to 

increase the operating temperatures to 650–700 ºC. An objective for the Gen–IV steels 

included SAVE12 and NF12 having rupture strength of 180 MPa at 600 ºC for 10
5
 h life 

[5–7]. These two 12 % Cr compositions contain cobalt (2.5–3 %) to put down the 

conflicting effects of nickel on creep. For advanced fission reactors, it is not suitable to 

place Co–containing steels for cladding and duct materials. In these steels compared to 

the third–generation compositions, the amount of molybdenum has been further 

decreased or excluded with about 0.1 % C, and tungsten (2.6–3.0 %) has been increased. 

There are other issues related to the fabrication and joining linked to the formability and 

weldability. 

Table 2.2 Evolution of steels for power plant applications [5–7]. 

 

Reduced activation ferritic/martensitic (RAF/M) steels are tailored compositions of 

conventional F/M (8–12 % CrMoVNb) steels and are being considered for the fabrication 

of futuristic fusion reactors. These steels are being investigated by fusion materials 

research groups all over the world [8–11]. The damage accumulation in RAF/M steels is 

lower due to better thermal conductivity and higher swelling resistance [12–14]. The 

international fusion programs introduced the idea of low activation materials in mid–

1980s [15, 16]. In radioactive environment, it is necessary to use low activation steels 

 

Generation 
Years 

10
5
 h rupture 

strength, 

600 C [MPa] 

Steels 

Operating 

temperature 

[C] 

0 1940–60 40 T22, T9 540 

I 1960–70 60 EM12, HCM9M, HT9, HT91 565 

II 1970–85 100 HCM12, T91, HCM2S 590 

III 1985–95 140 NF616,E911, HCM12A, TB12 620 

IV Future 180 NF12, SAVE12 650–700 
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which when irradiated do not become radioactive or if activated, the radioactivity decays 

quickly to minimize the problems in storage. The development of RAF/M steels evolved 

based on the replacement of undesirable elements in Cr–Mo steels to promote radioactive 

decay from nuclear calculations [17]. The categorization of induced activity of elements 

is presented in Table 2.3 [18].  

Table 2.3 Classification of induced activity of elements [18]. 

Category Elements 

Very low activation (decays within 2 weeks) Li, Be, B,C,O, Mg, Si, P, S 

Low activation (decays in 1 month–5 years) Ti, V, Cr, Zr, W, Pb, Y 

Moderate Activation (decays in 10–30 years) Mn, Fe, Zn, Hf 

High Activation (does not decay in 100 years) Al, Ni, Cu, Nb, Mo, Sn 

 

Based on the developments, Cr–Mo steels with the absence of Nb, Cu, Mo, N and Ni 

were developed [19]. The advancement of RAF/M steels involved the replacement of Mo 

by W and/or V [20]. The fusion materials programs (US, EU and Japan) have advanced 

Ta containing Cr–V and Cr–W–V steels to which Ta is sometimes added as a substitution 

for Nb [21]. In addition to the judicious choice of alloying elements, RAFM steels can be 

quenched and tempered to develop the tempered martensitic structure. Such a structure 

consists of a large number of lattice defects and can act as traps for defects generated by 

radioactivity [22, 23]. In many RAF/M steels, the Cr concentration is limited to 7–9 % to 

optimize corrosion resistance and reduce DBTT [24]. Chromium levels above 12 % lead 

to the formation of –phase and –ferrite which lowers the impact toughness under 

irradiation at low temperatures [25]. Different RAF/M steels such as F82H [15, 26, 27] 

and JLF–I [28–30] (Japan), ORNL 9Cr–2WVTa (United States) [22, 31], CLAM (China) 

[11] and OPTIFER Ia, OPTIFER II and more recently EUROFER 97 (Europe) [32–35] 

have been developed and extensively studied. The compositions of these steels are given 

in Table 2.4.  However, RAF/M steels are restricted to operating temperatures less than 

around 600 C. Indigenous efforts at developing RAFM steel with W (1–2 %) along with 

Ta (0.02 to 0.18 wt. % ) are in progress [35–37]. W enhances creep strength, but 

decreases toughness [28]. Tantalum lowers DBTT by grain size reduction [38], but the 

higher Ta reduces the weldability [39].  
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Table 2.4 Typical compositions of RAF/M steels [11, 15, 22, 26–35]. 

Alloy/Composition (wt. %) C Si Mn Cr W V Ta N B Other 

F82H 0.10 0.2 0.50 8.0 2.0 0.2 0.04 <0.01 0.003 – 

JLF–1 0.10 0.08 0.45 9.0 2.0 0.2 0.07 0.05 – – 

ORNL 9Cr–2WTaV 0.10 0.3 0.40 9.0 2.0 0.25 0.07 – – – 

CLAM 0.11 – 0.40 9.0 1.6 0.21 0.15 – – – 

OPTIFER Ia 0.10 0.06 0.50 9.3 1.0 0.25 0.07 0.015 0.006 – 

OPTIFER II 0.13 0.04 0.50 9.4 – 0.25 – 0.015 0.006 1.1Ge 

EUROFER97 0.11 0.05 0.50 8.5 1.0 0.25 0.08 0.03 0.005 – 

 

2.2.2 Austenitic steels 

Austenitic steels are broadly used in nuclear and conventional power plants because of 

their excellent mechanical properties, good corrosion and oxidation resistance, ease of 

fabrication and weldability [40, 41]. However, these steels have poor swelling resistance 

at reasonable neutron doses, which is a main performance restrictive concern [42, 43]. 

Addition of solute elements (Ti, Si, P, Nb, B and C), adjusting of chemical composition 

and applying cold work plays a major role in determining void swelling resistance [44, 

45]. Till 1970’s, austenitic steels (316, 316L (N) and 304) were considered as the primary 

materials for the fuel cladding and for the fast reactor structures of first generation 

reactors [2]. Austenitic steels containing B and P include PNC 316 (Japan), 15–15Ti 

(France), DIN 1.4970 (Gemany) and D9 (USA) [46]. For cladding, 316Ti steel has been 

replaced by austenitic 15/15Ti, exhibiting better swelling resistance. Influence of 

radiation provokes the depletion of Cr from grain boundaries, making these materials 

sensitive to corrosion phenomenon. To improve the void swelling resistance, D9 alloy has 

been designed with specifically tailored composition having carbon and titanium content 

with reference to the standard AISI 316. For PFBR fuel clad and fuel subassembly 

wrapper tubes, cold worked (20 %) D9 alloy has been selected. In cold worked D9 alloy, 

M23C6 precipitates at grain boundaries and TiC forms preferentially on the intragranular 

dislocations. TiC is more stable compared to M23C6 over longer durations and retains its 

finer size, thus, enhancing creep resistance beyond those of SS 316, which is strengthened 

by M23C6. Retardation of recovery and recrystallization of the cold worked structure due 

to the presence of fine TiC particles is the reason for elevated temperature strength of D9 

[47]. 

 

To reduce the swelling behavior, 12–15Cr/20–25Ni austenitic steel was proposed as 

cladding material in French and Japanese reactors [46]. Compared to 15–15Ti and PNC 

316 steels, these alloys exhibit better swelling resistance [48, 49]. The useful range of 
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these advanced austenitic steels is at around 160 dpa [50–52]. The compositions of these 

steels are presented in Table 2.5. 

Table 2.5 Nominal chemical compositions of the austenitic stainless steels [40–52]. 

Alloy/Composition 

(wt. %) 
C Si Mn Cr Ni Mo Ti Nb P B 

PNC 316 0.05 0.8 1.7 16 14 2.5 0.1 0.1 0.025 0.004 

15–15Ti 0.1 0.6 1.5 15 15 1.2 0.4 – 0.03 0.005 

DIN 1.4970 0.1 0.4 1.5 15 15 1.2 0.5 – – 0.005 

D9 0.05 0.9 1.7 14 15 1.5 0.23 – – 0.005 

PNC1520 0.05 0.8 1.7 15 20 2.5 0.25 0.1 0.025 0.004 

 

2.2.3 Oxide dispersion strengthened steels 

With the sole intention of increasing the temperature capability beyond that of RAFM 

steel, efforts were made to exploit dispersion hardening by introducing stable oxide 

particles into RAFM steels with minor compositional modifications. The ODS steels are 

evolving as potential high temperature structural materials for gas, ultra–super critical 

steam turbines and nuclear reactors [53–60] by virtue of their excellent high temperature 

strength [59–64], creep resistance [62–66] and resistance to corrosion [62, 67–69], 

oxidation [62, 70–72] and neutron irradiation induced void swelling [59, 62, 73]. The 

outstanding characteristics of ODS steels are due to the existence of the high number 

density of nano–sized complex oxide (Y–Ti–O) particles along with fine grained structure 

[74, 75]. Uniformly distributed fine stable oxide particles are multifunctional, such as, 

retard dislocation motion and grain boundary sliding at high temperatures leading to 

enhanced high temperature tensile strength and creep resistance and also act as trapping 

sites for both point defects and helium atoms generated during irradiation to maintain the 

superior resistance to irradiation damage [73].  

 

2.3 Composition design of ODS steels 

The iron–based ODS alloys intended for high temperature applications can be broadly 

divided into three categories [62, 66, 75, 76]. ODS steels contain different amounts of 

chromium concentration (9–22 wt. %), the majority of them contains Ti and W as well as 

other alloying elements (Mo, Ni, Mn, V, C, Ta and Al). These steels have different 

microstructures due to different Cr contents. 
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1. ODS Ferritic–Martensitic steels (9–11 % Cr) 

2. ODS Ferritic steels (12–22 % Cr) 

3. ODS Austenitic steels (18Cr–8Ni) 

The composition of ODS steels is optimized on considerations of phase transformation 

kinetics, microstructure stability at operating temperature, enhanced high temperature 

tensile and creep strength and corrosion and oxidation resistance [77, 78]. ODS steels that 

contain Cr content in the range of 9–11 wt. % (Fig. 2.1) have martensitic structure. A 

martensitic transformation result in the formation of highly dislocated lath martensite 

during the quenching from austenitic to room temperature and the material is hard [79]. 

Ductility is imparted to martensite by tempering heat treatment. ODS steels, contain 12 

wt. % Cr and above, presents a fully ferritic phase (Fig. 2.1). Both of these are 

commercially available in a few developed countries and the most of the investigations on 

ODS steels are being carried out in the USA, EU and Japan. ODS austenitic steels are 

based on 18Cr–8Ni and work has just started. 

 

Fig. 2.1 Fe–Cr Phase diagram [80]. 

 

In the EU, there are efforts being made to develop the ODS Eurofer for fusion 

applications by optimizing the process conditions to improve DBTT and understanding 

the role of Ti in the formation of ~3 nm sized (Y–Ti–O) complex oxides  [81]. Extensive 

studies were also carried out on a variety of experimental and MA957 ODS steels [82, 

83]. Recent research in the USA has aimed mainly on the long term stability of Y–Ti–O 
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oxides in MA957, the consequences of low dose neutron irradiation on mechanical 

properties and characterization of MA957 after neutron irradiation [84]. Research in 

Japan has been primarily focused upon ODS–9Cr F/M and ODS–12Cr steels for the clad 

tubes and ducts of Gen–IV fast reactors [85]. To achieve the isotropic microstructure and 

properties, special efforts were made, which are necessary for fabrication of the desired 

shape. Two types of approaches are being employed; production of martensitic steels, that 

from equiaxed structures during the austenite–martensite (α–γ) phase transformation 

aiming at radiation resistant alloys and recrystallization processing for ferritic steels to 

develop equi–axed microstructures aiming at corrosion resistant alloys [86]. The current 

understanding of ODS steels is discussed below. 

 

Alloying elements are added to provide a solid solution strengthening, suppress 

undesirable phases and for the purpose of stabilizing the phases. Cr is a ferritic stabilizer, 

responsible for corrosion and oxidation resistance. Cr oxidizes and a thin and tightly 

adherent oxide layer (Cr2O3) forms on the surface, thus increasing the corrosion 

resistance of the material. To obtain an effective passive layer, the minimum 

concentration of Cr is ~11 wt. % [87]. An increase of the Cr content results in further 

increase of corrosion resistance and hardnability. However, high Cr concentrations (14–

22 wt. %) promote the –phase and Cr–rich phase (α’), which are cause for lower creep 

resistance, brittleness and corrosion [88]. In order to get the best corrosion resistance with 

favorable mechanical properties, concentration of Cr is the important parameter. For 

ODS–F/M steels, Cr level is so selected that the steel is transformable to martensite but 

not at very low levels, where corrosion and oxidation is sacrificed. The optimal Cr 

content lies in the range of 9–11 % in terms of fracture toughness, ductility and corrosion 

resistance based on irradiation data. Tungsten is used as a substitute to Mo, which is an 

undesirable element from the point of view of irradiation damage. W is partly dissolved 

in the matrix and partly in carbides, but its primary role is as a ferrite strengthener. In 

ODS steels, W of 1–3 wt. % is added in order to enhance the strength at high 

temperatures through solid solution strengthening [62, 73]. The other elements like Ni, 

Mn, Co (austenitic stabilizers) and V, Nb, Ta (carbide/nitride formers) are balanced to 

ensure adequate hardnability. Carbon content should be high enough to make the steel 

transformable in ODS F–M steels but low enough, to avoid formation of excessive M23C6 

carbides, which reduces the Cr level in the matrix. The optimum level lies in between 
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0.03–0.12 wt. %. The content of C should be kept as low as possible. Titanium is an 

essential addition in Y2O3 dispersed ODS steels because of its ability to generate Y–Ti–O 

complex oxides [60], which leads to improved high temperature strength. If Ti is added in 

excess levels, it creates too much strength, which negatively impacts cold workability 

[62]. To achieve a balance between strength and workability, an optimum level of 0.2–1 

wt. % was selected in ODS steels [62, 73]. During MA, 0.2–0.5 wt. %Y2O3 [82, 89–93] is 

added to steel powder, which in combination with Ti yields an optimum volume fraction 

of nano–sized complex oxides. Excess oxygen (inherited from raw materials and attained 

during MA) has to be carefully controlled since it is found that too much or too little 

affects the dispersoid and the mechanical properties. The optimum level is established to 

be about 0.08 % [94]. This quantity of O is predictable for the formation of Y–Ti–O 

oxides. Addition of small amounts of hafnium or zirconium increases the creep strength. 

The most commonly used alloying elements in ODS steels and their effects are 

summarized in Table 2.6. 

Table 2.6 Effect of alloying additions. 

Element Purpose 

Cr Ferrite stabilizer, corrosion and oxidation resistance 

Ti Grain refinement, participation in solution strengthening and 

nanoclusters formation 

W, Mo Ferrite stabilizer and solid solution strengthening 

Ni, Mn, Co Austenite stabilizers and increase toughness 

C, N Austenite stabilizers 

Si Corrosion and oxidation resistance 

P Involved in increasing hardnability and strength 

 

2.4 Production of ODS steels 

ODS steels are invariably produced by powder metallurgy (P/M) route. Conventional 

metallurgical processing routes are not suitable for processing alloys containing oxide 

particles due to the different melting points, buoyancy and agglomeration issues in the 

melt [95]. MA has become an effective route for ODS alloy production.  
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The MA powders are canned, evacuated and sealed for obtaining useful product shapes. 

Consolidation is carried out either by hot extrusion (HE) [96, 97] or hot isostatic pressing 

(HIP) followed by conventional hot working [77, 81]. Consolidation by spark plasma 

sintering was also attempted [98, 99]. To produce ODS ferritic steels, at first, Fisher [100] 

patented MA and HE processing route, which were promoted in the 1980s as 

International Nickel Company (INCO) MA956 and MA957. The hot working 

temperature is a critical parameter. It should neither be too high to avoid microstructural 

coarsening nor to be too low, where high extrusion pressures are required and 

consolidation is incomplete. To improve the microstructure and mechanical properties, 

suitable heat treatment processing has to be performed. Schematic representation of the 

manufacturing route for ODS steels is presented in Fig. 2.2. 

Fig. 2.2 Schematic representation for the processing of ODS steels [73]. 

 

2.5 ODS ferritic–martensitic steels 

2.5.1 Microstructural evolution  

The microstructure of ODS–F/M steel is tailored to transform austenite to martensite and 

ferrite [101]. Fig. 2.3 shows the microstructure of ODS–9Cr steel, consisting of ferrite 

and tempered martensite with chromium carbides [101]. The elongated ferrite phase 

appears smooth and white, which is indicated by arrows. Their ferrite grain size is about 

30–60 µm in length and 3–10 µm in width. Both the phases were found to contain oxide 

particles of 2–10 nm. 
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Fig. 2.3 Microstructure of ODS–9Cr steel representing the ferrite embedded 

by the tempered martensite [101], Arrows indicate the elongated ferrite phase. 

 

The appropriate balance of elements like Ti and excess O is important. High Ti and O are 

not favorable because it increases the formation of coarser TiO2, in preference to the fine 

Y–Ti–O complex oxide particles. Ohtsuka et al. [78, 102] examined the effect of various 

amounts of excess O on the nature of oxide particles in ODS–9Cr steel. When the atomic 

ratio of excess O and Ti is near to 1, microstructure of the hot consolidated sample 

consists of elongated ferrite grains with finer and denser distribution of oxides. Because 

of the effective pinning of the grain boundaries by the oxide particles, recrystallization is 

impaired even though the finishing temperature is above the recrystallization of the base 

steel. It is well established that ultra–fine ferrite grains established during MA are 

predominantly retained during heat treatment. Usually, ODS–9Cr steels show a bimodal 

grain distribution, some in the range of a few tens of nanometers and some others in the 

range of 150–250 nm [77]. The effect of heat treatment on the microstructural features of 

ODS–Eurofer steels in comparison to the Eurofer 97 and T92 steels was studied by Lu et 

al [103]. ODS–Eurofer steels exhibit tempered martensite structure with M23C6 carbides 

and Y2O3 particles. With the increase in normalizing temperature, grain size increases in 

conventional steels and remains same in ODS–Eurofer steels. Zilnyk et al. [104] 

discussed the microstructural stability of ODS–Eurofer steel at 800 C for very long times 

(1 to 4320 h). ODS–Eurofer steel exhibits good thermal stability because of the presence 

of stable complex oxide particles, which are effective to retard primary recrystallization 

and further grain growth (Zener–Smith pinning) at this temperature. The microstructural 

changes of Eurofer and ODS–Eurofer steels were examined by varying the austenitizing 

temperatures (900–1300 C) were investigated. In ODS–Eurofer steel, austenitic grain 

growth was prevented due to the fine and stable distribution of Y–based oxides [105]. 
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Characterization of oxide particles  

Even though, it is familiar that the superior properties of ODS steels results from nano–

sized complex oxide particles, the knowledge regarding the characteristics (composition, 

size and structure) of these oxide particles is ambiguous and is still evolving [106]. 

 

Detailed study of the complex oxide particles requires advanced characterization 

techniques, involving Transmission Electron Microscopy (TEM), Atom Probe 

Tomography (APT), Small Angle Neutron Scattering (SANS) and Small Angle X–ray 

Scattering (SAXS) [107].  

 

Klimiankou et al. [108] analyzed the structure of Y2O3 in ODS–Eurofer steel without Ti. 

High resolution TEM (HR–TEM) analysis of Y2O3 (12 nm) particles reveals the 

correlation of its crystallographic orientations with the matrix. Initially, Ukai et al. [55] 

studied the significance of Ti in the size refinement of Y2O3 particles in Fe–Cr matrix, 

attributing the complex oxide formation to Y2O3–TiO2 and Y2O3–2TiO2 reactions. The 

yttrium, oxygen and titanium participate to form Y–Ti–O complexes. It appears that 

complex–oxide particle formation follows the standard precipitation reaction involving 

nucleation (involving cluster formation) and growth, unlike the usual dispersion 

strengthening, the type of oxide that forms depend on the ratio of Y to Ti. For example, 

when the ratio is about 1.1–1.3, Y2Ti2O7 forms and when it is about 2.5, Y2TiO5 particles 

are precipitated [102].  

 

Ramar et al. [109] examined ODS–Eurofer 97 with and without Ti and observed the 

structure of oxide particles by HR–TEM. The addition of 0.3 % Ti results in fine size and 

high density of complex oxide particles than when yttria alone is added. These semi–

coherent dispersoids are of Y–Ti–O complex oxides (7 nm) and Y2O3 (20 nm) with and 

without Ti, respectively. Studies have been performed extensively by TEM on ODS–F/M 

steels regarding the characterization of the nano–sized features of Y–Ti–O complex 

oxides [110–113] and Y2O3 particles [108, 109] with and without Ti, respectively. The 

fine complex–oxides in ODS–F/M steels are observed to be spherical in shape [102, 108, 

109, 111]. Ukai et al. [101] analyzed the oxide particle distribution in tempered 

martensite and residual ferrite as seen in the TEM images in Fig. 2.4. 
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Fig. 2.4 TEM micrographs of oxide particles in (a) residual ferritic matrix and (b) 

tempered martensitic matrix [101]. 

 

It was observed that the dispersoids in tempered martensite are coarser (7 nm) than those 

in ferritic matrix (3 nm). This behavior was attributed to – reverse transformation. 

According to Yazawa et al. [114], oxide precipitates sometimes coarsen during coherent 

to incoherent transition, which is expected in the tempered martensite as well also. Ukai 

et al. [101] explained this phenomenon through a schematic as shown in Fig 2.5. During 

hot consolidation, semicoherent oxide particles are formed by precipitation. 

Consequently, – ransformation may possibly disturb the interfacial coherency; to 

minimize this, oxide particles get coarsened. Therefore, tempered martensite changed 

from –phase by cooling consists of coarser oxide particles, whereas the residual ferrite 

includes finer oxide particles for coherency. 

Fig. 2.5 Schematic representation of process for oxide particle coarsening 

in the martensite in comparison to the residual ferrite [101]. 

 



                                                                                                                                          Literature review                                                         

 

35 
 

In ODS steels, analysis of nano–sized oxide particles with the size of less than 5 nm has 

been equally ambiguous. Generally APT analysis is focused on small oxide particles of 

less than very few nanometers in size. The interesting feature of oxide particles observed 

by APT, suggests that many of the oxide particles have a core–shell type structure [115, 

116]. Marquis [115] analyzed the oxide particles of ODS–Eurofer alloy, which has the 

core shell structure and in which, Y2O3–rich core was surrounded by V and Cr–rich shell. 

V– and Cr–enriched shells are also observed around all investigated particles by TEM in 

ODS–Eurofer steels [116]. The decoration of the Y2O3 core with a Cr and V rich shell 

implies that the nano–sized oxides not only act as trapping sites for irradiation induced 

defects and noble gases, but also effective traps for the segregation of major alloying 

elements and long range diffusion. The partitioning of alloying elements hinders the 

particle decomposition and consequent formation of σ or χ phases [117]. 

 

Williams et al. [118] carried out the APT study of the ODS–Eurofer without Ti. 

Considerable variations in chemical composition of oxide particles (5–10 nm) were 

observed. Inside the oxide particle, with increasing size, the concentration of Fe decreases 

and at the core of coarser particles (10 nm), no Fe was found. 

 

Aleev et al. [119] observed the high number density (2×10
24

/m
3
) of fine nanoclusters 

(enriched in Y, O, N and V) in ODS–Eurofer steels using APT and compared with TEM 

results. Lu et al. [113] investigated the high density of few stoichiometric Y2Ti2O7 

particles (7 nm) by TEM studies and non–stoichiometric Y–Ti–O type nano oxide 

clusters (2–4 nm) using APT analysis in ODS CLAM steel.  

 

Ohnuma et al. [120] quantitatively determined the size and number density of dispersoids 

in ODS–9Cr steels with varying amounts of Ti and excess O using SANS and SAXS. It 

was found that decreasing excess O and increasing Ti results in finer grain size (2.4 nm) 

and higher number density (1.1×10
18

) of Y2Ti2O7 oxide particles. Mathon et al. [121] 

found that ODS–9Cr with 0.5Ti yields the lower oxide particle size compared with the 

same steel with 0.3Ti using SANS studies. But as the annealing time increases oxide 

particle size also increases, at higher Ti contents. This is in fine agreement with the 

known effect of the optimum quantity of Ti addition in the reduction of the size of the 

oxides [60]. 
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Ukai and Ohtsuka et al. [60, 78, 102] studied the influence of alloy composition on the 

structure, composition, number density and size distribution of nano–sized complex 

oxides (nanoclusters). Generally, variations in alloy compositions and processing 

conditions resulted in differences in the population of nanoclusters, suggestive of that 

they can be tailored to give best possible balance of mechanical properties and irradiation 

tolerance. 

  

2.5.2 Mechanical Properties  

ODS steels exhibit excellent tensile and creep strengths when compared to the same steels 

without oxide strengthening. The high strength of ODS steels is obtained due to the 

combined influence of dispersoids and their synergistic interaction with grain boundary 

and dislocations.  

 

The effects of chemical compositions (Ti and O) and hot consolidation temperature on 

mechanical properties of ODS–9Cr steel were investigated [64]. The influence of excess 

O on creep and tensile properties was controlled by increasing titanium from 0.2 to 0.46 

wt. % (Fig. 2.6). The creep strength of ODS–9Cr steel was enhanced by balancing the 

titanium content to 0.35 wt. %. 

Fig. 2.6. Effect of Ti, excess O and HE temperature (Te) on (a) creep 

and (b) tensile properties [64]. 
 

In ODS–9Cr steels, excessive W leads to Laves phase formation. In these steels, solid 

solution strengthening increases with increasing the W concentration up to 2.4 mass %. 

by the dissolved W. To obtain the high temperature strength without Laves phase 

formation, the appropriate W content is around 2 mass %. The improvement in strength 

by the addition of W is not only due to solid solution strengthening but also due to the 

formation of residual –ferrite when W content is more than 0.5 mass % [122]. 
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Lu et al. [103] investigated the influence of heat treatment conditions on the hardness of 

ODS–Eurofer steels in compassion to the Eurofer 97 and T92 steels. With the increase of 

normalizing temperature, hardness increased in conventional steels and decreased in 

ODS–Eurofer steels. The reduction in hardness of ODS–Eurofer steels due to the 

enrichment of Ta in Y2O3 particles as evidenced by the absence of TaC. With the increase 

in tempering temperature, the hardness of T92 decreases, while the hardness of ODS–

Eurofer decreases up to 750 C, thereafter it increases. 

 

The tensile strength of ODS–9Cr (Fig. 2.7) steel was almost twice that of the RAFMs up 

to 550 C. The creep strength of ODS–9Cr steel was higher than RAFM steels. The 

dispersoid size and number density were found to remain similar even after creep testing 

[123]. 

Fig. 2.7 Variation of (a) yield strength (b) tensile strength, (c) total elongation with 

temperature and (d) dependence of stress on Larson–Miller parameter  

of ODS–9Cr steel in comparison to conventional steels [123]. 
 

The tensile properties of ODS–Eurofer and commercial ODS steels are shown in Fig. 2.8 

[81]. Both the yield and tensile strengths of consolidated samples are higher (about 35 %) 

compared to Eurofer 97 up to 700 C (Fig. 2.8). Above 350 C, ductility of hipped 
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samples was not satisfactory, where as extruded sample showed total elongation 

comparable to Eurofer.  

Fig. 2.8 Ultimate tensile strength of various ODS steels in comparison 

to the standard Eurofer with test temperature [81]. 

 

The tensile properties of ODS–9Cr in different processing conditions were estimated at 

25 to 800 C and are presented in Fig. 2.9 [60]. The properties of standard oxide free 

ferritic stainless steel (PNC–FMS) are also included in Fig. 2.9. ODS–9Cr steel exhibited 

excellent ultimate tensile strength (UTS) and uniform elongation (UE) over the entire 

temperature range. The ratios of UTS and UE of ODS to those of PNC–FMS are 

presented in Fig. 2.9 (c). The improvement in strength and ductility in the ODS–9Cr steel 

is significant, especially above temperatures of about 600 C. This benefit can be 

attributed to dislocation pinning by oxide particles and consequent difficulty in recovery. 
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Fig. 2.9 Mechanical properties of ODS–9Cr steel [60]. 

 

Sakasegawa et al. [124] studied the effects of mechanically alloyed powder particle size 

on the microstructural parameters and creep resistance of ODS–9Cr steels. The creep 

cavities are reduced and creep rupture time is increased when coarser MA powder (>90 

µm) was used. 

 

The formation of residual ferrite is the superior characteristic of creep property of ODS–

9Cr steels [125]. Yield strength (YS) of residual ferrite at room temperature (RT) was 

1360 MPa. Minimization of the number of martensite packet boundaries is the main 

reason for the increase in creep strength.  

 

Tensile tests were performed on ODS–9Cr steels with varying contents of Y2O3 (0.35 and 

0.5 wt. %) [126]. It was observed that, the ODS steel which contains 0.3 % yttria showed 

better tensile properties rather than 0.5 %. Fracture surfaces shown in Fig. 2.10 exhibits 

the visible reduction of area with 0.3 % of yttria at 700 C (Fig. 2.10 (a)) and at RT (Fig. 

2.10 (b)). But no visible necking was observed in 0.5 % yttria, at both the test 

temperatures (Fig. 2.10 (c) & (d)). In both materials, there is an indication for localized 

ductility at higher magnifications at both temperatures. The general fracture mode, 

however, seems to be intergranular in nature. 
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Fig. 2.10 SEM images of the fracture surface of ODS–9Cr steel with 0.3 and 0.5 wt. % 

yttria at (a, c) 700 C and (b, d) RT, respectively [126]. 

 

2.5.3 Corrosion and oxidation properties 

Corrosion resistance is a life limiting factor in selecting materials for SFR or fusion 

reactors. Since ODS steels are intended for operation at temperatures greater than 650 °C, 

the corrosion and oxidation behavior of these steels are to be completely understood 

before being used. At elevated temperatures, corrosion and oxidation resistance is highly 

dependent on the type of alloy. Even though, the corrosion behavior of ODS steels at high 

temperatures is well studied in super critical pressurized water (SCPW) [68], lead–

bismuth eutectic (LBE) [127, 128], liquid lead [129] and sodium [130, 131], the general 

corrosion behavior of these steels at RT is not fully evaluated. The corrosion behavior of 

ODS–9Cr F/M steels were also observed in different chloride and acidic electrolytic 

solutions [132].  

 

Cho et al. [68] investigated the effect of alloying elements on corrosion behaviour of 

ODS–9Cr steel in SCPW. The experiments of anodic polarization indicated that the 

passivation current in ODS steels was lower in comparison to the conventional F/M 

steels. ODS–9Cr F/M steels exhibited similar corrosion behavior in comparison to the 

F/M steels in the SCPW. 

 



                                                                                                                                          Literature review                                                         

 

41 
 

The efficacy of adding of Al for enhancement of the corrosion resistance of ODS–9Cr 

steel in LBE was studied [127]. Al surface coated ODS–9Cr steels exhibited superior 

corrosion resistance at all the experimental conditions. 

 

The corrosion behavior of ODS–9Cr steels at 550 and 650 ºC in the static liquid Pb was 

investigated [129]. The observed corrosion behavior of ODS steels comparable with that 

of the conventional steels. However, the specific structure of ODS steels causes some 

variations in the corrosion process. In pure Pb, the fine–grained structure promotes 

intergranular corrosion (IGC) and diffusion of Pb into matrix along the grain boundaries.  

  

An evaluation was done in different electrolytic media to find out the corrosion behavior 

and passive film compositions of ODS–9Cr steels [132]. The results of open circuit 

potential (OCP) show noble potential for measurements in 1 to 11.5 M HNO3, and in 

chloride media less noble potential values were observed. The protective oxide layer has 

higher OCP, while the less protective passive film forms at lower OCP values. There is an 

influence of electrolytic media on the corrosion resistance which clearly showed in 

potentiodynamic polarization plots. In 0.5 M H2SO4 and 1 to 11.5 M HNO3 media, higher 

breakdown potentials were observed. The presence of Cl
– 

significantly reduced the 

corrosion resistance despite the presence of Fe2O3, Cr2O3, and Y2O3 layers on the passive 

film. In the acidified chloride and chloride only media, pitting corrosion was prominently 

observed. The morphology of pits appeared in SEM were hemispherical and globular. 

 

The corrosion behavior of Eurofer and ODS–Eurofer steels was tested at RT in NaCl and 

H2SO4. The results were compared with conventional ferritic stainless steel grades AISI 

430 ferritic and AISI 410 martensitic grade [133]. The corrosion resistance of Eurofer 

was better than ODS–Eurofer 97 but lower than AISI 430 and AISI 410 stainless steels. 

The addition of Y2O3 did not improve the corrosion resistance of ODS–Eurofer. 

 

The oxidation behavior of ODS F/M steels is well studied in SCPW [71, 134, 135], LBE 

[72] and liquid lead [136] but literature exists on the oxidation behavior at high 

temperatures of ODS steels in air is limited. Kaito et al. [137] reported that ODS–9Cr 

F/M and ODS–12Cr ferritic steels exhibited higher oxidation resistance when compared 

to the conventional steels, which is due to the presence of finer grains in ODS steels. The 
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detailed mechanism, however, is not yet clear, even though ODS steels exhibit better 

oxidation resistance than conventional steels. 

 

2.6 ODS ferritic steels 

2.6.1 Microstructural evolution 

Usually, the microstructure of ODS ferritic steels is ferrite. In ODS ferritic steels, 

extrusion results in anisotropic and textured grains. A recrystallization process is 

generally used to decrease the degree of anisotropy in an extrusion direction [55]. All 

worldwide efforts are directed to overcome the anisotropy induced by fibrous grain 

structure observed after hot extrusion [138]. In MA957, grains with the dimensions of ≈ 

0.5 µm in transverse direction, whereas in the extrusion direction that are elongated with 

a <110> texture and the aspect ratio of 10:1 [67, 139–141]. In ODS ferritic steels, 

dislocation densities in as–extruded condition are reasonable to high, usually forming 

polygonized subgrain structures [67, 83, 142, 143]. Compared with MA957, J12YWT has 

smaller grains with higher dislocation densities [142, 144].  

 

Characterization of oxide particles 

Sakasegawa et al. [145] observed different type of particles, such as, TiO2 (>35 nm), 

Y2Ti2O7 (15–35 nm) and non–stoichiometric Y–Ti–O complex oxides (2–15 nm) in 

MA957 (Fig. 2.11 (a)) and also shown that the chemical composition of oxide particles 

depends on their size (Fig. 2.11 (b & c)). 
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Fig. 2.11 (a) TEM image of MA957, (b) relationship between chemical composition and 

size of oxides and (c) size distribution of oxide particles [145]. 

 

A recent study [106] by Hirata et al. provided the imperative evidence that a defective 

NaCl type structure is possessed by the higher lattice coherency nanoclusters with the 

ferrite matrix in 14YWT. The remarkable high temperature stability of these nanoclusters 

in exhaustive neutron irradiation fields was found to be due to the abundance of point 

defects. Wu et al. [146], studied the near stoichiometric Y2Ti2O7 nanoparticles and Ribis 

et al. [147] also observed Y2Ti2O7 structure particles after annealing at 1300 C for 1 h. 

Brandes et al. [148] confirmed the presence of amorphous nanoparticles. Bhattacharyya 

et al. [149] analyzed a new phase in ODS–14Cr steel. HRTEM–FFT indexing analyzed 

this phase to be orthorhombic Y2TiO5, with Y/Ti ratios calculated by energy dispersive 

spectroscopy (EDS) between 1 and 2. In adding together, HRTEM–FFT indexing showed 

that small Y2Ti2O7 (<5 nm) oxides form in the ODS–14Cr steel with the similar alloy 

composition following HIP process at 850 C. 

 

Miller et al. [150] observed the distribution of oxides in ODS–12Cr steels with and 

without Ti using APT. ODS–12Cr steels with Ti results in finer size and high number 

density (4 nm and 1.4×10
24

/m
3
) of Y–Ti–O enriched particles compared to ODS–12Cr 

without Ti samples (5 nm and 3.9×10
23

/m
3
). In MA 957, oxide particles were appeared as 

Y–Ti–O clusters and also containing significant amount of Fe and Cr. The measured 

compositions were differing from complex oxides like YTiO3, Y2TiO5 and Y2Ti2O7 [151] 
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as indicated by APT analysis. The range of (Ti+Y)/O ratios of Y–Ti–O clusters were 

between 1.1 and 1.3. Using APT, Miller et al. [89, 152] analyzed the ratio of Y:Ti, 

considerably lesser than 1 (0.25–0.5), when the Ti:O ratio was about 1:1. This was in 

conformity with the results of Hirata et al. [106]. During APT data acquisition, general 

analysis of the sub–stoichiometric oxygen concentration measured is that not all the 

oxygen is identified [146].  

 

The core shell/structure of nanoparticles is observed by different research groups in 

different ODS materials and by different techniques (APT and HRTEM, etc.). The theory 

behind the formation of oxide particles is that the shell acts as a wetting layer for the 

nucleation of the particles [118], and it was proposed by Sakasegawa et al. [153] that the 

formation mechanism is strongly dependent on the diffusion of Y. Marquis [115] 

analyzed the oxide particles of Fe–12Cr model alloy and MA957 with core shell 

structure. The core is composed of Y and O while the shell is enriched with Cr in Fe–

12Cr model alloy and in MA 957 oxide particles consist of Y, Ti, Al and O with core and 

also a Cr–enrich shell. The presence of a shell is observed of the size (4–8 nm) of these 

oxides. However, for the larger particles (8 nm and more), the shell structure is visible all 

around the core. Since the structure of oxide nanoparticles is similar in three of the 

studied ODS steels (Y–rich core with solute–rich shells), it is suggested that the structures 

of oxides are governed by the interfacial energy between oxide particle and matrix.  

 

Similarly, ODS–12Cr model alloy also have Cr–rich shell (thickness: 1–3 nm) confirmed 

by TEM (STEM, EELS, EFTEM) analysis [154, 155]. In addition, this shell structure still 

exists even after prolonged annealing times (during 24 and 96 h at 750 °C). EFTEM 

analyses performed on ODS steel annealed for 96 h, do not reveal any significant 

difference in thickness of Cr–rich shell in comparison to the particles after annealing for 

4 h. 

 

SANS measurements, revealed that processing conditions dictate the formation of Y–Ti–

O oxides [73, 156, 157]. SANS and APT results suggest that Y–Ti–O complexes are 

maybe GP zone–type transition phases.  

  

While it is well established that the dispersoids are of spherical shape in ODS–F/M steels, 

there exists an ambiguity in the shape of dispersoids (spherical or cuboidal) in ODS–
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ferritic steels. Recent studies, however, indicate that the dispersoids are of both spherical 

[106, 158, 159] and cuboidal [147, 148, 160, 161] in ODS–14Cr ferritic steel. Thus, there 

is uncertainty in the process dependent shape evolution of the dispersoids in ferritic steels. 

 

2.6.2 Mechanical properties 

The effect of yttria concentration (up to 0.56 wt. %) on the strength and ductility of ODS–

13Cr steels consolidated by HE was studied [55]. Tensile strength and creep rupture 

strength increased with Y2O3 content in the extrusion direction, while total elongation 

decreases. At about 0.4 wt. % of Y2O3, the creep rupture strength got saturated. 

 

A study of the influence of milling type was carried out on the hardness of ODS–14Cr 

steels [156]. SPEX–milled powders were extremely hard (Fe–14Cr≈750 kg/mm
2
 and 

14YWT ≈1000 kg/mm
2
), with the crystallite size of 30 nm with very high dislocation 

densities. Compared to lower energy attritor milling, SPEX milling resulted in higher 

hardness as a result of fine grained structure with high dislocation densities. After 

annealing at 850 C for 1 h, hardness of the SPEX–milled 14Cr powders (without Ti or 

Y) recovered completely to the unmilled level (750 to 150 kg/mm
2
).Hardness of 14Cr 

milled powders (without Ti or Y) after annealing for 1 h at 850 C was similar. At all 

annealing temperatures up to 1150 C, the powders with yttrium and powders with both 

titanium and yttrium showed much higher hardness. 

 

The experimental steel 12YWT (Fig. 2.12) has a better tensile properties compared to 

MA956, MA957 and PM2000 and the strength levels of all these steels are the same at 

temperatures of about 900 C. Small differences were observed in total elongation of both 

experimental and commercial steels. At RT, both 12Y1 and 12YWT had the lowest 

values. Highest values were attainted in 12Y1 in the range of 600–800 C. Otherwise, the 

elongations of the commercial steels and 12YWT were comparable [61].   
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Fig.  2.12 Variation of (a) YS and (b) UTS with temperature of experimental and 

commercial ODS steels [61]. 

 

Alamo et al. [66] investigated the mechanical behavior of MA957 alloy for fine grains 

and intermediate recrystallized conditions. The fine grained structure exhibits high tensile 

strength and very low DBTT while recrystallized structure presents a higher ductility and 

better creep behavior. 

 

The relative contributions of various strengthening mechanisms at different temperatures 

in ODS–14Cr steel were estimated [162]. While the linear summation method results in 

overestimation, the root mean square method was found to predict the YS closer to 

experimental values. In this particular study, the dispersed barrier hardening model shows 

a better estimation than Orowan hardening. Among the proposed mechanisms, the Hall–

Petch component has the highest contribution over a wide range of test temperature. 

 

Anisotropy in extruded ODS–14Cr alloy was examined in the longitudinal (LT) and 

transverse directions (TT) [163]. While there was no significant change in the strength, 

the ductility in TT direction was about 50 % lower than that in LT direction. There were 

differences in the macroscopic appearance of the fracture surfaces.   
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Rahmanifard et al. [164] described the tensile and fracture studies of ODS–12Cr steel 

(Fig. 2.13). HE at 850 C resulted in nearly equiaxed ultrafine grain structure with YS of 

1390 MPa and UTS of 1470 MPa and total elongation (et) of 13 % at RT. Maximum et 

was found at 600 C where a fully ductile dimple feature was revealed in the fractography 

of the tensile specimen as compared to the very fine dimpled and split crack structure that 

were observed at RT. The presence of very small particles on the wall of dimples at 800 

C with the nearly chemical composition of the matrix was attributed to the activation of 

the decohesion of boundaries mechanism as a result of diffusion of solute atoms. 

Fig. 2.13 SEM micrographs of tensile fracture surfaces tested at (a–b) RT indicating 

quasi–brittle fracture mode and at (c–d) (600 C) indicating ductile fracture mode [164]. 

 

2.6.3 Corrosion and oxidation properties 

Even though, ODS–9Cr steels have excellent high–temperature strength, low void 

swelling, high resistance to creep and neutron irradiation embrittlement, the corrosion 

resistance of these materials is poor due to the reduced Cr content (<13 %). For better 

corrosion resistance it is imperative to use high Cr steels. The primary aspect of recycling 

the old fuel is to recover the uranium and plutonium and thus close the fuel cycle. The 

PUREX (plutonium, uranium extraction) process is the standard method of extraction for 

the reprocessing of most commercial reprocessing plants. During different stages of spent 

fuel dissolution of PUREX process, HNO3 is used at various contents (1–14 M) and in 
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boiling conditions [165]. However, severe IGC was found to be a serious problem [166]. 

The corrosion behavior of ODS ferritic steels at high temperatures is well studied in 

SCPW, LBE, liquid lead and sodium [69, 129–131]. The corrosion behavior of ODS 

ferritic steels was also observed in different chloride and acidic electrolytic solutions 

[167–170]. 

 

The corrosion behavior and passive film composition of ODS 9–15 % Cr in various 

concentrations of nitric acid were studied. The OCP is shifted towards more noble 

potential as the concentrations increased from 1 to 9 M HNO3 in all the experimental 

steels. No IGC attack was noticed in the above mentioned HNO3 contents [167–169]. The 

passive film compositions and corrosion resistance of ODS–12Cr and ODS–15Cr in 3 to 

9 M HNO3 was evaluated. Potentiodynamic polarization plots exhibited a shift in 

corrosion potential and high passive current density with increasing HNO3 contents. In 

ODS–12Cr steel, the higher corrosion rate was noticed in all HNO3 conditions. 

Nevertheless, low corrosion rate noticed in ODS–15Cr steel was recognized to Al2O3 

enrichment. TEM studies indicated a formation of complex Y2Hf2O7 in ODS–15Cr steel 

and this might have a role in suppressing the IGC [170]. 

 

The influence of yttrium and nano complex oxides on the high temperature oxidation 

behavior of ODS ferritic steels was investigated [171, 172]. The study of conventional 

stainless steels with the same chemical composition was done for comparison purposes. 

Long term oxidation experiments were carried out at 800 C up to 2000 h under air. The 

results exhibited that an adding of yttrium to ODS–14Cr steel sufficiently reduced the 

oxidation rate. Therefore, ODS processing to precipitate nanoclusters is a more effective 

means of improving high temperature oxidation rather than a simple yttrium addition 

[171]. 

 

2.7  High–Cr ferritic steels 

2.7.1 Microstructural evolution 

Hsiung et al. [173–175] carried out the HRTEM analysis to observe the interfacial 

structure of oxide particles (1.7 to 30 nm) in ODS–16Cr–4Al steel. A structure with a 

Y4Al2O9 core associated with a shell was observed in both small and large oxide particles. 

The shell was found to be amorphous in contrast to the previously reported core–shells 
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structures [115, 116]. The authors suggested that the amorphous shell results in a partial 

crystallization of amorphous nanoparticles during consolidation, whereas amorphization 

of these oxides particles appear during the MA process. This structure vanishes after 

prolonged heat treatment (900 °C/168 h) for particles with diameter larger than 20 nm, 

indicating that these core/shell structures are far from chemical equilibrium. 

 

MA 956 also exhibits the same structure of crystalline core and amorphous shell with 

more thickness compared to ODS–16Cr steel. By comparing the HRTEM studies of MA 

956 and ODS–16Cr steels with the results of Marquis [115], the content of these solute–

enriched shells may differ and depends on the initial composition of the ODS steel. The 

author suggests that Y4Al2O9 and YAlO3 core forms in ODS–16Cr and MA 956 materials 

and Y2TiO5 and Y2Ti2O7 forms in the case of Ti–containing ODS–12Cr steel. It is 

supposed that shell forms as a result of solute depletion from the core during 

crystallization of the particles upon annealing. However, there is no clear understanding 

about the origin and the nature of these core/shell structures. 

 

The phase and metal–oxide interface structure of oxide particle in ODS–15.5Cr–4Al 

steel, extruded at 1050 and 1150 C were analysed by HRTEM and diffraction contrast 

techniques [176]. After 1050 C, almost all the particles are yttrium–aluminum–

hexagonal (YAlO3) phase with 86.5% (diameter <4.5 nm) and was found to be coherent 

with the matrix. After extrusion at 1150 C, both Y–Al–perovskite oxides and Y–Al–

hexagonal with 78 % (diameter 4.5–10 nm) and were found to be are semi–coherent with 

the matrix.  

 

The microstructure of ODS–16Cr and ODS–16Cr–5Al ferritic steels produced by sol–gel 

method together with hydrogen reduction, MA and SPS methods showed the typical 

ferritic structure with the homogeneous distribution of complex oxides in Al–free (Y–Ti–

O:10–30 nm) and Al–contained samples (Y–Al–O: 20–100 nm), respectively [177].   

 

The microstructural evolution of ODS–18Cr steels is limited and the details of the work 

carried out by various research groups is given in Table 2.7 [75, 178–186]. 
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Table 2.7 Literature review on microstructural studies of ODS–18Cr steel. 

Composition Processing stage Salient features Ref 

Fe–18Cr–1W–

0.8Ti–0.3 Y2O3 

 

Milled powders (1–48 h) 

Heat treated (850, 1100 

and 1300C for 1 h) 

powders 

SANS study 

Particles less than 10 nm were found in powders even after 48 

h milling. 

At 850C, nanoclusters and Y–Ti–O oxides were present. 

At 1100C, these nanoclusters completely precipitated as Y–

Ti–O oxides of 2 nm. 

At 1300C, particle coarsening (10 nm) occurred. 

[178] 

Fe–18Cr–W–

Ti–Y2O3 

Milled powders 

Heat treated (850, 1100 

and 1300C for 1 h) 

powders 

FESEM and TEM studies 

Ferritic nano grain structure. Oxides are not present in milled 

powders. 

Bimodal grain structure at all annealing temperatures and the 

fraction of fine grains decreased with increase in temperature. 

At 850C, oxide particles are not found by TEM. 

At 1100C, fine oxide particles could not be resolved by 

TEM. 

At 1300C, Y2O3, Y2Ti2O7 and new pyrOrtho Y–Ti–O phase 

along with hexagonal Y2TiO5 plates (0.5–2µm) present.  

Shape: spherical and facetted. 

[179] 

Fe–18Cr–1W–

0.26Ti–

0.56Y2O3 

Hot extruded (1100C), 

hot rolled (20% at 650C)  

and annealed (1050 C for 

1 h), TEM study 

Very fine elongated grains along HE direction. 

Spherical dispersoids of 10 nm to few hundred nm were 

observed. 

Structure: Not reported. 

 

[180] 

 

Fe–18Cr–1W–

0.4Ti–

0.56Y2O3 

Hot extruded (1100C), 

hot rolled (20% at 700C)  

and annealed (1050 C and 

1300C for 1 h) 

TEM, TXRD and XAS 

studies 

Elongated grains along the extrusion direction at both 1050 

and 1300C. Annealing at 1050C revealed the presence of 

Y2Ti2O7 along with M23C6, TiO2 and Y2O3 (bcc & fcc) 

particles. 

Annealing at 1300C, Y2Ti2O7 particles coarsened to 15 nm 

and only fcc Y2O3 is present along with M23C6. 

[181] 

Fe–18Cr–1W–

0.4Ti–0.5Y2O3 
Hot extruded (1150C) 

TEM and SANS studies 

Elongated grains in extrusion direction. 

spherical nanoclusters of < 3 nm with high number density 

were observed along with coarser particles of few hundreds of 

nm 

[182] 

Fe–18Cr–1W–

0.3Ti–0.6Y2O3 

Hot extruded (1100C), 

hot rolled (20% at 650C)  

and annealed (1050 C for 

1 h) TEM study 

Elongated grains in extrusion direction 

Nanoclusters (3 nm) of Y2Ti2O7 were observed. 
[183] 

Fe–18Cr–1W–

0.3Ti–0.5Y2O3 
Hot extruded (1150C) 

TEM  study 
Spherical oxide particles of 2–25 nm were present. [184] 

(a)Fe–18Cr–

1W–0.14N–

0.5TiH2 

(b)Fe–18Cr–

1W–0.8Ti–

0.16N2 

Mechanically milled (10 

h), 

Annealed (600–1000C) 

Hot extruded (800C). 

Composition in (b) was 

plasma nitrided prior to 

annealing and hot 

extrusion 

There is no presence of nano–nitrides in both milled and 

plasma nitrided powders. 

Precipitation of nano nitrides of  2 nm occurs on annealing at 

(600–1000C). 

 

[185] 

Fe–18Cr–

0.2Ti–

0.35Y2O3 

without Al and 

with 5Al 

Hot extruded (1150C) 

and annealed (1050C for 

1 h) 

FESEM and TEM studies 

Bamboo–like grain structure parallel to extrusion direction. 

Both Y2TiO5 and Y2Ti2O7 of size <12 nm were present in 

which <5 nm particles are coherent and 5–12 nm particles are 

semicoherent. 

Four fold increases in number fraction of 5–12 nm particles 

was observed in ODS–18Cr–5Al due to the formation of 

YAlO3 and Y3Al5O12. 

 

[75, 

186] 
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2.7.2 Mechanical properties 

Kimura et al. [67] studied the ODS steels having high Cr with the addition of aluminum 

for high temperature tensile properties. As the increase in Cr content often causes the 

aging embrittlement due to the formation of Cr–rich phases, the consequences of aging (at 

500 C for 1,000 h) on the mechanical properties were examined. Fig. 2.14 presents the 

effect of aging on the UTS and total elongation of various ODS steels. The ODS steels 

having 19 wt. % Cr, both with and without Al addition exhibited age hardening, while 

ODS steels having 14 and 16 wt. % Cr, did not exhibit any age hardening. It is obvious 

that the aging does not cause for the decrease of total elongation in all the high Cr–ODS 

alloys. After aging, both ODS–19Cr alloys exhibited a large shift of DBTT. However, no 

embrittlement was noticed in 14Cr and ODS–16Cr alloys even after aging up to 1000 h.  

Fig. 2.14 The effect of aging on the tensile properties at RT in high Cr–ODS steels [67]. 

 

The tensile stress increases with the increase in Cr concentration due to the solid solution 

strengthening effect of chromium (Fig. 2.15). The variation in the tensile stress by 

increasing Cr is slightly smaller than the difference in the tensile stress among ODS–9C 

steel and ferritic steel. In which, the only difference is the presence of high number 

density of nano–sized complex oxide particles in ODS–9Cr steel [67]. 
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 Fig. 2.15 Variation of tensile stress in ferritic steel, ODS–9Cr and ODS–19Cr steel with 

temperature [67]. 

 

The high chromium content in steel decreases the corrosion rate, but enhances the thermal 

aging embrittlement (Fig. 2.16). To improve the corrosion resistance and to avoid aging 

embrittlement, aluminum is added to lower chromium containing steels [67]. But the 

addition of aluminum reduces the strength (Fig. 2.17). Research work is being carried out 

to increase the strength of Al containing ODS steels by small additions of Zr or Hf. The 

presence of Zr results in the precipitation of carbides and oxides at the grain boundary, 

which strengthens creep. The ODS steel containing Zr or Hf is designated as “Super ODS 

steel” and the work is being carried out in Japan [187]. 

  

The literature available on mechanical properties of ODS–18Cr ferritic steels is scanty, 

when compared to the ODS–14Cr ferritic steels [75, 180, 182, 189–193]. The UTS of 

ODS steel without Al is superior to Al containing ODS steel, at all temperatures up to 700 

C. The primary reason was that there were relatively fewer and coarser oxide particles 

when ODS steel contains Al. There was mechanical property anisotropy even in ODS 

steels with Al [189].  
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Fig. 2.16 Variation of resistances to corrosion and aging embrittlement with Cr in ODS 

steels [188]. 

 

The high temperature tensile properties of ODS–18Cr steel were estimated and compared 

with MA957 alloy [180]. The behavior of the both steels is similar. The effect of thermal 

ageing at 400–600 C during 5000 h on the mechanical properties of ODS–18Cr ferritic 

steel was examined [190]. Embrittlement was observed when aged at 400 and 500 C due 

to the formation of    particles. The ductility and impact strength were significantly lower 

in aged condition. The brittle failure was characterized by cleavage fracture [189].  

 

2.7.3 Corrosion and oxidation resistance 

Kimura et al. [188] studied aluminum addition to the ODS steels having high Cr for 

corrosion properties. The influence of Cr content on the corrosion behavior of ODS steels 

in SCW is presented in Figs. 2.17 and 2.18. These results indicated that, all ODS steels 

having higher Cr gained lower weight gain than SUS316L. It is observed that the 

corrosion resistance of the ODS–14Cr is high compared to SUS316L. The ODS alloys 

having a high Cr content exhibit improved corrosion properties. ODS–12Cr steel without 

Al exhibits comparable corrosion behavior as ODS–9Cr steel. In steels containing Al, 

both corrosion and oxidation resistance increased in addition to the inherent improvement 

with enhanced Cr concentration. 
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Fig. 2.17 Influence of Cr content on the corrosion properties of ODS steel in SCPW [68]. 

 

Fig. 2.18 Variation of weight gain in high–Cr ODS ferritic steels, JLF–1LN and 

SUS316L in SCPW [188]. 

 

ODS–16Cr–5Al steel has higher oxidation resistance in comparison to the ODS–16Cr and 

conventional SS 304 steel due to the formation of continuous and dense Al2O3 film on the 

surface. The outstanding oxidation resistance of ODS–16Cr–5Al makes it capable to be 

used as advanced structural alloys in severe corrosion environments [177]. 

 

The ODS–18Cr steel exposed in SCW showed that weight gain increases with increasing 

time. The corrosion behavior follows a parabolic law. The corrosion product consists of 

Fe2O3 as an outer layer, (FeCr)3O4 as inner layer and Cr2O3 in the diffusion layer above 

the substrate [194].  



                                                                                                                                          Literature review                                                         

 

55 
 

The effects of temperature and alloying elements on corrosion performance of ODS 

ferritic steels were investigated in SCW. Addition of 4 wt. % Al is efficient in improving 

the corrosion resistance of ODS–16Cr steel. Addition of rare earth elements like Ce, Y, 

La was found to be beneficial in addition to Al addition [195].  

 

2.8 Mechanisms of formation of complex–oxide particles 

The microstructural evolution in ODS steels consists of the changes that occur to the 

Y2O3 particles during MA and its subsequent hot consolidation. Different research groups 

have widely studied the formation of complex–oxide particles. However, still there are 

contradictory reports on the mechanism of formation of oxide particles. 

Some of the groups show that the formation mechanism of oxide particles in ODS steels 

happens in a two stage process whether the,  

1. Y2O3 particles fragment to a size of < 2 nm and exist either in crystalline state 

[108, 196] or in amorphous state [197–199] or (b) Y2O3 particles fragment, 

dissociate and dissolve in the matrix during MA [74, 152, 200, 201]. The matrix is 

the homogeneous solid solution of Fe, Cr, Ti, Y and O; 

2. Precipitation of nano–sized Y–Ti–O complex oxide particles takes place during 

hot consolidation by the participation of Ti existing in steel [74, 152, 199, 200–

204]. 

 

Studies on as milled pure iron with Y2O3 and Y2O3+Ti postulated the presence of 2–5 nm 

sized Y2O3/Y2Ti2O7 particles in the milled powder [205]. Recent studies on as milled 

ODS steels indicated the presence of Y, Ti, O atomic clusters and also Y and O 

enrichment in the matrix [147, 158].  

 

The recent work by Brocq et al. [206] reported that the role of MA process appears to be 

more complex for the formation of complex–oxide particles. The initially formed oxide 

particles in MA powder are the basis for the distribution of oxides noticed in consolidated 

samples. The formation of oxides in this way can be controlled by varying the milling 

parameters (temperature, atmosphere and intensity) and annealing parameters (duration 

and temperature). However, the specific conditions of ball milling (reactive ball milling: 

Fe2O3 and YFe3 are used as reactants) that are used for this study should be mentioned. 

This mechanism can be summarized as follows:  



                                                                                                                                          Literature review                                                         

 

56 
 

1. Dissolution of Y2O3 and nucleation of first complex–oxide particles occurs during 

ball milling; 

2. Nucleation and growth of these complex–oxide particles continue after subsequent 

annealing.   

 

Hsiung et al. [173–175] also suggested another mechanism for the complex–oxide 

particle formation. HRTEM studies of ODS–16Cr and MA956 steels revealed that oxides 

contain core–shell structure, in which some of the oxide particles are surrounded by an 

amorphous shell. The proposed formation mechanism of these oxide particles (Fig. 19) 

based on the HRTEM analysis includes the following stages: 

1. During the initial stages of MA, Y2O3 particles fragment and get dispersed in the 

powder;  

2. During the later stages of MA process, dissolution and formation of oxide clusters 

occurs; 

3. The subsequent consolidation process leads to the formation of distinct oxide 

particles of about 2 nm. 
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Fig. 2.19 Schematic illustrations showing (a) three–stage mechanism for the formation of 

oxide nanoparticles during MA and consolidation and (b) size effect  

on the formation of core/shell structures in oxide particles [175]. 
 

2.9 Influence of process parameters on the microstructure of ODS steels 

The process parameters employed in the manufacture of ODS steels have a strong 

influence on the development of microstructure of the matrix and size and number density 

of oxide particles, which affect the mechanical properties and performance of the 

material. 

 

Ohtsuka et al. [78] studied the effects of MA conditions on oxygen contamination of 

ODS–9Cr F/M steel. It was mentioned that excess oxygen (whole oxygen content in the 

steel minus the oxygen content in Y2O3) is an important parameter for the fine and 

homogeneous dispersion of oxides in the matrix. Use of high purity Ar atmosphere during 

the MA process drastically reduces the excess oxygen content.  

 

Miller et al. [151] studied the influence of milling time (40 and 80 h) on the 

microstructure of ODS–14Cr steel by APT. As, no residual parts of Y2O3 powder are 

observed in the as–milled state, it is an indicative that these particles have fully dissolved 

in Fe–Cr matrix during the milling. No significant difference is observed between 40 and 

80 h of milling time.  

 

Alinger et al. [74] performed a systematic study to understand the influence of 

consolidation temperatures (850, 1000 and 1150 °C) on number density, nanoclusters 

size, volume fraction and hardness of ODS–14Cr steel using SANS. The size of 

nanoclusters increases with an increase in consolidation temperature, whereas number 
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density, volume fraction as well as hardness decreases. He also compared the effects of 

consolidation by HIP and HE. The size of nanoclusters remains the same in both the 

processes, whereas, HE processed alloy exhibits high number density (3.5×10
24

 /m
3
) than 

HIP (1.2×10
24

/m
3
) processed alloy.  

 

The effect of HE at 850 and 1175 °C on the characteristics of nanoclusters was studied in 

ODS–14Cr steel. HE at 850 °C yields a high number density Y–Ti–O (2 nm) complex 

oxide particles, while HE at 1175 °C results in low number density of mostly Y2Ti2O7 

oxide particles [207].  

 

Dou et al. [96] also studied the effect of consolidation temperature in ODS–15.5Cr steel 

(4Al). The decrease in HE temperature from 1150 to 1050 °C leads to considerable 

reduction in grain size. The size of oxide particles decreases to about half (from 6.7 to 3.2 

nm) and number density increases (from 1.72 × 10
23

 to 9.2 × 10
23

/m
3
).  Therefore, higher 

consolidation temperature results in larger size and lower number density of oxides. The 

variations of crystallite size and dispersoid size of different ODS steels are presented in 

Fig. 2.20.  

Fig. 2.20 Variation of (a) crystallite size and (b) dispersoid size of different ODS steels. 

 

Influence of HE (1100 C) and HIP (1150 C) on final microstructure of ODS–14Cr was 

studied by Unifantowicz et al [208]. MA of powder is performed in planetary ball mill 

under hydrogen atmosphere. After consolidation, both ODS–14Cr steels are heat treated 

at 850 °C for 1 h. TEM analysis revealed that both the samples exhibited fairly equiaxed 

grain structure with a size of 40–80 nm along with the high number density of 

nanoclusters. In comparison to HIP sample (4 nm, 9.3 × 10
23

/m
3
), hot extruded sample 

results in higher oxide particle size (8 nm) with higher number density (17.4 × 10
23

/m
3
).  
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ODS–14Cr steel developed by HE shows high tensile strength and hardness at low to 

reasonable temperatures in comparison to the same steel processed by HIP. The higher 

strength levels in hot extruded materials are due to the existence of higher number density 

of fine oxides and work hardening effects compared to HIP processed samples [208]. 

 

Oksiuta et al. [209] investigated the mechanical properties of ODS–14Cr steel at high 

temperatures consolidated by HIP at 1150 C under various pressure conditions in the 

range of 185–300 MPa for 3 h. The HIP pressure shows insignificant effect on the tensile 

strength and hardness, although it improves the ductility of the alloy.  

   

2.10 Present scope of work 

As evident from the foregoing literature survey covered in chapter 2, it is amply evident 

that the high temperature capabilities of Cr containing steels are enhanced by the Y2O3 

dispersion. It is also well established that the addition of small quantities of Ti reduces the 

dispersoid size from 20–40 nm in Y2O3 alone to about 5–10 nm and the oxide changes to 

Y–Ti–O complex oxides. ODS steels are produced by MA, using Y2O3 powder milled 

with Fe–Cr matrix, followed by hot consolidation. However, there is ambiguity on the 

formation of nano–sized oxide complexes, in which, one group advocates that 

fragmentation of Y2O3 during MA is responsible for size reduction, another supports 

formation of nano oxide complexes by dissociation of Y2O3 and precipitation during the 

hot consolidation process. It can be expected that the dissolution and nucleation 

mechanism may vary with sample chemistry and processing parameters. Microstructural 

features have individual and synergistic effects on the resulting mechanical properties.  

However, the limited amount of work was performed in order to characterize ODS–18Cr 

steels. The present work, therefore, is aimed at understanding of the following effects:  

1. The influence of milling time in a high energy ball mill, 

2. The effect of mechanical alloying on Y2O3, 

3. The role played by various hot working operations and 

4. The correlation between structure and properties of ODS–18Cr steels. 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

 

3.1 Introduction 

This chapter presents various experimental conditions used to produce oxide dispersion 

strengthened (ODS)–18Cr ferritic steels and different characterization techniques 

employed to evaluate these materials. Powder metallurgy (P/M) technique was employed 

to produce ODS–18Cr ferritic steels. The dispersion of Y2O3 in 18Cr ferritic steels was 

achieved by mechanical alloying (MA) and consolidation of these ODS steels involved 

processes like canning, degassing and hot extrusion. The parameters used for these 

processes including MA play an important role in the determining the final properties like 

density, hardness and strength of the consolidated ODS–18Cr ferritic steels. 

Microstructural and mechanical property characterizations were carried out by X–ray 

diffraction, scanning electron microscopy and transmission electron microscopy, vickers 

hardness testing (micro and macro) and universal testing machine. Electrochemical 

corrosion and high temperature oxidation experiments were also carried out. In the 

following sections, the details of each process are described. 

 

3.2 Raw materials 

In the present study, raw materials used for manufacturing the ODS–18Cr ferritic steel 

were argon gas atomized iron based pre–alloyed steel powder with a nominal composition 

by weight percent of Fe–18Cr–2.33W–0.34Ti and 0.35 % nano yttria powder. The pre–

alloyed steel powder with 99.95 % purity and having an average particle size of 100 µm 

produced at M/s ARCI, India by inert gas atomization. Yttrium oxide (Y2O3) nano 

powder (purity: 99.95 %, particle size: 30–50 nm) was supplied by M/s Inframat 

Advanced Materials, USA. SEM image of pre–alloyed 18Cr steel powder produced by 

argon gas atomization is shown in Fig 3.1 (a). The chemical composition of atomized 

pre–alloyed 18Cr steel powder is given in Table 3.1. The sieve analysis of the powder is 

presented in Table 3.2. The powder particles are spherical and the size variation is 

observed. The TEM image of as received nano yttria powder is shown in Fig. 3.1 (b). The 

Y2O3 powder constituted of small crystallites with an average size of 40 nm. The particles 

of as received nano yttria are in the range of 30–50 nm. 



                                                                                                                                    Experimental details                                                         

 

78 
 

Fig. 3.1 Powder morphologies: (a) SEM image of pre–alloyed 18Cr steel powder 

produced by inert gas atomization and (b) TEM image of nano yttria powder 

 

Table 3.1 Chemical composition of the as received atomized steel powder. 

Sample/Composition (wt. %) Fe Cr W Ti Mn Al P C O N 

Pre–alloyed powder bal. 17.8 2.33 0.34 0.014 0.016 0.008 <0.03 0.006 0.003 

 

Table 3.2 Sieve analysis of pre–alloyed 18Cr steel powder. 

 

 

 

 

The basic chemical composition of ODS–18Cr ferritic steel was designed through a 

combination of basic thermodynamic principles as well as experience gained from the 

prior research efforts. In the present work, the main aim is to produce an alloy suitable for 

fast breeder clad tube applications subjected to elevated temperatures and intense 

irradiation. In the development of ODS–18Cr ferritic steels, the body centered cubic 

(BCC) ferritic crystal structure must be preserved to reduce the void swelling under 

neutron irradiation. This implies that austenitic stabilizers (carbon and nitrogen) must be 

omitted or minimized to the least levels. As corrosion resistance (against Na) is a primary 

concern in this alloy, hence Cr content of 18 % is adequate to ensure the fully ferritic 

structure with good corrosion and oxidation resistance. The quantity of 0.35 % yttria was 

added to achieve the desired nano–sized complex oxide dispersoids. 0.34 % Ti was also 

added to produce a fine distribution of nano–sized complex oxides. The quantity of 2.33 

Size fraction [µm] Weight [%] 

–150+106 30.8 

–106+75 25.1 

–75+44 27.4 

–44 16.7 
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% W was added in the matrix for the purpose of solid solution strengthening. The process 

flow sheet for manufacturing the ODS–18Cr steel is shown in Fig. 3.2. 
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Fig. 3.2 Process flow sheet for the manufacturing the ODS–18Cr ferritic steel. 
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3.3 High energy horizontal attritor milling (Simoloyer technology) 

In the present work, MA of the pre–alloyed 18Cr steel powder with and without nano 

yttria was carried out in a horizontal attrition mill (Simoloyer CM–20, Zoz GmbH, 

Germany). The high energy horizontal attritor mill is an advanced device based on 

simoloyer technology and is widely used for MA, reactive and high energy milling in 

research as well as in industrial applications [1]. Simoloyer CM–20 consists of fixed 

double walled horizontal vial, hardened 100Cr6 steel balls of diameter 5 mm, high speed 

rotor with fourteen arms that promote balls motion and cooling system. Simoloyer CM–

20 is connected to computer with Maltoz software for system operation, system control 

and partially controls the process. The high performance system control allows computer 

protection of the device, controllable process temperature, full record of milling history 

and milling power. The processing principle of simoloyer is high and homogeneous 

kinetic energy transfer to the powder particles by collisions of balls. During milling, the 

energy which is transferred from the balls to the powder controls the kinetics of alloying 

and other phase transformations induced during MA. The high kinetic energy process in 

these mills is due to the collisions of the grinding media instead of shear and friction 

interactions [1]. It allows processing without negative gravity influence and dead zones. 

The energy transfer is governed by many parameters.  

 

3.3.1 Process variables 

Milling time  

Milling time is the most important parameter. Usually, milling time is chosen in order to 

attain a steady state between the cold welding and fracturing of the powder particles. The 

time required depends on the many factors, such as, type of mill used, ball–to–powder 

ratio, milling intensity and milling temperature. If the milling of the powder is carried out 

for longer times than required, not only the contamination levels increase but some 

undesirable phases also form.  In Simoloyer CM–20, 6 h is the optimal milling time for 

the fabrication of ODS–18Cr ferritic steels.  

 

Milling speed 

Higher rotational speed of the mill results in the high energy input to the powder particles. 

The powder refining process is often hindered by the increased temperature due to high 

milling speed. This mill (Simoloyer) generates the highest relative velocity of grinding 

media (>14 m/s, three times higher than the conventional devices), results in shorter 



                                                                                                                                    Experimental details                                                         

 

82 
 

processing times because of high kinetic energy supply to the powder particles and lower 

contamination levels of the processed powders than the other ball mills. In the present 

case, Simoloyer mill was operated by rotation cycles with each cycle includes 300 rpm 

for 1 min and 500 rpm for 4 min (total cycle time of 5 min) until the desired milling time 

was reached. 

 

Charge ratio 

Charge ratio is an essential variable in milling procedure which can be also called as the 

ratio of the weight of ball to powder (BPR). The time required for achieving a particular 

phase in the milled powder, BPR has a major effect. Hence, the higher the BPR, the time 

required for milling is shorter. Due to the impact forces exerted on powder particles, 

alloying occurs between the powder particles. Too dense packing of balls decreases the 

mean free path of the ball, while loose packing minimizes the collision frequency. The 

availability of free space for free movement of the balls after any impact is performed by 

a total filling of 40 % and below [2]. In the present case, BPR of 7.5:1 was maintained for 

all the milling operations. Quantity of the powder used for each run was 4 kg.  

 

Milling atmosphere 

The major effect of the milling atmosphere is on the contamination of the powder. Prior 

to milling, the atmosphere inside the container was evacuated and filled with argon gas to 

prevent contamination during milling and all the powder handling was carried out in a 

glove box under protective argon atmosphere to avoid oxygen pickup. 

 

The photographs of Simoloyer CM–20 with the principle of powder flow during 

processing in a Simoloyer and schematic of milling container are shown in Fig. 3.3 (a–c) 

respectively. 
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Fig. 3.3 (a) Photograph of Simoloyer CM–20, (b) with powder flow and (c) schematic of 

the milling container. 

 

3.4 Consolidation of milled powder  

As the milled powder contains strain, it is difficult to achieve good density (>90 %) by 

conventional compaction and sintering. In order to achieve the required density, hot 

consolidation techniques like hot extrusion (HE) or hot isostatic pressing (HIP) are 

employed to consolidate the milled powder. HE was selected in the present work. The 

procedure for the HE of milled powder is to fill the powder in a hollow can, degas the 

powder, seal the can and compact the sealed can to get billet. This billet is used for 

extrusion. Degassing temperature and evacuation time are the important parameters to get 

good density in the extruded rod. Cans of 72 mm  and 200 mm height were used for 

consolidation of milled powder.  

 

3.4.1 Leak check 

The cans were tested for leaks before filling with milled powder. The cans were cleaned 

by ultrasonic cleaning with acetone for removing the oxide layer on the surface of the 
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cans. The cans were dried and checked for leaks by connecting to vacuum pumping 

system using acetone. The photograph of sealed cans is shown in Fig. 3.4 (a).  

 

3.4.2 Powder filling in cans 

The can was fixed to a pneumatic vibrator and the powder was poured into the can under 

vibration to achieve good packing of powder in the can almost reach the tap density of the 

powder. About 2.8 kg of milled powder was filled in each can with the above mentioned 

dimensions. After powder filling, a 44–micron sieve stainless steel cloth was pushed 

down to the powder level to avoid powder getting into the vacuum system while 

degassing. The photograph of powder filling equipment is shown in Fig. 3.4 (b). 

 

3.4.3 Canning and degassing  

Prior to HE, degassing of powder filled cans is essential to make sure that the cans are 

free off air pockets and adsorbed gases from the powder particles to promote 

densification. If the adsorbed gases are not removed, there will be pressure build–up in 

cans during heating for consolidation leading to poor densification and even bursting. The 

powder filled cans were connected to diffusion vacuum pumping system and heated in a 

furnace to 450 C. The vacuum pump was continued to run till a steady state vacuum of 

5.310
–6

 kPa reached. At this stage the cans were crimped and sealed with tungsten inert 

gas welding. The photographs of vacuum pumping system and degassing furnace are 

shown in Fig. 3.4 (c, d). The sealed cans were tested for any seal leaks by a non 

destructive testing method with dye penetrate test using developer, cleaner and penetrator. 

The photograph of sealed cans is shown in Fig. 3.4 (e). 
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Fig. 3.4 Photographs of (a) mild steel cans, (b) powder feeding equipment, (c) vacuum 

pumping system, (d) degassing furnace and (e) sealed cans. 

 

3.4.4 Upset forging and extrusion  

The sealed cans were upset forged at 1050 C and at a pressure of 800 MPa. The upset 

billets were surface machined.  A rod of 17.4 mm diameter was obtained by extruding the 

machined billets at 1150 ºC by applying a pressure of 620 MPa at an extrusion ratio of 19. 

The photographs extrusion press, upset billets and extruded rods are shown in Fig. 3.5 (a–

c), respectively. All the extruded rods were annealed at 900 C for 1 h and then water 

quenched to remove the residual strain.  

 

Fig. 3.5 Photographs of (a) extrusion press, (b) upset billets and (c) extruded rods. 
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For ease of presentation, the ODS steel powder samples are identified as P1, P2, P3, P4, P5 

and P6 with the subscript indicating the number of hours of milling and the 

extruded+annealed rods as ODS1, ODS3 and ODS6 for milling times of 1, 3 and 6 h, 

respectively. The base pre–alloyed steel powder milled for 6 h and subsequently extruded 

and annealed rods are referenced as PN and NODS, respectively. Table 3.3 gives the 

designation and the description of various samples used in this study. 

Table 3.3 Nomenclature of samples used in the present study. 

Designation Description 

Po Pre–alloyed steel powder (Fe–18Cr–2.3W–0.3Ti) 

PN Pre–alloyed steel powder milled for 6 h 

P1 Pre–alloyed steel powder + 0.35% Y2O3 milled for 1h 

P3 Pre–alloyed steel powder + 0.35% Y2O3 milled for 3h 

P6 Pre–alloyed steel powder + 0.35% Y2O3 milled for 6h 

NODS Extruded + annealed sample of PN 

ODS1 Extruded + annealed sample of P1 

ODS3 Extruded + annealed sample of P3 

ODS6 Extruded + annealed sample of P6 

 

3.5 Chemical analysis  

The structure and properties of ODS–18Cr ferritic steels can be attributed to the chemical 

composition during the fabrication process. During fabrication, precautions should be 

taken at each step to control the pickup of impurities. Pre–alloyed steel powder, milled 

powders and extruded+annealed samples were subjected to various chemical analyses, 

including metallic elements like iron, chromium, tungsten and titanium and also non–

metallic elements like carbon, oxygen and nitrogen, etc.  

 

The chemical composition including C, O and N of powder as well as bulk samples were 

evaluated using inductively coupled plasma–atomic emission spectrometer (ICP–AES) 

(Jobin–Yuon, France, Model: Ultima–2CHR), nitrogen/oxygen (Leco, Model: TC436) 

and carbon–sulfur (Leco, Model: CS444) analyzers. The total carbon content was 

determined by using an inert gas fusion method based on the principle of the infrared 

absorption of the carbon dioxide and/or carbon monoxide produced by the combustion of 
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1 g of sample in an induction furnace in a current of pure oxygen. The principle for the 

evaluation of total oxygen content using oxygen–nitrogen analyzer is to fuse the sample 

in a high purity graphite crucible in the furnace in inert gas helium at a very high 

temperature of 2000 C. The carbon crucibles supply the necessary heat for fusing the 

sample of 1 g, and also carbon for reducing the oxygen in the sample. Infrared detector 

measures the CO and CO2 in the crucible which are formed by reacting with the oxygen 

present in the sample. 

 

The chemical compositions of pre–alloyed steel powder (P0), ODS–18Cr steel powder 

milled for 6 h (P6) and bulk samples of NODS and ODS6 are given in Table 3.4.  

 

Table 3.4 Chemical composition (wt. %) of powders and bulk samples. 

Sample/Composition 

(wt. %) 
Fe Cr W Ti C 

Total 

O 
N Y2O3 

Excess 

O 

P0 Bal. 17.8 2.3 0.34 <0.03 0.006 0.003 – – 

P6 Bal. 17.5 2.4 0.33 <0.03 0.12 0.012 0.36 0.04 

NODS Bal. 17.6 2.3 0.34 <0.03 0.05 0.012 – – 

ODS6 Bal. 17.4 2.2 0.31 <0.03 0.14 0.012 0.36 0.06 

 

The chemical analysis indicated that the oxygen and nitrogen contents in both ODS and 

NODS steels increased slightly when compared to the pre–alloyed steel powder. This is 

due to minor leakages during milling under argon atmosphere. 

 

3.6 Structural characterization 

The particle shape, size, crystallite size and phases were analyzed using X–ray diffraction 

(XRD) and scanning electron microscopy (SEM). Transmission electron microscopy 

(TEM) was used to characterize the size, shape, distribution and structure of the 

dispersoids in ODS–18Cr ferritic steel. 

 

3.6.1 XRD analysis 

XRD studies were carried out on the milled powders in a Bruker D8 Advance system 

fitted with Lynx Eye detector (Bruker Axs GmbH, Germany) using Cu K radiation with 

a scan rate of 5 s per step of 0.05° (2θ) and the 2θ range of all the measurements was 

restricted to 20–110°. The X–ray generator was operated at 45 kV at an anode current of 
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40 mA. The crystallite sizes were calculated from the XRD data using full width half 

maxima (FWHM) of the most intense line Bragg peak of the sample using Scherrer 

formula after subtracting the widths due to instrumental broadening and strain effects 

using the equation [3].  

)tan4
)cos(

(6 



str

v

LaBsample
D

FWHMFWHM  ,   (3.1) 

where,  is the wave length of X–ray beam (1.541 Å), Dv is the volume weighted grain 

size,  is the Bragg angle, and str is a strain factor. The crystallite size was calculated 

after subtracting the contribution from instrumental broadening, which was determined 

from X–ray measurements on LaB6 powder. 

 

3.6.2 High intensity X–ray diffraction 

High intensity XRD studies were carried out in Rigaku Rapid–IID/MAX using chromium 

target with X–ray beam spot size of 100 µm diameter to obtain different phases present in 

NODS and ODS–18Cr samples. This system is equipped with a very high intensity micro 

focus X–ray source viz. Rigaku MicroMax 007HF, which is a high flux rotating anode 

system with excellent beam stability and brightness close to a second generation 

synchrotron. The system also has a highly sensitive and very large image plate–based two 

dimensional (2D) detector, which collects the diffraction Debye rings in 2D and ensures a 

full scans from 0 to 150 or 10 to 160 for 2 in a single exposure of very small duration 

making it a rapid system. 

 

3.6.3 Scanning electron microscopy 

Sample preparation 

Standard metallographic procedures were used to prepare samples for microstructural 

examination. Samples were sectioned with a low–speed diamond saw (Buehler: Isomet 

1000 precision saw) at 200 rpm. This sectioning method was selected as to minimize the 

damage introduced during cutting.  A cutting lubricant was used to improve cutting rates 

and minimize the frictional heat generated. After sectioning, the samples were then 

mounted in a conductive mounting powder using a mounting press (Bianmount, Metco, 

India) at a temperature of 180 C for 15 min duration of time under a pressure of 4 bar. 

The samples were grounded on 120, 220, 320, 400, 600, 800, 1000, 1200 and 2000 grit 

silicon carbide impregnated emery paper and subsequently, samples were polished with 
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diamond suspensions of 9, 6, 3 and 1 μm to a bright, smooth mirror–like finish. Grain 

morphology and other intrinsic microstructural features were revealed using an etchant of 

Vilella’s reagent whose composition is given in Table 3.5. 

Table 3.5 Composition of Vilella’s reagent. 

 

  

 

 

The size, shape and morphology of milled powders, microstructures of upset forged and 

extruded+annealed samples were analyzed using SEM (Hitachi, model: S–3400N) 

equipped with secondary electron and backscattered electron detectors. The composition 

analysis was carried out using electron dispersion spectroscopy (EDS). Sputter coater is 

used to coat the powder samples with a thin layer of gold to improve conductivity. The 

particle size of the milled powder was estimated by using the laser diffraction particle size 

analyzer (Malvern, Model: MS2000) and standard image analysis software (Olympus, 

Model: GX51). Feret mean diameter of the particle was calculated by analysis of SEM 

images of the powder particles as per ASTM F1877–05 standard. About 1000 particles 

are used in each sample to estimate the particle size. 

 

3.6.4 Electron backscatter diffraction 

Electron backscatter diffraction (EBSD) also called as orientation imaging microscopy is 

a SEM based powerful and adaptable technique for the study of microstructure. With 

crystallographic data of the phase under study as the input, microstructural information 

such as the crystallographic orientation of the individual grains, grain boundary character 

distribution and micro texture can be obtained. In EBSD, the specimen is first tilted to 70 

and the electron beam is scanned across the region of interest with a fixed step size. The 

backscattered electrons that are generated undergo diffraction, the effect of which is 

detected as bands on a phosphor screen. By moving the source beam along a regular grid 

of discrete points on the sample surface, the diffraction pattern at each point is recorded 

and analyzed to determine the orientation at that point.  

 

Content Quantity 

Glycerol 3 parts 

Hydrochloric acid 2 parts 

Nitric acid 1 part 
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EBSD patterns are generated within a small interaction volume located at the surface of a 

sample with a penetration depth typically less than 50–100 nm. As a result of this, quality 

of the EBSD pattern is extremely sensitive to the integrity of the crystallographic lattice 

order at the surface of the sample. The specimen preparation for EBSD is same as that 

mentioned above, except that in EBSD there is a final polishing step with 0.05 micron 

colloidal silica (CS), which has a pH of 9.8. For EBSD analysis, an excellent surface 

finish is provided by the chemical–mechanical polishing. Samples were polished for 30 

minutes and cleaned with ethanol by ultrasonication. 

 

In the present study, EBSD scans were recorded using a Digiview EBSD camera in the 

field emission SEM (Hitachi, S–4300 SE/N). The orientation data analysis was carried 

out using OIM analysis 5.0 software.  

 

3.6.5 Transmission electron microscopy 

Powder sample preparation 

For TEM examination, powders were mixed properly in a conductive Gatan G1 epoxy 

and filled in a 3 mm inner diameter brass tube followed by curing at 120 C for period of 

20 min and cooling to room temperature. This was subsequently cut, ground, polished and 

dimpled in a dimpling grinder (Fischione; Model 200) and ion–milled in precision ion 

polishing system (PIPS) (Gatan, Model 691) as per the standard procedure.  

 

Bulk sample preparation 

Bulk samples for TEM study were mechanically thinned down to the thickness of about 

100 µm and discs of 3 mm in diameter. These discs were electro polished using 10% 

HClO4 and 90% CH3COOH solution as electrolyte at room temperature and 30 V in a 

twin jet electro polisher (Fischione, Model 110). The electro polished samples were 

cleaned further with an Ar ion beam at a low angle in PIPS. 

 

TEM observations of powder, upset forged and extruded+annealed samples were carried 

out by using FEI Tecnai G
2
 200 kV (LaB6) microscope equipped with Olympus (SIS 

mega view III) wide angle camera. High resolution imaging was carried out using Tecnai 

F30 300 kV FEG system equipped with a Gatan image filter (Tridiem 863). To observe 

the TEM foils, a low background double tilt specimen holder was used. By using an 

EDAX silicon detector with an ultra thin window the EDS spectra were collected. Once 
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the dispersoid diameter was obtained for each sample, the corresponding volume fraction 

of dispersoids (f) was estimated using the equation given below [4]: 

At

dN
f ii

6

3



      (3.2) 

In Eq. (3.2), Ni is the number of dispersoids having a diameter of di, t is the foil thickness 

and A is the total projection area. The foil thickness was estimated by K-M patterns from 

using convergent beam electron diffraction (CBED) [5]. 

 

3.7 Mechanical properties 

Mechanical characterization techniques such as micro, macro hardness and tensile tests 

were employed on the samples. They are described below. 

 

3.7.1 Hardness 

The powder and the bulk samples were sectioned, hot mounted and polished to a mirror 

surface finish using standard metallographic techniques prior to indentation testing. A flat 

surface enables the formation of the symmetrical indentation and minimizes the testing 

error. A minimum of 100 measurements on powder particles and 30 measurements on 

bulk samples were made on each sample and an average hardness value was calculated 

after eliminating the erroneous values obtained because of the low residual thickness of 

the polished particles.  

 

Vickers hardness     

Vickers hardness (micro and macro) is a measure of the materials resistance to a localized 

plastic deformation, applied mostly in materials characterization. Micro hardness of the 

powders was measured at 50 g load and bulk hardness of the upset forged and 

extruded+annealed samples were measured with 5 kg load using Vickers micro (Walters 

UHL, Model: VMH– I04) and macro hardness testing machines (Leco, Model: LV–

700AT) under standard test conditions. The load on the Vickers micro–hardness indenter 

usually ranges from a few grams to a kilogram. In contrast, in ‘Macro’ Vickers hardness 

test the applied loads vary from 1 to 120 kg. The actual indenters used are Vickers (a 

square base diamond pyramid with an apical angle of 136°) or Knoop (a narrow rhombus 

shaped indenter). 



                                                                                                                                    Experimental details                                                         

 

92 
 

3.7.2 Tensile properties 

The tensile properties of the annealed samples were evaluated as per ASTM E21 standard 

from room temperature (RT) to 800 C at a strain rate of 7.5×10
-4 

s
-1

 using a universal 

testing machine (Instron, Model: 4507, 200 kN) with a furnace capable of heating the 

sample up to 1000 C. Round tensile test specimens of 3.99 mm ∅ and 22 mm gauge 

length were used [6] and for each test condition, the average results obtained on two 

specimens are reported. Fractographic examination was carried out on fractured tensile 

samples using SEM. The drawing of a tensile specimen used is given in Fig: 3.6.  

 

Fig. 3.6 Dimensions (mm) of the sample used for tensile testing. 

 

3.8 Corrosion studies 

To determine the corrosion behavior of NODS and ODS–18Cr samples, electrochemical 

experiments (cyclic polarization, electrochemical impedance spectroscopy and 

potentiodynamic polarization) and immersion tests were carried out in 3.5% NaCl 

solution at room temperature. In each experimental condition, three sets of tests were 

carried out and all the results were reproducible.  

 

3.8.1 Sample and electrolyte preparation 

Transverse sections of extruded+annealed samples with the dimensions of 12 mm  and 5 

mm thickness were mounted and polished by standard polishing techniques, 

ultrasonically cleaned with distilled water and then by acetone to avoid the surface 

contaminants and are air dried. The exposed area of the sample in the mount for corrosion 

studies is 1.33 cm
2
. The electrolyte solution (3.5 % NaCl solution) was prepared using 
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analytical grade reagent and distilled water. The as prepared 3.5 % NaCl solution was 

purged with N2 gas in order to remove the dissolved oxygen. 

 

3.8.2 Electrochemical cell  

A typical three electrode electrochemical test cell used for electrochemical experiments 

is schematically shown in Fig. 3.7. The corrosion cell had the classic configuration of 

three electrodes, sample as a working electrode, a saturated calomel electrode (SCE) as a 

reference electrode and platinum as counter electrode. The potential in the electrolyte of 

the metal under study the working electrode is measured against that of a reference 

electrode by means of a voltmeter. The SCE, which is the most widely used reference 

electrode, which consists of mercury covered with a paste of mercurous chloride and 

mercury in a chloride solution. The potential depends on the saturated solution of 

potassium chloride and the concentration of chloride ions and this is used to minimize the 

junction potential between the electrolyte and the solution in the reference electrode in the 

cell. To minimize the mutual contamination of the two solutions, contact is usually made 

through a porous ceramic plug between the test solution and the saturated potassium 

chloride solution of the calomel electrode. The potential difference across this cell gives 

the potential of the metal in the test solution against the SCE. A standard three–electrode 

cell assembly was connected to the computer controlled Solartron Electrochemical 

Interface (Model SI 1287) with Corrware and Corrview–2 softwares and Solartron 

(Model SI 1260) Impedance/Gain Phase analyzer with Z–plot, Z–view softwares to obtain 

and analyze the corrosion data.  
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  Fig. 3.7 Schematic of three electrode electrochemical test cell. 

 

3.8.3 Electrochemical corrosion experiments 

Cyclic polarization (CP) experiments were performed to evaluate the pitting resistance of 

the alloys and carried out from a potential of -0.8 V relative to the reference electrode 

potential with a scan rate of 1 mV/sec up to 1 V and the scan was reversed back to the 

potential of -0.85 V.  

 

Electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization 

experiments were carried out on samples exposed to 3.5 % NaCl for different exposure 

times of 1, 24, 48 and 96 h. By applying an AC signal with 10 mV amplitude, EIS spectra 

were recorded prior to polarization scan and a frequency range of 25 kHz–0.02 Hz at 

open circuit potential (OCP). After EIS scans, potentiodynamic scan was performed from 

cathodic to anodic region stating with a potential of -0.8 V up to 1.2 V relative to the 

reference electrode potential at a scan rate of 1 mV/s. Prior to the start of the scans, OCP 

of the samples was stabilized in the test solution. Since the passivation started 

immediately on immersion, polarization resistance (Rp) fit method (linear polarization 

technique) is used to analyze the data obtained in the present work. In this method, 

applied potential (E) is plotted with the measured current (i), which is linear within ±20 

mV of corrosion potential and Rp is obtained from the slope of the plot (ΔE/Δi) [7].  
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3.8.4 Immersion studies 

To study the corrosion behavior of samples for a long time, immersion tests have been 

carried out by dipping all samples in 3.5 % NaCl solution for 365 days. 

 

After the samples were removed from the cell, they were immediately rinsed with alcohol 

and dried, then stored in a desiccator. Characterization of the surface and cross–section 

morphology of the samples was done by SEM. The surface and cross–section 

morphology of the samples were characterized by SEM.  

 

3.9 Oxidation studies  

High temperature oxidation studies of NODS and ODS–18Cr samples were carried out by 

exposing the samples to 650, 750 and 850 °C in air for 100, 500, 1000, 1500 and 2000 h. 

Specimens with a size of 11 mm diameter and 5 mm thickness were used for carrying out 

oxidation studies. Prior to oxidation experiments, all the samples were polished by 

standard polishing techniques, cleaned and dried. The weight of the samples before and 

after oxidation experiments was measured using semi micro balance (Presica ES 225SM–

DR) with an accuracy of 0.01 mg. Four measurements were taken and the average value 

was reported for each specimen. 

 

The morphology and cross–sectional observations of the oxidized samples were carried 

out using SEM with EDS. Raman spectrometry (Horiba, Jobin–Yvon Lab Ram HR 800) 

was performed on the oxidized samples to find out the phases in the oxide layer. The 

source of optical excitations was Ar–ion (514 nm, 20 mW) laser. The baseline correction 

and calibration were based on 520 cm
–1

 Raman peak of polycrystalline Si. 

 

3.10 Summary 

ODS–18Cr and 18Cr steels were produced by mechanical alloying followed by hot 

extrusion. Various processing conditions like milling, upset forging and extrusion were 

explained. The characterization procedures pertaining to microstructural, mechanical, 

corrosion and oxidation are explained. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

The experimental details about the processing of 18Cr and ODS–18Cr steels and related 

microstructural, mechanical, corrosion and oxidation characterization procedures were 

discussed in the previous chapter. The results obtained and the discussions based on the 

results are presented in the present chapter. 

 

4.1 Effect of High Energy Ball Milling on Microstructural 

Development in Oxide Dispersion Strengthened 18Cr Ferritic Steel 

4.1.1 Introduction 

The microstructure of metallic materials depends on the chemical composition, 

processing stages, phase transformations and final heat treatment. The Fe–18Cr–2.33W–

0.34Ti base steel used in this study, when processed by conventional ingot metallurgy 

route, consists of equi–axed ferrite grains and M23C6 type carbides in conformity with the 

predicted phases in Fe–Cr phase diagram. The microstructural evolution in ODS–18Cr 

steel (Fe–18Cr–2.33W–0.34Ti–0.35Y2O3) made by consolidation of mechanical milled 

powder is quite a complex phenomenon. The severe deformation induced changes in 

milled powders along with formation of unusual meta–stable solid solutions lays the 

foundation for the formation of stable structure during hot consolidation. The sequence of 

structural development during milling and hot consolidation lead to the formation of 

stable nano structured ferrite with nano–sized Y–Ti–O particles is presented in this 

chapter. 

 

4.1.2 Characterization of milled powders 

4.1.2.1 Effect of milling time on particle size 

The morphologies of ODS–18Cr steel powders milled for 1, 3 and 6 h (P1, P3 and P6) 

along with non ODS powder milled for 6 h (PN) are shown in Figs. 4.1.1 (a–d) 

respectively. The spherical particles were deformed into flattened and rounded discs. 

During the early stages of milling, particles tend to flatten with wide size distribution due 

to the dominance of deformation and at larger milling times, become nearly uniform 

sized faceted shapes with narrow size distribution as a result of complex interplay 

between plastic deformation, welding and fracture. The variation of particle size of ODS 
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milled powders estimated from SEM micrographs by image analysis and by laser 

diffraction analysis (LDA) as per ASTM F 1877–05 and ASTM E 2651–13 standards 

respectively, is shown in Fig. 4.1.2 for different milling times along with PN particle size. 

The particle sizes of the ODS steel powders estimated by both techniques (image analysis 

and LDA) were found to be comparable. Feret mean diameter of the particle was 

calculated with standard image analysis software using images of the powder particles 

(about 1000 particles in each sample) obtained from SEM. During high energy milling, 

the ductile particles get cold deformed, welded to particles in close contact and fragment 

when fracture strain is accumulated. While plastic deformation and welding are dominant 

during the initial stages of milling, fracture occurs subsequently. Since cold welding and 

fragmentation are competitive processes and the steady state can be reached only when 

particle coarsening due to welding is matched by size decrease due to fragmentation [1, 

2]. The steady state particle size (139 µm) of ODS–18Cr steel powder attained after 5 h 

of milling signifies a balance between particle coarsening caused by deformation and 

welding and decrease in size by fragmentation. In the case of PN, the size estimated by 

image analysis (314 µm) was lower than the measurement made by LDA (415 µm). The 

lower size by image analysis is because of the difficulty in spreading and retaining 

coarser particles during sample preparation for SEM examination. The particle size of P6 

is much finer than PN because of the fact that the fracture strain is expected to be lower in 

ODS steels as a result of the solid solution hardening and/or hardening caused by Y, Ti, 

O atomic clusters formed at steady state milling conditions. 
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Fig. 4.1.1. SEM images of mechanically milled powders: a) P1, b) P3, c) P6 and d) PN. 

 

Fig. 4.1.2 Variation of particle size of 18Cr and ODS–18Cr steel powders with milling 

time. 
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4.1.2.2 Effect of milling time on crystallite size 

The variation of average crystalline size estimated from the XRD analysis of 18Cr and 

ODS–18Cr steel powders as a function of milling time is shown in Fig. 4.1.3. The results 

indicated that the crystallite sizes of both the powders decrease continuously with 

increasing milling time and reach a steady state size of about 16 nm beyond 5 h milling 

and the crystallite size of PN is comparable to P6. At identical milling times, ODS–18Cr 

steel powder exhibited higher crystallite size than 18Cr steel powder. The presence of 

oxide particles retards the dislocation motion substantially, thereby, delaying the 

formation of cell structure to higher strains. This results in larger crystallite size in ODS–

18Cr steel powders for a given strain [3]. 

Fig. 4.1.3 Variation of crystallite size of 18Cr and ODS–18Cr steel powders with milling 

time. 

 

4.1.2.3 Effect of milling time on microstructural features of powders 

TEM examination was carried out on P1, P3 and P6 representing the whole range of 

milling time. Typical TEM bright field (BF) images are shown in Fig. 4.1.4. While P1 

revealed banded structure containing cell structure within the bands, P3 and P6 showed 

nearly equiaxed cells. The cell size was found to decrease from P1 to P6. The crystallite 

sizes for P1, P3 and P6 powders estimated by XRD and TEM analysis (average of a 

minimum of 400 cells) are given in Table 4.1.1. The results are consistent with the 
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milling time dependent decrease in crystallite size and both the techniques yielded 

comparable crystallite size. The estimated crystallite sizes are comparable to the steady 

state crystallite sizes reported for ODS–14Cr steel [4, 5]. The progressive decrease in cell 

size with increasing strain is caused by dislocation generation and cell multiplication. The 

decrease in cell size with increasing strain is in conformity with the well established sub 

structural changes that occur during plastic deformation of BCC metals. The attainment 

of steady state is due to the balance between cell multiplication and cell annihilation [6].  

Fig. 4.1.4 TEM bright filed images of ODS–18Cr milled powders: a) P1, b) P3 and c) P6. 

 

Table 4.1.1 Crystallite sizes of ODS–18Cr steel milled powders. 

Sample name 
Crystallite size [nm] 

XRD TEM 

P1 26 (±1) 23(±13.25) 

P3 18(±1) 22(±15.26) 

P6 16(±1) 18(±7.83) 
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To understand the influence of milling time on Y2O3 particles, detailed TEM examination 

was also carried out on the as milled powders. Typical TEM images obtained on P1 are 

shown in Figs. 4.1.5 (a–e) respectively. The BF image (Fig. 4.1.5 (a)) revealed the 

substructure and clusters of Y2O3 particles located along the boundaries of lamellar 

structure formed due to plastic deformation during milling. The selected area electron 

diffraction (SAED) pattern obtained from the entire area shown in Fig. 4.1.5 (a) is 

presented in Fig. 4.1.5 (b). Analysis of the SAED pattern indicated that all the rings 

correspond to the matrix BCC phase except for the two extra spots marked by arrows. 

The d spacing corresponding to the extra spots was found to be 3.05 Å, which matches 

with the interplanar spacing (3.06 Å) of {222} of Y2O3 particles [ICDD No: 00–041–

1105]. The dark field (DF) image obtained on the extra spot, shown in Fig. 4.1.5 (c) 

indicated the presence of both coarse (10nm) and fine (<5nm) Y2O3 particles suggestive 

of size refinement of Y2O3 particles by fragmentation during milling. EDS pattern 

obtained from the particles (Fig. 4.1.5 (d)), indicated the presence of the Fe, Cr from the 

matrix and Y from the Y2O3 particles. Fig. 4.1.5 (e) shows the lattice resolution image 

from one of the Y2O3 particles. The interplanar spacing estimated from the lattice image 

is 2.7 Å which closely matches with {400} inter planar spacing (2.65 Å) of Y2O3 [ICDD 

No: 00–041–1105].  

Fig. 4.1.5 TEM images of P1 powder: a) BF, b) SAED pattern, c) DF, d) EDS and e) 

Y2O3 particle. 
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Similar TEM studies were also made on P3 and P6 powders. Fig. 4.1.6 shows the typical 

TEM images obtained on P3. The microstructure of P3 was similar to P1, except that the 

cell size was relatively finer; Y2O3 particles were further fragmented to less than 5 nm 

size and were more uniformly distributed. The SAED pattern presented in Fig. 4.1.6 (b) 

taken from the entire region shown in Fig. 4.1.6 (a) revealed extra spots (indicated by 

arrows) in addition to the spots corresponding to the matrix. The calculated interplanar 

spacings were matching to that of Y2O3 phase. The DF image obtained from the extra 

spot is shown in Fig. 4.1.6 (c), which indicates the presence of finer Y2O3 particles when 

compared to P1. The presence of these fine Y2O3 particles suggests the occurrence of 

further fragmentation after 1 h of milling. The EDS pattern obtained from the bright 

region of Fig. 4.1.6 (c) is shown in Fig. 4.1.6 (d). The presence of only Y further 

confirms the presence of Y2O3. There was no evidence of Y–Ti–O complex oxide 

formation in both P1 and P3 powders. 

 

Fig. 4.1.6 TEM images of P3 powder: a) BF, b) SAED pattern, c) DF and d) EDS. 

 

Typical BF image showing much finer cell structure, SAED and EDS pattern of P6 

powder are shown in Figs. 4.1.7 (a–c) respectively. It was observed that extra spots were 

not present in the diffraction pattern (Fig. 4.1.7 (b)) which implies the absence of Y2O3 

phase. EDS pattern (Fig. 4.1.7 (c)), indicated the presence of the Fe, Cr from the matrix 

and nonexistence of Y. An examination of several SAED patterns taken on larger number 

of thin foils did not reveal the presence of any type of yttrium–based oxide particles. The 
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microstructural development during milling, thus, involves large strain deformation and 

development of cell structure due to dynamic recovery. As expected, the cell size 

decreases with increasing milling time. Fragmentation of Y2O3 particles occurs 

progressively with attendant reduction in size and improved uniformity in distribution. At 

larger milling times representing near steady state crystallite size, Y2O3 particles are not 

resolvable at the resolutions employed in TEM. The finding is in agreement with the 

proposition that, at larger milling times, the fragmented Y2O3 particles dissociate and 

dissolve in the matrix [7]. 

 

Fig. 4.1.7 TEM images of P6 powder: (a) BF, (b) SAED pattern and (c) EDS. 

 

The microstructural evolution critically depended on the milling time. During mechanical 

milling, many dynamic events would be occurring concurrently resulting in intense 

plastic deformation of the ductile matrix and fragmentation of the fragile Y2O3 particles 

with associated changes. During the early stages of mechanical milling, the matrix 

undergoes severe shear deformation with the attendant increase in the population of 

dislocations and vacancies. With increasing milling time, the dislocations tend to 

rearrange themselves as crystallites whose size decreases and misorientation angle 

increases progressively. A steady–state is finally reached when the increase in dislocation 
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density due to further deformation is negated by dynamic recovery effects, thus 

stabilizing the crystallite size (Fig. 4.1.3). The Y2O3 particles, being friable and stronger, 

fragment and get embedded in the matrix. Even though, SAED patterns of P1 and P3 

indicated the presence of Y2O3 particles, the possibility of some of them dissociating and 

dissolving in the matrix cannot be discounted. In P6, which represents the steady state 

with respect to crystallite size, there was no evidence of the presence of Y2O3 or any of 

the Y–Ti–O complexes suggesting that either Y and O are completely dissolved in the 

steel matrix forming metastable solid solution or exist as non crystalline atomic clusters 

of such size which cannot be resolved with the capabilities of TEM used in this study. 

Recent studies by neutron diffraction have suggested that Y and O dissolution occurs 

during mechanical milling [4]. Atom probe studies indicated the formation of 

approximately 2 nm sized atomic clusters consisting of Y, Ti and O atoms [8]. The 

cluster formation has been reported to occur due to the enhanced diffusivity aided by a 

large number of vacancies and the relative chemical affinities of O, Ti and Y [7, 9]. The 

experimental results on P6 powder (absence of Y2O3 or Y–Ti–O complex oxide particles) 

tend to support the hypothesis that dissolution of Y and O occur during milling, which 

probably lead to the formation of Y–Ti–O nano clusters under steady state milling 

conditions.  

 

4.1.3 Upset forged billets 

Since upset forging is first high temperature exposure followed by hot extrusion, it is 

useful to examine the matrix microstructure and size and shape of dispersoids. Since 

ODS6 corresponds to steady state condition, detailed examination was carried out at 

upset forging stage and compared with NODS. SEM and TEM images showing the 

microstructures of upset forged samples of ODS6 and NODS are shown in Figs. 4.1.8 (a–

b) and 4.1.9 (a–b) respectively. Grain boundary character distribution maps for ODS6 and 

NODS are shown in Figs. 4.1.10 (a–c) respectively. Essentially grain boundary 

distribution indicates the subgrain (1–5), low angle (5–15) and high angle (15–180) 

grain boundaries in red, green and blue respectively. To obtain the grain size distribution, 

the area fraction of the grains in the EBSD maps was plotted as a function of grain 

diameter for ODS6 and NODS and is shown in Figs. 4.1.11 (a–b) respectively. The 

average grain sizes of ODS6, NODS were 1.21 and 2.53 µm respectively. From the 

microstructural analysis, it is evident that, ODS6 showed heterogeneous structure 
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consisting of unrecrystallised regions along with a few pockets of very fine recrystallized 

grains. Due to the existence of combination of recrystallized, unrecrystallized grain 

structure, ODS6 exhibits bimodal grain size distribution. Unlike ODS6, NODS revealed 

fully recrystallized ferrite grains with uniform grain size distribution. There is a distinct 

difference in recrystallization behavior of ODS6 and NODS. While recrystallization has 

set in uniformly at all locations in NODS, it is localized at prior particle boundaries in 

ODS6. The retarded recrystallization in ODS6 when compared to NODS is due to the 

presence of dispersoids. 

Fig. 4.1.8 SEM microstructures of upset forged samples: a) ODS6 and b) NODS. 

 

Fig. 4.1.9 TEM bright field TEM bright field images of upset forged samples: a) ODS6 

and b) NODS. 
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Fig. 4.1.10 Grain boundary character distribution of upset forged samples 

 of a) ODS6 and b) NODS. 

 

 

Fig. 4.1.11 Grain size distribution of upset forged samples: a) ODS6 and b) NODS. 
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Upset forging led to the formation of the complex dispersoid particles of stochiometry 

Y2Ti2O7. The TEM bright field image of upset forged sample of ODS6 showing 

dispersoids along with the size distribution and are shown in Figs. 4.1.12 (a–b) 

respectively. The dispersoids are of cuboidal shape and are in the size range of 2–5 nm 

with an average size of 3 nm. While the coarser particles could be identified as Y2Ti2O7 

particles, the finer (2 nm) particles did not yield conclusive evidence to correctly label 

them and are considered to be nano clusters of Y–Ti–O which are still in the transition 

stage enroute to the formation of Y2Ti2O7 particles [10]. Further work is needed to 

understand the influence of upset temperature on the nucleation and growth of Y–Ti–O 

complex oxide particles. 

Fig. 4.1.12 a) TEM bright field image of upset forged ODS6 and b) dispersoid 

distribution. 

 

4.1.4 Microstructural analysis of extruded and annealed rods 

Typical SEM microstructures taken on longitudinal sections of ODS1, ODS3, ODS6 and 

NODS are shown in Figs. 4.1.13 (a–d) respectively. From the SEM micrographs, it is 

clear that a) ODS1 revealed nearly equiaxed grain structure with slight fibrosity, b) ODS3 

and ODS6 contained fibrous grain structure, the grain fibers being thinner in ODS6 when 

compared to ODS3 and c) NODS showed equiaxed grain structure. Fine grains were 

observed within each fibrous grain in ODS3 and ODS6 which could not be clearly 

resolved in SEM examination. 
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Fig. 4.1.13 SEM microstructures of extruded+annealed samples: a) ODS1, b) ODS3, c) 

ODS6 and d) NODS. 

 

EBSD analysis was carried out to obtain more details of the grain morphology and grain 

size distribution of ODS–18Cr and NODS samples. The grain boundary character 

distribution for ODS1, ODS3, ODS6 and NODS are shown in Figs. 4.1.14 (a–d) 

respectively. The grain size distribution of ODS–18Cr and NODS samples in the 

longitudinal direction are shown in Figs. 4.1.15 (a–d) respectively. The average grain 

sizes of ODS1, ODS3, ODS6 and NODS were 1.17, 0.73, 0.48 and 13 µm respectively 

(Table. 4.1.2). At lower milling times (ODS1), elongated grains are relatively strain–free 

(lack of subgrain boundaries). The total length of the subgrain boundaries enhanced with 

increased milling time (Fig. 4.1.16).  
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Fig. 4.1.14 Grain boundary character distribution of extruded+annealed samples: a) 

ODS1, b) ODS3, c) ODS6 and d) NODS. 

Fig. 4.1.15 Grain size distribution of extruded+annealed samples: a) ODS1, b) ODS3, c) 

ODS6 and d) NODS. 
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Fig. 4.1.16 Variation of grain boundary length of ODS–18Cr and NODS samples with 

milling time. 

 

The experimental EBSD results clearly suggest that ODS1 consists of bands with larger 

grains interspersed with regions of fine grains. The deformed grains have elongated shape 

parallel to the longitudinal direction in ODS3 and ODS6, grain structure becomes fine and 

uniform with increasing milling time. Grain size of NODS is an order of magnitude coarser 

than all ODS samples and it decreases with increasing milling time in ODS samples. There 

is a dramatic decrease in grain size in ODS6 when compared to NODS which was also 

milled for 6 h. In general, the fibrous structure tends to become finer in rods made from 

powders with increasing milling time. The progressive refinement of the fibrous structure 

with increasing milling time is caused by the decreased size and increased number density 

of the dispersoids, which retard recrystallization by effectively pinning the grain boundaries 

during hot working and subsequent annealing. The absence of these stable grain boundary 

pinning oxide particles is the reason for the observed coarser recrystallized grains in 

NODS. 

 

Detailed TEM studies were performed on ODS1, ODS3, ODS6 and NODS samples for 

analyzing the size and morphology of the grains and size, shape and distribution of 

dispersoids. Typical micrographs obtained on the longitudinal sections are shown in Fig. 
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4.1.17. While bimodal grain distribution consisting of a large number of elongated grains 

with few nearly equiaxed grains was observed in all the ODS samples. NODS sample 

showed large equiaxed grains. The estimated aspect ratios (length/diameter) of the grains 

(average of a minimum of 250 grains) were 1.99, 1.60 and 1.53 in ODS1, ODS3 and ODS6 

respectively. The grain sizes estimated from EBSD and TEM (Table 4.1.2) are comparable. 

The experimental results suggest that the grains tend to become finer and nearly equiaxed 

with increasing milling time. The microstructural refinement is considered to be the result 

of the higher number of finer dispersoids in samples milled for longer milling times. 

 

Table 4.1.2 Average grain diameter of extruded and annealed ODS–18Cr and 18Cr 

NODS steels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample name 
Grain size (dg), [ m] 

TEM EBSD 

ODS1 0.51 1.17 

ODS3 0.46 0.73 

ODS6 0.37 0.48 

NODS 10.0 13.0 
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Fig. 4.1.17 TEM images of extruded+annealed samples in longitudinal direction:  

a) ODS1, b) ODS3, c) ODS6 and d) NODS. (Arrow indicates extrusion direction) 

 

Varieties of oxide particles of varying sizes (2–300 nm) were observed in ODS1 to 

ODS6. The coarse particles (15–300 nm) were in general, less in number density and 

therefore were considered only for the purpose of identification. The principle 

strengthening dispersoids, which are in the size range 2 to 7 nm, were characterized 

extensively. Typical micrographs of TEM bright field images showing the dispersoids in 

ODS1, ODS3 and ODS6 are presented in Figs. 4.1.18. The average dispersoid size, 

number density and volume fraction in ODS1, ODS3 and ODS6 are given in Table 4.1.3. 

The size distribution of dispersoids in ODS1, ODS3 and ODS6 are shown in Fig. 4.1.19. 

Comparison of Gaussian distribution of dispersoids in ODS6 at upset forged and 

extruded+annealed conditions is shown in Fig. 4.1.20. A high resolution lattice image of 

one of the particles observed in ODS6 along with corresponding Fast Fourier 

Transformation (FFT) image are shown in Figs. 4.1.21. Critical analysis of the 

microstructures indicated that: (a) the dispersoids are coarse (size range 4–24 nm) and 

non uniformly distributed in ODS1, (b) the particles become finer (size range 4–14 nm) 

and more uniformly distributed in ODS3, (c) the oxide particles are significantly finer 

with narrow size range (2–7 nm) in ODS6 when compared to ODS1 and ODS3, (d) with 

increase in milling time the average dispersoids size decreased, the volume fraction was 
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nearly constant and the number density increased by an order of magnitude, (e) the 

particles were predominantly of cuboidal shape and (f) high resolution and FFT analysis 

suggested that the particles in ODS6 are Y2Ti2O7 with diamond cubic crystal structure 

    m having a lattice parameter of 10.1 Å and the particles are semicoherent with the 

matrix (Fig. 4.1.21 (b)).  

 

Fig. 4.1.18 TEM bright field images of extruded+annealed ODS–18Cr steel: a) ODS1, b) 

ODS3 and c) ODS6. 
 

Table 4.1.3 Average size, number density and volume fraction of dispersoids in annealed 

ODS–18Cr steel. 

Name Average dispersoid 

size [nm] 

Number density 

(m
–3

) 
Volume fraction 

ODS1 15  (± 11.76) 6.21x10
21

 0.0092 

ODS3 10    (± 7.03) 1.82x10
22

 0.0094 

ODS6 5     (±2.35) 1.24x10
23

 0.0096 
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Fig. 4.1.19 Size distribution of dispersoids in extruded+annealed ODS–18Cr steels: a) 

ODS1, b) ODS3 and c) ODS6. 
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Fig. 4.1.20 Comparison of Gaussian distribution of dispersoids in ODS6 at upset forged 

and extruded+annealed conditions. 

 

Fig. 4.1.21 HRTEM image of ODS6 taken along [100] orientation (a) Y2Ti2O7 particle, 

(b) indexed FFT of (a) and (c) inverse FFT of (b) created using [222] spots of Y2Ti2O7. 

 

The microstructure of the final product (annealed rod) has its origins in the structure of 

the milled powders and critically depends on the temperature and time of exposure to 

high temperature during upset forging, extrusion and final annealing. Thermal recovery 

and recrystallization occurs at each stage of high temperature exposure leading to 

replacement of low angle cell boundaries in milled powders by subgrain boundaries with 

relatively higher misorientation angle, which coarsen due to boundary migration or 

coalescence during each high temperature exposure. The presence of 2–7 nm sized 

dispersoids effectively retard boundary migration and therefore subgrains can coarsen 
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only when higher thermal energies are imparted. Since primary recrystallization involves 

growth of subgrains with high angle boundaries, recrystallization can occur in ODS steels 

only at temperatures far higher than those for NODS steels of similar compositions. The 

final microstructure of annealed ODS steels depends on the balance between the driving 

force (reduction in the elastic energy of stored dislocations) and the dragging force (grain 

boundary surface energy minimization being retarded by the pinning effect of particles). 

The gradual decrease in grain size from ODS1 (0.5 µm) to ODS6 (0.37 µm) is the direct 

consequence of increased efficiency of the drag exerted by a larger number of finer 

particles in ODS6. Recent studies on ODS ferritic steels supported the fact that complete 

recrystallization does not occur even after annealing at 1200 C [11, 12].  

Along with matrix microstructure development, evolution of oxide particles occurs 

during high temperature exposure starting from the state in which these particles exist in 

milled powders. The experimental results indicate that the oxide particles are of Y2Ti2O7 

type and that the average dispersoid size decreases gradually (with increasing milling 

time of powders) and stabilize at the observed size range of 2–7 nm in ODS6. The 

coarser Y2Ti2O7 particles in ODS1 and ODS3 are considered to have been formed due to 

the diffusion of Ti in some of the preexisting Y2O3 particles unlike the formation of finer 

Y2Ti2O7 particles in ODS6 from the metastable solid solution containing Y, O and Ti by 

classical nucleation and growth process. When exposed to high temperatures, Y2Ti2O7 

type oxide particles are expected to nucleate and grow because of the accelerated 

diffusivity. However, in spite of repeated exposure of the samples to high temperatures 

900–1150 C, the dispersoids did not grow significantly (3 nm in upset forged and 5 nm 

in annealed state, Fig. 4.1.20) because of lower Y diffusivity and retarded coarsening due 

to low interfacial energy. The higher shear modulus and microstructural complexity of 

Y2Ti2O7 also contribute to the retarded growth of dispersoids [16]. The finer nano–sized 

(2–7 nm) dispersoids observed in ODS6 is in broad agreement with the retarded growth 

of Y2Ti2O7 particles. The shape of Y2Ti2O7 is reported to be spherical in ODS–9Cr steels 

[14–16] and both spherical [8, 17, 18] and cuboidal [10, 13, 19, 20] in ODS–14Cr ferritic 

steel. In the present study, the Y2Ti2O7 particles were found to be of cuboidal shape even 

at particle sizes of about 2 nm in both upset forged and extruded+annealed conditions. 

Recently Ribis et al. [13] have analyzed various factors influencing the shape and size of 

dispersoids in detail and concluded that the parameters such as size of the dispersoids, 

interfacial energy and elastic strain energy between the particle and the matrix determine 
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the shape of the particle. The experimental results of the present work indicated that the 

semicoherent Y2Ti2O7 particles are of cuboidal shape at all sizes. This finding is in 

agreement with the postulation that cuboidal particles are formed directly without any 

intermediate shape change. 

High intensity micro focus XRD technique was employed to obtain the different phases 

present in experimental steels. Fig. 4.1.22 shows the typical XRD patterns of NODS, 

ODS1, ODS3 and ODS6 samples. Despite of very a small fraction (~0.35 wt. %) of the 

second phase, major reflections developed from these nano scale oxide particles were 

recognized. Diffraction peaks from various phases, including the ones developed from 

the small volume fraction of nano–scale complex oxide particles, were identified and 

indexed. The main peak corresponds to the metallic matrix, which is ferrite phase with 

the BCC crystal structure. Strong peaks of TiO were observed in all the samples. In 

addition, peaks from the complex oxide particles were also found in all ODS–18Cr 

samples. These oxide particles were identified as YTiO3, Y2O3 and Y2TiO5 in ODS1. 

After 3 h of milling, peaks of Y2O3, Y2TiO5 and Y2Ti2O7 were found. YTiO3 was not 

found in ODS3. In ODS6, Y2TiO5 and Y2Ti2O7 peaks were observed.  
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Fig. 4.1.22 Typical XRD–patterns of ODS–18Cr samples along with NODS. 

 

From the detailed TEM analysis, it is evident that different types of oxide particles were 

present in the matrix and can be classified into two divisions depending on the size range. 

The prominent type and densely populated ones are the very fine ones and are in the size 

range of 2–5 nm. They are extensively studied using HRTEM and imaging and are 

reported as Y2Ti2O7. Other than this, coarse oxide particles were also observed in all the 

samples. To investigate the crystal structure and chemistry of oxide particles in ODS1, 

ODS3 and ODS6 samples, SAED and EDS techniques respectively were carried out and 

the phase was determined. In ODS1, it was observed that the oxides of YTiO3 type are 

predominant along with Y2O3 and Y2TiO5 and the corresponding BF, SAED and EDS 

images are shown in Figs. 4.1.23–4.1.25 respectively. As the milling time was increased 

to 3 h (ODS3), oxides of Y2O3, Y2TiO5 and Y2Ti2O7 were found and the results are shown 

in Figs. 4.1.26–4.1.28 respectively. In ODS6, it was found that the oxide particles of 

Y2TiO5 (Fig: 4.1.29) and Y2Ti2O7 (Fig: 4.1.30) were found and these particles have finer 

size when compared to that of in ODS1 and ODS3. Ti–enrich particles were also present 

in all the samples, which have face centered cubic (FCC) crystal structure with a = 4.3 Å 

matches with TiO and the evidence is shown in Fig. 4.1.31. The major phases observed 

by X–ray diffraction were also confirmed by electron microscopic studies. 
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Fig. 4.1.23 TEM images of YTiO3 in ODS1 a) BF, b) DF, c) SAED pattern, d) simulated 

ICDD pattern and e) EDS. 
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Fig. 4.1.24 TEM images of Y2O3 in ODS1 a) BF, b) SAED pattern and c) EDS. 

 

 

Fig. 4.1.25 TEM images of Y2TiO5 in ODS1 a) BF, b) SAED pattern and c) EDS. 
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Fig. 4.1.26 TEM images of Y2O3 in ODS3 a) BF, b) SAED pattern and c) DF and d) 

EDS. 
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Fig. 4.1.27 TEM images of Y2TiO5 in ODS3 a) BF, b) DF, c) SAED pattern, d) simulated 

ICDD pattern and e) EDS. 

 

Fig. 4.1.28 TEM images of Y2Ti2O7 in ODS3 a) BF, b) SAED pattern and c) EDS. 
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Fig. 4.1.29 TEM images of Y2TiO5 in ODS6 a) BF, b) SAED pattern and c) EDS. 
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Fig. 4.1.30 TEM images of Y2Ti2O7 in ODS6 a) BF, b) SAED pattern and c) EDS. 

 

 

Fig. 4.1.31 TEM images of TiO a) BF, b) SAED pattern and c) EDS. 
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4.1.5 Summary 

Influence of milling time on the microstructural changes that occur in ODS–18Cr ferritic 

steel during milling and subsequent hot consolidation of the milled powders was 

investigated. Particle size of ODS–18Cr steel milled powders decreased with milling time 

reaching a steady state value of 139  m after 5 h of milling and is finer than 18Cr steel 

milled powder without yttria. Crystallite size of ODS–18Cr steel milled powders also 

decreased with milling time reaching a steady value of 16 nm after 5 h of milling. The 

size of yttria particles decreases during the initial stages of milling and the oxide particles 

are not resolvable at longer milling times (6 h). The microstructure of the extruded and 

annealed ODS–18Cr steel indicated the presence of fibrous grain structure and the 

structure being finer in ODS6. On the contrary, NODS showed coarse equi–axed grain 

structure. Coarse and non–uniformly distributed oxide particles were observed in ODS1 

and ODS3 and the particles are finer (2–7 nm) and uniformly distributed in ODS6. The 

semi coherent oxide particles in ODS6 are of cuboidal Y2Ti2O7 with diamond cubic 

crystal structure ( mFd


3 ) having a lattice parameter of 10.1 Å. The major phases 

observed by X–ray diffraction were also confirmed by electron microscopic studies.  
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4.2 Tensile Deformation and Fracture Behavior of Oxide Dispersion 

Strengthened 18Cr Ferritic Steel 
 

4.2.1 Introduction 

The process parameters employed in the manufacture of ODS steels have strong 

influence on the development of microstructure of the matrix and the size and number 

density of dispersoids. The literature available on the high temperature deformation 

behavior of ODS–18Cr ferritic steels is scanty, when compared to the ODS–14Cr ferritic 

steels. Considering the possibility of usage of ODS–18Cr steels for high temperature 

applications, there is a distinct need to understand the deformation behavior at different 

temperatures. The plastic deformation behavior of ODS steels at different temperatures 

and strain rates depends on the complex interrelationship between the deformation 

characteristics of individual phases. It is shown that ODS–18Cr steel made from powder 

milled up to steady–state conditions, consists of a ferritic matrix with bimodal grain 

structure, the average grain size being 480 nm and large number density of cuboidal 

Y2Ti2O7  (2–7 nm) oxide dispersoids. The strength of this material should therefore, 

consist of contributions from the solid solution strength of the matrix, the strengthening 

effect of ultra–fine grain structure and the dispersoid strengthening induced by the oxide 

particles. The strain hardening behavior and the relative role of athermal and thermal 

deformation mechanisms vary with the temperature of deformation. In this chapter, the 

influence of powder milling time (microstructural changes depend on milling time) on the 

tensile deformation and fracture behavior of ODS–18Cr steel at different temperatures 

and compared with oxide–free 18Cr steel. The experimental strength values were 

rationalized using appropriate model.  

 

4.2.2 Microhardness of milled powders 

The effect of milling time on the microhardness of 18Cr and ODS–18Cr steel powders is 

shown in Fig. 4.2.1. The hardness of both steel powders was found to increase with 

milling time sharply at lower milling times, at reduced rate at higher milling times and 

finally reached a nearly steady state beyond 5 h of milling. Progressive increase in strain 

accumulation with increasing milling time accounts for the initial sharp rise in hardness, 

whereas the attainment of stabilized cell structure at higher milling times leads to 

saturation in hardness. The difference between the hardness of 18Cr and ODS–18Cr steel 

powders is nearly constant (30 HV) at all milling times. The reason for this behaviour 
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can be assessed by careful examination of the variation of projected area hardness (PAH) 

of 18Cr and ODS–18Cr steel powders as a function of crystallite size, which is dependent 

on milling time. The variation of PAH of 18Cr and ODS–18Cr steel powders with 

crystallite size is shown in Fig. 4.2.2. At any given crystallite size and milling time, 

hardness of ODS–18Cr steel powder is higher than the 18Cr steel powder. It is evident 

from the data presented in Fig. 4.2.2 that a) the hardness difference between 18Cr and 

ODS–18Cr steel powders at any given crystallite size is probably due to the contribution 

from the Orowan stress (presence of dispersoids) and b) at lower crystallite sizes (higher 

milling times), the hardness difference is lower because of reduced Orowan contribution 

due to dissolution of Y2O3 particles. It was observed that progressive milling refines the 

grain size, reduces the number density of Y2O3 particles and increases the concentration 

of Y and O in matrix. The increase in hardness of ODS–18Cr steel powders with milling 

time is due to the combined effect of all the parameters mentioned above.  

 

Fig. 4.2.1 Effect of milling time on hardness of 18Cr and ODS–18Cr steel powders. 
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Fig. 4.2.2 Variation of hardness of 18Cr and ODS–18Cr steel powders with crystallite 

size. 

 

4.2.3 Bulk hardness of consolidated samples 

4.2.3.1 Upset forged samples 

The hardness of upset forged ODS6 (404 HV) and NODS (201 HV) decreased by about 

300 and 480 HV respectively when compared to the respective powders in milled 

condition. While decrease in dislocation density due to thermally assisted annihilation 

processes is primarily responsible for the hardness drop in both the steels (Fig. 4.1.9), the 

relatively lesser drop in upset forged ODS6 is due to the fact that the hardness drop due to 

recovery processes is partly offset by the increase in hardness due to precipitation of Y–

Ti–O oxides (Fig. 4.1.12) 

 

4.2.3.2 Extruded and annealed samples 

The PAH of ODS1, ODS3 and ODS6 along with NODS with milling time is shown in 

Fig. 4.2.3. The hardness of ODS steel is higher than NODS (1608 MPa) and increases 

from ODS1 (2073 MPa) to ODS6 (3184 MPa). The progressive increase of hardness in 

ODS steel is due to decrease in size and increase in number density of dispersoids.  
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Fig. 4.2.3 Variation of hardness of annealed NODS and ODS–18Cr steels with milling 

time. 

 

4.2.4 Tensile properties  

Tensile tests were carried out on ODS1, ODS3 and ODS6 at room temperature (RT (25)), 

200, 400, 600 and 800 C to assess the effect of milling time and temperature dependence 

on tensile deformation behavior. The tests were also carried out on NODS samples to 

examine the role of dispersoids during deformation at different temperatures. The 0.2 % 

offset yield strength (y), ultimate tensile strength (u), percentage elongation (% El) and 

percentage reduction in area (% R.A) for the entire test matrix involving variations in 

milling time and test temperature are presented in Table 4.2.1. 
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Table 4.2.1 Tensile properties of NODS and ODS–18Cr samples. 

 NODS ODS1 ODS3 ODS6 

Temp 

[C] 

 

YS 

[MPa] 

 

UTS 

[MPa] 
% El % RA 

YS 

[MPa] 

UTS 

[MPa] 
% El % RA 

YS 

[MPa] 

UTS 

[MPa] 
% El % RA 

YS 

[MPa] 

UTS 

[MPa] 
% El % RA 

25 
316 

(±2) 

526 

(±3) 

44.00 

(±1) 

83 

(±1) 

459 

(±1) 

687 

(±1) 

35.00 

(±6) 

68 

(±3) 

701 

(±4) 

889 

(±5) 

26.55 

(±2) 

69 

(±2) 

810 

(±18) 

967 

(±1) 

26.30 

(±4) 

69 

(±4) 

200 
235 

(0) 

434 

(±21) 

41.50 

(±1) 

82 

(±0) 

391 

(±3) 

605 

(±3) 

32.75 

(±1) 

67 

(±2) 

622 

(±9) 

791 

(±11) 

24.60 

(±1) 

66 

(±1) 

743 

(±4) 

858 

(±2) 

23.35 

(±3) 

69 

(±2) 

400 
217 

(±1) 

370 

(±1) 

36.50 

(±2) 

84 

(±1) 

377 

(±17) 

511 

(±1) 

26.60 

(±1) 

65 

(±1) 

549 

(±15) 

648 

(±18) 

19.20 

(±1) 

66 

(±3) 

662 

(±23) 

729 

(±23) 

21.30 

(±1) 

66 

(±3) 

600 
149 

(±1) 

211 

(±5) 

41.50 

(±3) 

84 

(±4) 

244 

(±4) 

286 

(±11) 

27.35 

(±4) 

69 

(±1) 

375 

(±30) 

400 

(±34) 

20.25 

(±1) 

68 

(0) 

453 

(±10) 

470 

(±5) 

18.55 

(±1) 

61 

(±1) 

800 
58 

(±13) 

62 

(±11) 

82.00 

(±6) 

98 

(±1) 

116 

(0) 

124 

(±4) 

27.00 

(±2) 

66 

(±1) 

192 

(±7) 

201 

(±6) 

20.75 

(±4) 

59 

(±1) 

232 

(±3) 

238 

(±4) 

18.85 

(±2) 

48 

(±1) 
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4.2.4.1 Influence of milling time 

Typical engineering stress–strain curves for NODS, ODS1, ODS3 and ODS6 at different test 

temperatures (RT to 800 C) are shown in Figs. 4.2.4 (a–e). The overall tensile deformation 

behaviour varied significantly with milling time, but, was similar up to test temperatures 

below 400 C. Beyond 400 C, the deformation trend varied significantly, even though the 

general trend of increase in strength parameters (y and u) with milling time was retained up 

to the maximum test temperature of 800 C used in this study. The variation of ductility 

indices (uniform strain (eu) and total strain at fracture (et)) with milling time at all test 

temperatures are shown in Figs. 4.2.5 (a–b). 
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Fig. 4.2.4 Engineering stress–strain curves of NODS, ODS1, ODS3 and ODS6 samples at a) 

RT, b) 200 C, c) 400 C, d) 600 C and e) 800 C, respectively. 
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Fig.  4.2.5 Variation of ductility indices (a) eu and (b) et with milling time at all test 

temperatures. 
 

From the experimental results presented in Figs. 4.2.4, 4.2.5 and Table 4.2.1, it is evident that 

(a) at any test temperature, the tensile flow behaviour is dependent on milling time, (b) the 

strength (y and u) increased and ductility (eu and et) decreased marginally with increasing 

milling time, (c) eu and et of ODS–18Cr steels are lower than those of NODS at identical 

milling time, (d) the severity of parabolic hardening and the strain up to which parabolic 

hardening occurs and geometrical softening sets in is maximum for NODS. Both these 

parameters decreased with increasing milling time up to 400 C and (e) the parabolic 

hardening gets restricted significantly to lower strains at temperatures above 400 C.  

 

4.2.4.2 Influence of temperature  

The engineering stress–strain curves of NODS and ODS–18Cr steels at different test 

temperatures are shown in Figs. 4.2.6 (a–d). The uniform (eu) and fracture strains (et) for 

NODS and ODS–18Cr steels are shown in Figs. 4.2.7 (a–b). 
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Fig. 4.2.6 Engineering stress–strain curves at different test temperatures of (a) NODS (b) 

ODS1, (c) ODS3 and (d) ODS6 

 

Fig. 4.2.7 Variation of ductility indices (a) eu and (b) et of NODS and ODS samples with test 

temperature. 
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The combined effect of milling time and temperature on the tensile properties was analysed. 

The variation of y and u of ODS1, ODS3 and ODS6 along with NODS with temperature is 

shown in Figs. 4.2.8 (a–b) respectively.  

 

Fig. 4.2.8 Variation of (a) y and (b) u with test temperature of ODS1, ODS3 and ODS6 

along with NODS. 

Strain hardening exponent (n), was obtained from the empirical relationship,       

(Ludwik–Hollomon) using the true stress ()–true strain () data. The variation of ‘n’ 

estimated over the strain range of 0.2 % to uniform strain with milling time and test 

temperature is shown in Fig. 4.2.9. 

Fig. 4.2.9 Variation of strain hardening exponent with milling time and test temperature. 

 

From the tensile data presented in Figs. 4.2.6–4.2.9 and Table 4.2.1, it is clear that the test 

temperature has significant effect on the flow behaviour of both ODS–18Cr and NODS 
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samples. The results indicate that (a) with increasing temperature, the shape of tensile curves 

of both ODS–18Cr and NODS samples changed from the characteristic yieldingwork 

hardeningneckingfracture mode below 400 C to yieldingneckingfracture mode at 

higher temperatures, (b) all the ODS–18Cr samples, showed higher y and u than NODS at 

all test temperatures, (c) both y and u decreased with increasing temperature: the decrease 

being relatively smaller in ODS–18Cr steel, (d) the intensity of work hardening and the strain 

at which geometrical softening occurs decrease with increasing temperature: both the 

parameters being lower in ODS–18Cr when compared to NODS steel, (e) ‘n’ of NODS and 

ODS–18Cr samples decreases with temperature reaching an insignificant value at 800  C 

and it is higher for NODS than all the ODS–18Cr samples up to 600 C, (f) ‘n’ of ODS steels 

decreases with increasing milling time at all test temperatures, (g) et decreased with 

increasing milling time in ODS steels at all temperatures, (h) while eu decreased continuously 

with increasing temperature in both the steels, et remained nearly the same up to 600 C and 

increased dramatically beyond 600 C in NODS steel sample and (i) eu of NODS is higher 

than that of ODS–18Cr steel with similar milling time and at all temperatures. 

 

The strength values of all the ODS–18Cr steels are higher than those of NODS steel and the 

strength increases with increasing milling time. This behaviour is due to the decreased grain 

and dispersoid sizes with milling time resulting in enhanced contributions from grain 

boundary and dispersoid strengthening to the total strength. The progressive decrease in grain 

size leading to the formation of ultrafine grain structure results in the initial increase in strain 

hardening at extremely low strains. Strain hardening rate in ultrafine grained materials is 

increased due to increased density of geometrically necessary dislocations [1]. The strain 

hardening reduces at higher strains due primarily to reduced number of dislocations stored in 

the grain interiors, because of the enhanced annihilation of moving dislocations at the 

abundantly available grain boundaries. Further, if the dispersoid size is smaller, recovery is 

easier and hence the work hardening is reduced as was experimentally observed [1]. The 

decreasing dispersoid size with milling time pins the statistically stored dislocations 

promoting the formation of cell structure. Smaller the dispersoid size, easier the dynamic 

recovery and lower the strain hardening. The gradual decrease in strain hardening during the 

tensile flow behaviour of ODS–18Cr steels with milling time can thus be attributed to 

continued decrease in grain size and dispersoid size. 
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The influence of temperature and milling time on the tensile deformation behaviour can also 

be explained in terms of the strain hardening, onset of dynamic and thermal recoveries, the 

effectiveness of dispersoids in dislocation pinning and the grain refinement. The high 

strength of ODS–18Cr steels when compared to NODS at all temperatures can be attributed 

to the refinement in dispersoid size. The decrease in strain hardening with increasing 

temperature at all milling times (Figs. 4.2.6 and 4.2.9) is the result of the increased 

dynamic/thermal recovery caused by enhanced mobility of dislocations in nanocrystalline 

materials and the reduced efficacy of dispersoids in pinning dislocations. The gradual 

decrease in uniform and fracture strains with milling time (Fig. 4.2.7) in all ODS–18Cr steels 

is caused by decreasing strain hardening. Further refinement in grain size and dispersoid size 

limits the ductility due to inhomogeneous deformation. The NODS steel shows drastic 

increase in fracture strain beyond 600 C. The superplastic behaviour of NODS can be 

attributed near zero strain hardening exponent, favorable temperature, grain structure and 

strain rate hardening exponent. The ODS–18Cr steels on the other hand showed decrease in 

fracture strain due to the stability of microstructure which promotes inhomogeneous 

deformation and pinning of grain boundaries by oxide particles inhibiting grain boundary 

sliding even at high temperatures.   

 

Flow stress was found to decrease in both NODS and ODS–18Cr steels up to 800 C. The 

relative drop in strength with temperature was low up to 400 C beyond which the strength 

drops rapidly (Fig. 4.2.8). At temperatures below 400 C, athermal mechanisms dominate 

plastic deformation. The drop in flow stress with temperature has been attributed to decrease 

in Peierls stress [2] and elastic modulus [3] with temperature. The stress drop is also 

attributed to the formation of micro cracks [4] during deformation. At high temperatures 

(>400 C), thermally activated mechanisms control plastic flow [2, 5]. The sharp decrease in 

flow stress with temperature is considered to be due to the increased ease with which 

dislocations can climb and detach from the particles and strain softening caused by 

dislocation annihilation [6]. In the absence of dispersoids, the drop of flow stress in NODS 

can be attributed to thermal recovery.   
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4.2.5 Prediction of flow stress 

An attempt was made to predict the various strengthening mechanisms operating in ODS1, 

ODS3 and ODS6 alloys. It is well known that the dominant mechanisms for the improved 

strength of ODS steels are grain boundary strengthening (Hall–Petch) and dispersion 

hardening. The hardening effect due to dispersoids is because of dislocations cutting the 

dispersoids or due to bowing around the dispersoids (Orowan strengthening). Whether the 

dislocation cuts or bows around the dispersoid depends on the hardness, size of the 

dispersoids and the coherency of dispersoid–matrix interface. Dislocations cannot cut the 

incoherent dispersoids and hence Orowan bowing is the only possible mechanism. Recent 

work suggests that in case of Y2Ti2O7 dispersoids, these are semicoherent in nature [7] and 

thus, in principle, dislocations can cut through the dispersoids. However, if the dispersoids 

are non–deformable due to their high hardness, then also Orowan bowing is the preferred 

mechanism. In the present study, the hardness of Y2Ti2O7 (12.1 ± 0.1 GPa) is much higher 

than that of Y2O3 (6.9 to 9 GPa) [8] and thus cutting of Y2Ti2O7 dispersoid is quite unlikely. 

Thus the yield strength of ODS steels is due to the combination of the inherent matrix 

strength (σm), grain size strengthening (ΔσH–P) as per Hall–Petch relationship and Orowan 

strengthening due to bowing of dislocations around dispersoids (ΔσOr).  

 

4.2.4.1 Based on hardness data 

The room temperature strengths (PAH=3y) of NODS (yNODS) and ODS–18Cr (yODS) steels 

are given by the following equations [9–11]:  

PHmyNODS   ,    (4.2.1) 

                                     OrPHmyODS    ,   (4.2.2)                        

The matrix strength includes Peierls stress and strengths due to solid solution and residual 

dislocations in the matrix. Since the compositions are similar, it is assumed that the matrix 

strength is constant for both NODS and ODS–18Cr steels. The strength contributions due to 

grain size and dispersoid can be calculated using the equations given below [10, 11]: 

                                                             
2/1

  gPHPH dK ,        (4.2.3) 
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    2/12/1
32232

2
 f

d
S

p
 ,   (4.2.5) 

where KH–P is the Hall–Petch constant, dg is the average grain size, A is a numerical constant 

[9], G is the matrix shear modulus, b is a matrix Burgers vector, dp is the measured average 

dispersoid size,  f is the volume fraction of dispersoids and S is the inter–dispersoid spacing. 

Initially, matrix strength is calculated using Eq. (4.2.1) in which yNODS is experimentally 

measured value and H–P is calculated using Eq. (4.2.3) with measured grain size of NODS 

(Table 4.2.2) and KH–P of 338 MPa. m
1/2

 [12].  The calculated matrix strength (m) of 222 

MPa is used subsequently along with H–P and Or to predict the strengths of ODS1, 

ODS3 and ODS6. H–P and Or are calculated using equations (4.2.3)–(4.2.5) with the data 

given in Table 4.2.2. The calculated individual strength contribution along with the 

experimentally obtained strength values are given in Fig. 4.2.10. The values predicted by the 

model are in close agreement with the experimental values.  

 

Table 4.2.2 Average dispersoid size, number density and volume fraction of dispersoids in 

extruded+annealed ODS–18Cr steel along with the values of the various parameters used in 

equations (4.2.1)–(4.2.5). 
 

S. No Property NODS ODS1 ODS3 ODS6 

1 Average dispersoid size (dp), [nm] – 15 10 5 

2 
Number density of dispersoids, 

[no/m
3
] 

– 6.21x10
21

 1.82x10
22

 1.24x10
23

 

3 Volume fraction of dispersoids (f) – 0.0092 0.0094 0.0096 

4 Average grain size (dg), [µm] 13 1.17 0.73 0.48 

5 Numerical constant (A) (Eq. 4) – 0.3 0.3 0.3 

6 Burgers vector (b), [nm] – 0.25 0.25 0.25 

7 Shear modulus (G), [GPa] – 82 82 82 

8 
Hall–Petch constant for yield 

strength (KH–P), [MPa. m
1/2

] 
338 338 338 338 

9 Matrix strength (m), [MPa]

 222 222 222 222 

10 Inter–dispersoid spacing (S), [nm] – 101 66 33 
 

 
Calculated using Eq. (4.2.3) with measured yield strength value of NODS [316 MPa] at 

room temperature. 
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Fig. 4.2.10 Calculated strengthening values of ODS–18Cr steels  

along with experimental values. 

 

4.2.4.2 Based on tensile data 

The temperature dependence of various strengthening parameters that contribute to the 

strength of ODS–18Cr steels was analyzed. 

 

The structure–property correlations of ODS steels do not always follow the linear 

superposition model due to the complexity of microstructures [13]. Even though, there is no 

model which is universally accepted to predict flow stress, rule of mixtures of different forms 

as given in Eq. (4.2.6) are available [13–15]. 

                                                
k

dis

k

PH

k

m

k

y    ,             (4.2.6) 

The value of parameter ‘k’ was established to be in the range of 1–2 on considerations of the 

properties of second phase particles [16–18]. The value of the parameter ‘k’ is taken as 2 for 

the present case where the types of obstacles are same but the number density is different 

[18]. Hence the Eq. (4.2.6) becomes, root of sum of squares of matrix strength (Δσm), grain 

size strengthening (ΔσH–P) and dispersion strengthening (ΔσOr) due to Orowan mechanism; 

which is given below: 
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222

OrPHmrss         (4.2.7) 

The grain size and dispersoid size were estimated by TEM on samples fractured at RT and 

800 C. The requisite sample was taken from about 1 mm below the fracture surface to 

account for the effect of strain and temperature. As per the observations made on tensile 

deformed sample at RT and 800 C, it is found that the microstructure was stable even at the 

highest test temperature thus ruling out the possibility of grain and dispersoid coarsening. 

Hence, the relevant data given in Table 4.2.2 are used to predict the matrix, Hall–Petch and 

Orowan strengths of ODS steels at all the test temperatures using the equations (4.2.3)–

(4.2.5). 

 

The values of KH–P as a function of temperature were taken from Kim et al [12]. The matrix 

strength at each temperature was calculated using Eq. (4.2.1) in which yNODS is 

experimentally measured yield strength value of NODS at that temperature and H–P was 

computed using Eq. (4.2.3) with the measured grain size of NODS (Table 4.2.2) and the 

reported KH–P value at that temperature (Table 4.2.3). Shear modulus (G, GPa) was calculated 

as a function of temperature using the equation given below [12]: 

)10368.41(2.93 4TG  ,    (4.2.8) 

The calculated individual strength contributions along with the experimentally measured 

strength values at different temperatures are given in Table 4.2.3. The flow stress values 

predicted by the root of the sum of squares model along with experimentally measured values 

at different temperatures for ODS1, ODS3 and ODS6 are shown in Figs. 4.2.11 (a–c) 

respectively. The model predicts the strength values very well at high temperatures and 

reasonably well at room temperature. 
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Fig. 4.2.11 Comparison of calculated strength values along with experimental values of 

ODS–18Cr steels: (a) ODS1, (b) ODS3 and (c) ODS6. 
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Table 4.2.3 The calculated strength values including m, H–P and Or along with experimental values of ODS1, ODS3 and ODS6 at 

various temperatures. 

 

 

 

 

 

 

 

Temperature 

[C] 

 

 

KH–P 

[MPa.µm
1/2

] 

 

    G 

 

m 

Strength [MPa] 

ODS1 ODS3 ODS6 

[GPa] [MPa] 
H–P  Or cal Exp H–P  Or cal exp H–P  Or cal exp 

25 338 81 222 312 205 435 459 396 274 530 701 488 427 685 810 

400 371 66 114 343 166 398 377 434 222 501 549 535 346 648 662 

600 249 58 80 230 146 284 244 291 195 360 375 359 303 477 453 

800 103 50 29 95 125 160 116 121 167 208 192 149 260 301 232 
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4.2.5 Fractographic examination 

In order to understand the influence of microstructure on the deformation and fracture 

behavior, detailed examination was carried out on fractured tensile specimens made of 

ODS–18Cr steel powders milled for different milling times and tested at different 

temperatures. Fracture surfaces of NODS tested at different temperatures were also 

examined. The fracture features observed at the central (non–shear lip) region of the 

fracture surfaces of ODS1, ODS3, ODS6 and NODS at RT along with the corresponding 

macro fractographs are presented in Figs. 4.2.12 (a–d). 

 

Fig. 4.2.12 Fractographs of ODS–18Cr and 18Cr steels at RT along with the 

corresponding macro fractographs: (a) ODS1, (b) ODS3, (c) ODS6 and (d) NODS. 

 

The fracture features indicated that the failure was in a ductile mode with distinct neck 

and shear lip formation. All the samples revealed equiaxed dimples at the central region 

and elongated dimples in the shear lip region. The area occupied by shear lip decreased 

with increasing milling time in ODS samples and NODS had a shear lip area similar to 

ODS6. The increasing incidence of secondary cracks was observed on the fracture 

surfaces with increasing milling time and NODS did not reveal the presence of such 

cracks. While NODS showed bimodal dimples with stretch marks on larger dimple walls, 

the proportion of large dimples and the size of dimples decreased with increasing milling 

time in ODS samples with ODS6 showing uniform fine equiaxed dimple fracture. Some 

of the large dimples contained sub–micrometer sized Cr–rich particles and no particles 
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could be identified in the smaller dimples at magnifications commonly employed for 

fractography.  

 

The fracture features observed in ODS6 and NODS at different test temperatures are 

shown in Fig. 4.2.13 and Fig. 4.2.14 respectively. The corresponding macro fractographs 

of tensile fracture surfaces are embedded in Figs. 4.2.13 and 4.2.14 respectively. 

Fig. 4.2.13 Fractographs of ODS6 at different test temperatures: (a) RT, (b) 400, (c) 600 

and (d) 800 C. Inset shows the corresponding macro fractographs. 
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Fig. 4.2.14 Fractographs of NODS at different test temperatures: (a) RT, (b) 400, (c) 600 

and (d) 800 C. Inset shows the corresponding macro fractographs. 

 

Both ODS6 and NODS fractured samples showed the typical cup–and–cone type fracture 

with a central flat region surrounded by shear lip. The extent of necking prior to fracture 

was nearly similar up to test temperatures of 400 C for both the materials. At higher 

temperatures, the reduction in area decreased in ODS6 and increased in NODS samples. 

Fractographic examination revealed both large and small equiaxed dimples. While ODS6 

showed predominantly finer dimples, NODS showed a significantly larger population of 

larger dimples. The size and depth of the dimples increased with increasing test 

temperature. A few Ti– and Cr–rich particles were observed in the larger dimples. The 

samples tested at 800 C were heavily masked by oxide layer which was removed by a 

combination of replica technique and by ultrasonic cleaning in an oxide remover solution. 

However, some oxide debris was still present in ODS6. The fine particles observed on the 

fracture surface of ODS6 tested at 800 C (Fig. 4.2.13 (d)) were the reminiscences of 

oxide debris and not related to the Y–Ti–O dispersoids which are an order of magnitude 

finer. 

 

The milling time and temperature dependent tensile fracture features observed in ODS–

18Cr steels are relatable to the presence of second phase particles and matrix strength. It 
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is well known that during tensile deformation micro voids nucleate at second phase 

particles. The plastic strain at which void nucleation initiates decreases with increasing 

second phase particle size and matrix yield strength. It is also well established that void 

growth occurs due to localized strain (serpentine glide) in ductile matrix or by decohesion 

at the interfaces of smaller second phase particles. Increasing milling time results in 

decrease in the size of both dispersoids and other particles resulting in increased matrix 

strength and decreased ductility. Consequently, as was experimentally observed, the 

number, size and depth of larger dimples decreased and the number of smaller dimples 

increased from ODS1 to ODS6. The cracking finally appears to have occurred by the 

coalescence of growing larger voids as in ODS1 or by the joining of a few larger voids 

via a number of smaller voids formed at dispersoids as in ODS3 or by the nucleation, 

growth and coalescence of voids at nano sized dispersoids as in ODS6 [19, 20]. 

 

The tensile deformation and fracture behavior of ODS–18Cr steels at elevated 

temperatures also depend on the relative roles played by different microstructural features 

like inclusions, carbides, dispersoids and grain boundaries, etc. in the fracture process. 

The deformation behavior presented in earlier sections indicated that, both the strain at 

which strain localization occurs (eu) and the fracture strain (et) decrease with increasing 

temperature in all ODS–18Cr samples up to 800 C. All the test samples showed dimpled 

rupture even at 800 C. Once larger particles like inclusions and carbides trigger micro 

void nucleation as in NODS and ODS1, fracture occurs by joining of growing voids in 

NODS and assisted by voids nucleated at coarser dispersoids in ODS1 at all test 

temperatures. However, at larger milling times, the size of second phase particles is 

greatly reduced leading to nucleation of a large number of fine micro voids. The growth 

of micro voids is expected to be enhanced at higher temperatures due to the increased 

matrix ductility and the ease with each the voids coalesce. The progressive decrease in 

dimple size with increasing temperature up to 600 C is due to micro void coalescence by 

impingement of numerous voids nucleated at large dispersoid population. This type of 

coalescence (void sheet formation) before the initial voids grow is responsible for the 

observed decrease in ductility. The slightly coarser dimples in ODS6 at 800 C, which are 

still finer than those in NODS, are due to the enhanced matrix ductility and relative 

dominance of void growth. In the case of NODS void coalescence occurs by growth of 

large voids and void sheet formation by nucleation of voids at finer particles, probably of 
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M23C6 type carbides and a few oxides formed due to milling contamination. While linking 

of voids with void sheets appears to be responsible for the fracture up to 400 C, void 

growth seems to be the dominating factor beyond 600 C. Both the dimple size and depth 

increased dramatically at 800 C in NODS. The lower strain rate, higher temperature and 

relatively fine grained structure together are responsible for the super plastic behavior of 

NODS steel. Neither the ODS–18Cr nor NODS samples showed intergranular fracture at 

ant test temperature, thus discounting the possibility of the operation of grain boundary 

sliding or diffusion creep in the fracture process. 

 

4.2.6 Summary 

Pre–alloyed 18Cr ferritic steel powder was milled with and without yttria in high energy 

mill for various durations till steady–state condition is reached. The powders were then 

consolidated by hot extrusion followed by annealing. The hardness of both 18Cr and 

ODS–18Cr steel powders was found to increase with milling time and finally reached a 

steady state beyond 5 h of milling. The hardness of ODS–18Cr steel is higher than NODS 

and increases from ODS1 to ODS6. The progressive increase of hardness in ODS–18Cr 

steel is due to decrease in size and increase in the number density of dispersoids.  The 

tensile deformation and fracture behavior of ODS–18Cr steel over a wide temperature 

range of 25–800 C were studied as a function of milling time along with NODS steel. 

Yttria containing steels developed an ultra–fine grained structure along with fine 

dispersion of complex oxide particles that enhance the strength levels in comparison to 

the yttria–free steel. Both yield and tensile strengths of ODS–18Cr steels increased with 

milling time at all the test temperatures. The overall tensile deformation behavior varied 

significantly with milling time, but, was similar up to test temperatures below 400 C. 

Beyond 400 C, the deformation trend varied significantly, even though the general trend 

of increase in strength with milling time was retained up to the maximum test temperature 

of 800 C. The experimental strength values were compared with the values predicted by 

an appropriate model. Fractographic examination was carried out on ODS–18Cr and 

NODS fractured tensile samples, revealed that the failure was in ductile fracture mode 

with distinct neck and shear lip formation for all milling times and test temperatures.  
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4.3 Influence of Dispersoids on Corrosion Behavior of Oxide 

Dispersion Strengthened 18Cr Steels 

 
4.3.1 Introduction 

Corrosion resistance in various media and environment is an important functional 

consideration while selecting steels for applications involving corrosion. The corrosion 

resistance of steels can be enhanced by increasing Cr content beyond 12 %. Correct 

compositional optimization is needed to balance between increased corrosion resistance 

and the formation of deleterious intermetallic phases with increasing Cr content. The high 

temperature properties are enhanced by the dispersion of stable oxide particles in high Cr 

steels as in oxide dispersion strengthened steels. Although, the corrosion behavior of ODS 

steels at high temperatures is well studied in super critical pressurized water (SCPW), 

liquid lead, lead–bismuth eutectic (LBE), sodium and molten fluoride salts, the general 

corrosion behavior of these steels at room temperature is not fully evaluated. Corrosion 

behavior of ODS steels in the marine environment is of importance because the 

components made from ODS steels in systems like nuclear reactors, turbines and heat 

exchangers, etc. are likely to be exposed to aqueous NaCl environment at room 

temperature during transportation, storage, and maintenance. As yet, electrochemical 

corrosion studies in aqueous chloride medium are not carried out on ODS–18Cr ferritic 

steels. The systematic evaluation of the influence of milling time on the electrochemical 

corrosion behavior of 18Cr ferritic steels with and without dispersoids in 3.5 % NaCl 

solution at room temperature are presented in this chapter. 

 

4.3.2 Electrochemical studies  

4.3.2.1 Cyclic polarization 

Cyclic polarization (CP) studies were carried out on ODS1 and ODS6 along with NODS 

samples in 3.5 % NaCl solution after pre–immersion (0.5 h) to stabilize OCP. Typical CP 

curves of the experimental samples described with relevant parameters are shown in Fig. 

4.3.1. 
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Fig. 4.3.1 CP curves of ODS–18Cr samples along with NODS sample. 

 

To determine the pitting tendencies (passivation breakdown and repassivation behavior) 

of the active–passive alloys which undergo localized (pitting) corrosion in the metal–

solution system, CP measurements were carried out. In the CP curve, potential is 

increased from cathodic to anodic direction until the current density reached the given 

magnitude, then the potential is decreased in the reverse direction. Here the anodic branch 

extends to a wider potential range reaching up to 1 V with OCP, then the potential 

decreased towards OCP. Pitting phenomenon can be explained with the nature of 

hysteresis loop formed with forward and reverse scans. Positive hysteresis indicates (loop 

is on the right) the localized corrosion susceptibility and the amount of the localized 

corrosion incurred by the material and is represented by the area under the hysteresis loop 

[1, 2]. The presence of huge positive hysteresis loop is an indication of the nucleation and 

growth of pits. Negative hysteresis (loop is on the left) indicates the formation of passive 

film which is protective and self–healing. In other words, it indicates that the damaged 

passive film repairs by itself [3, 4]. No hysteresis also indicates high resistance to 

localized corrosion [5].  
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Since the localized (pitting) corrosion was observed to be the dominant mode of damage 

in the steels studied, pitting rate (      ) was calculated using the following equation 

[5]: 

                                                                 
 

 
                                    (4.3.1) 

where, Ipit is the pitting current density [A/cm
2
],   is the combination of several 

conversion terms and is 1.2866×10
5 

[equivalents. sec. mils/coulombs. cm. years],  is the 

metal density [g/cc] and  is equivalent weight [grams/equivalent]. 

 

The shapes of CP curves are broadly similar for both ODS samples with different milling 

times and NODS sample. From the obtained CP curves, it is evident that a) distinct active, 

passive and transpassive regions exist, b) current density increases slightly in the passive 

region with increasing potential, c) transition from passive to transpassive state is sharp, 

d) current density increased significantly in transpassive region with a small increase in 

potential, e) potential reversal resulted in positive hysteresis, f) the passive region width is 

high and g) the repassivation potential (ERP) is lower than the corrosion potential (Ecorr).  

 

Important parameters like corrosion potential (Ecorr), corrosion current density (Icorr), 

primary passive potential (Epp), critical current density (Icrit), passive current density 

(Ipass), breakdown/pitting potential (EBP), potential range of passive region EBP–Ecorr  

(V), repassivation potential (ERP), pitting current density (Ipit), pitting rate and the area 

under hysteresis loop were derived from the CP curves and are presented in Table 4.3.1. 
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Table 4.3.1 Data obtained from analysis of CP hysteresis curves of NODS and ODS samples. 

   

 

 

 

 

 

 

Sample 

Name 

Corrosion 

potential 

(E
corr

) 

[mV] 

Corrosion 

current 

density 

(I corr) 

[µA/cm
2
] 

Primary 

passive 

potential 

(EPP) 

[mV] 

Critical 

current 

 density 

(Icrit) 

[µA/cm
2
] 

Passive 

current 

 density 

(Ipass) 

[µA/cm
2
] 

 

Breakdown 

potential 

(E
BP

) [mV] 

 

E
B
–E

corr
 

V[mV] 

 

Repassivation 

potential 

[ERP][mV] 

Pitting 

current  

density 

(Ipit) 

[µA/cm
2
] 

 

Pitting 

rate 

[ MPY] 

 

Area of 

hysteresis 

Loop 

[I×V] 

NODS  –583  1.717 –526 3.110 5.425 607 1190  –607 2.961 25.00 40  

ODS1  –577 1.777 –444 4.025 6.127 600 1177  –610  3.152 26.89 48 

ODS3 –565 2.201 –509 3.154 6.593 615 1180  –607 3.847 32.48 47 

ODS6  –604 2.694 –450 4.435 8.688 608  1212  –651  3.951 33.35 54  
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The corrosion potentials (Ecorr) are almost similar for all the samples studied. Corrosion 

current density (Icorr) values are higher for ODS samples than the NODS sample and it is 

higher for ODS6 than ODS1. In all the samples, passive region has started immediately 

after Ecorr showing the formation of a protective barrier oxide layer on the surface of the 

sample and the extent of the passive region is similar. The primary passivation potential 

(Epp) is more negative in NODS which shows the early formation of passive layer 

compared to ODS–18Cr samples. The critical current density (Icrit) and passive current 

density (Ipass) provide information on the nucleation and growth of the passive oxide layer 

and the nature of the passive oxide layer formed on surface of the sample, respectively. 

There is a variation in both of these values from NODS to ODS–18Cr and higher in ODS 

samples which is due to the porosity generation through the passive oxide layer. All the 

samples exhibited well defined passive region with V1200 mV. The more extended 

the passive region (difference between EBP and Ecorr), the better the resistance to pitting 

corrosion with better passivation characteristics [6]. For all the samples, this passive 

region ends at the breakdown potential (EBP) and pitting corrosion starts beyond EBP. The 

reason for corrosion of passive materials is the damage of the passive oxide layer on the 

metal surface because of the existence of chloride or other aggressive anions [1, 4, 7]. 

The higher the value of EBP, the greater is the resistance to the initiation of pitting 

corrosion. The sudden increase in the passive current density (ipass) at EBP shows the 

breakdown of the passive oxide film formed and initiation of the pit [1]. 

 

In CP curve, the presence of the hysteresis loop also represents a delay in repassivation of 

an existing pit, when the scan is reversed. If the hysteresis loop is larger, then 

repassivation of the pit becomes difficult [7]. Repassivation potential (ERP) represents the 

potential where the reverse scan intersects the forward scan (loop closes on the reverse 

scan). At this potential, pit growth is arrested and current decreases drastically. If the ERP 

is more negative than the EBP, susceptibility to the pitting corrosion is high. At the 

potentials between the pitting and repassivation potential (ERP < E < EBP), new pits will 

not form, but existing pits will develop into bigger pits [8]. In the present study, ERP is 

more negative for ODS6 compared to ODS1 and NODS steels. The experimental results 

also indicate that the area under the loop which represents the amount of pitting corrosion 

was higher for ODS than NODS. Pitting current density (Ipit) and pitting rate values are 

higher in ODS–18Cr than NODS and also increases with milling time. 
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4.3.2.2 Electrochemical impedance spectroscopy 

Impedance analysis was carried out in order to study the properties of electric double 

layer formed at the interface of the sample and electrolyte at different exposure times. 

The impedance test results of ODS1, ODS6 and NODS samples at exposure times of 1 

and 48 h plotted in the form of Nyquist and Bode plots are shown in Fig. 4.3.2. Similarly 

Nyquist and Bode plots of ODS1, ODS6 and NODS samples as a function of exposure 

time are shown in Fig. 4.3.3. The Nyquist plot shows real and imaginary components of 

impedance which is expressed in .cm
2
 and in the Bode plot, the frequency dependence 

of the phase angle  and modulus are plotted. The frequency dependence of the phase 

angle  and modulus of impedance indicate whether one or more time constants are 

present in the system. Examination of different equivalent electric circuit models has 

been carried out to fit the plots using the Z–view software. An equivalent circuit with two 

time constants was found to be suitable for fitting the data at OCP and is shown in Fig. 

4.3.4. The 
2 

value less than ‘1’ is considered as good fit and the obtained 
2 

values 

(Table 4.3.2) showed a good fit of experimental data. The Bode plots of  (Figs. 4.3.2 and 

4.3.3) all the samples show the existence of two time constants, where the time constant 

at higher frequencies attributes to the resistance and capacitance values of a very thin 

oxide film formed on the sample substrate along with the uncompensated solution 

resistance (Rs). The other time constant at lower frequencies shows the capacitance of 

electric double layer (Cdl) formed at the interface of test sample and electrolyte and 

charge transfer resistance (Rct) of the test sample. The numerical values of EIS 

parameters obtained from the fitted circuit are summarized in Table 4.3.2. 
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Fig. 4.3.2 Nyquist and Bode plots of ODS and NODS samples for exposure times of  1 

and 48 h. 
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Fig. 4.3.3 Nyquist and Bode plots of ODS and NODS samples with different exposure 

times of 1, 24, 48 and 96 h. 

 

 

Fig. 4.3.4 Equivalent circuit used to fit the EIS data. 
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Table 4.3.2 Parameters obtained from the impedance circuit and corrosion rate calculated 

from potentiodynamic polarization data for ODS and NODS samples 

 

 

 
 

Exposure 

time 

[h] 

                                                       Sample name 

 

Rs 

[.cm
2
] 

 

Cfilm 

[F/cm
2
]

*10
–5

 

 

R film 

[.cm
2
]  

 

n1 

 

Cdl 
[F/cm

2
] 

*10
–5 

 

Rct 
[.cm

2
]

*10
5 

 

n2 

 

2 

Corrosion rate   

from  

polarization data  

[MPY] 

 NODS 

1 1.279 1.36 52.39 0.97 4.179 2.564 0.73 0.0006 0.4380.0.29 

24 1.252 5.667 79.41 0.98 3.402 3.249 0.76 0.0057 0.2910.029 

48 1.322 1.198 55.16 0.97 3.934 5.347 0.84 0.0021 0.270.037 

96 0.899 4.498 98.91 0.98 2.769 0.951 0.87 0.0038 0.5080.025 

                                                                                        ODS1         

1 0.807 1.900 40.63 0.97 7.982 2.258 0.76 0.009 0.5890.042 

24 0.676 2.695 42.11 0.98 7.431 3.169 0.77 0.0004 0.5220.051 

48 0.606 3.428 53.12 0.98 7.097 3.438 0.77 0.0007 0.4340.031 

96 3.896 0.973 43.73 0.97 7.644 0.734 0.84 0.0071 0.5920.061 

 ODS6 

1 1.078 2.885 53.69 0.99 6.198 0.583 0.70 0.0003 0.8640.061 

24 9.13 1.644 69.92 0.97 5.45 0.781 0.76 0.0017 0.740.049 

48 2.446 6.534 41.85 0.98 7.871 1.73 0.83 0.0014 0.6830.049 

96 1.094 0.86 34.13 0.99 7.253 0.551 0.75 0.0057 0.8230.064 
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A careful review of electrochemical impedance results shows the following: 

The film resistance (Rfilm) is less in ODS–18Cr steels compared to that of NODS steel. 

This is due to the presence of dispersoids, which act as discontinuities in the oxide layer. 

The oxide layer formed on the surface of ODS–18Cr steels due to corrosion is thus not 

uniform and hence is not very effective in offering protection unlike an effective 

continuous passive film formed on NODS steel surface. As the area of the oxide layer on 

the surface is less, the capacitance of the passive film (Cfilm) is less in ODS–18Cr steels 

when compared to NODS steels. The exposed area of ODS samples increases with 

immersion time due to the presence of a discontinuous passive layer on the surface. As 

the area of interface of test sample and electrolyte increases, the double layer capacitance 

(Cdl) also increases. ODS–18Cr samples have high Cdl values compared to that of NODS. 

The charge transfer resistance (Rct) is high for NODS for all exposure times than those of 

ODS–18Cr samples. This may be due to the presence of continuous passive film in 

NODS and dispersoid–induced discontinuities in the passive film of ODS–18Cr samples. 

ODS1 sample showed better Rct values compared to ODS6 samples due to the presence of 

the less number of dispersoids. Rct values for all samples increase up to 48 h and then 

decrease for 96 h of exposure which shows that the passive film is protective up to 48 h 

only. The factor ‘n’ is an empirical constant, which lies between 0 to 1 and can be related 

to surface roughness of the electrode [9]. The n1 value for passive layer is closer to 1, 

which shows that the nature of film is like pure capacitor. The decrease of n2 values 

shows the increase in surface roughness of the electrode and the values are increased with 

the exposure time for all the samples.  

 

4.2.2.3 Potentiodynamic polarization 

To study the corrosion behavior as a function of immersion time, the potentiodynamic 

polarization (PD) experiments were carried out on ODS1, ODS6 and NODS steels in 3.5 

% NaCl solution after pre–immersion for different exposure times of 1, 24, 48 and 96 h. 

The corrosion rates of NODS and ODS–18Cr steels with exposure time calculated from 

the graphs are given in Table 4.3.2. 

 

From the corrosion rate data, it is evident that, (a) the corrosion rate is higher for all 

ODS–18Cr steels than that of NODS at all exposure times, (b) corrosion rate increases in 

ODS–18Cr steels with milling time and is maximum in ODS6. The differences in the 
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quality of oxide film and grain size may be responsible for the higher corrosion rate in 

ODS–18Cr samples and (c) in both NODS and ODS–18Cr steel samples, corrosion rate 

decreases up to 48 h and increases thereafter. The passive layer formed on the substrate is 

protective up to 48 h, as the thickness of the passive layer increases; it may spall or 

become porous and allows easy access of the electrolyte to oxide–steel interface 

thereafter increasing the corrosion rate [1].  

 

4.3.3 Immersion studies 

To study the corrosion behavior of samples for longer time, immersion tests were carried 

out by dipping all the samples in 3.5 % NaCl solution for 365 days. The samples were 

examined periodically for any indications of corrosion. Initially there was no observable 

change, but after 6 months, small pits were formed and severe corrosion was noticed 

after 1 year of immersion. Fig. 4.3.5 shows the SEM images of the samples immersed for 

365 days. The pit densities of ODS1, ODS6 and NODS are 261, 336 and 195 cm
–2

 

respectively. Pit density increased with milling time in ODS–18Cr steels and is higher 

than NODS. The observed trend in this study followed well with electrochemical 

experiments. 

 

Fig. 4.3.5 SEM Morphologies of immersed samples of (a) ODS1, (b) ODS6 and (c) 

NODS. 

4.3.4 Microstructural studies 

The surface morphologies of corroded samples of ODS1, ODS6 and NODS after 

potentiodynamic polarization tests in 3.5 % NaCl solution after an exposure time of 48 h 

are shown in Fig. 4.3.6. The size, distribution and morphology of pits formed are imaged 

on cross–sections of corrosion tested samples after 48 h immersion of ODS 6 and NODS 

steels and shown in Fig. 4.3.7.    
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Fig. 4.3.6 The surface morphologies of PD tested samples of (a) ODS1, (b) ODS6 and (c) 

NODS after 48 h exposure to the 3.5 % NaCl solution. 

 

Fig. 4.3.7 The morphology of pits (a) on the surface; cross–section: (b) and (c) ODS6; (d) 

and (e) NODS. 

 

The microstructures reveal the occurrence of predominantly localized (pitting) corrosion 

along with general corrosion in both ODS and NODS samples. In ODS samples, pits are 

smaller, large in number and partly covered with debris, while in NODS, pits are less, 

shallow and open. From the cross–sectional studies (Fig. 4.3.7), pit shapes mainly 

appeared to be hemi–spherical and globular. The formation of more number of pits in 
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ODS steels is probably due to the non–uniformity of passive layer. The pit formation in 

NODS is considered as a general galvanic corrosion, occurring as a small active area, 

which is being accelerated by the large continuous passivated area. This relative area 

difference causes acceleration of the corrosion, resulting in deeper penetration of the pits 

[10]. More rapid propagation of the pits may occur due to their initiation at metallurgical 

features, e.g., inclusions and grain boundaries, second phase particles and solute 

segregated grain boundaries, etc. [1]. In the present study, the nucleation of pits occurs 

predominantly at dispersoids which in this case are Y2O3 and Y2Ti2O7. Both of these 

oxides are noble when compared to the matrix and exhibit similar electrochemical 

behavior. Morphology of pits observed under SEM (Fig. 4.3.7 (a)) shows lacelike 

patterns with a central hole. This lacy metal structure contains white sponge portion with 

enrichment of Ti caused by preferential leaching of Fe from the corrosion debris. 

 

The salient features of the corrosion studies carried out on ODS–18Cr and NODS steels 

using various electrochemical (CP, EIS and potentiodynamic) and immersion techniques 

are summarized below:  

 

In general, the resistance to corrosion, passivation characteristics and the anodic 

protection ability of a material in CP studies are associated with the negative Epp, lower 

Icrit, Ipass values, higher EBP, broader passive region (V) and nobler ERP. NODS sample 

exhibited better properties amongst all. Pitting corrosion is the main corrosion occurred 

in all the samples and the order of pitting rate followed as NODS<ODS1<ODS6. The 

charge transfer resistance (Rct) is inversely proportional to the pitting rate and is lowest 

for ODS6 which exhibited the highest pitting rate. Impedance analysis revealed a better 

corrosion resistance surface film for NODS than ODS–18Cr steels. The corrosion rate 

calculated from the PD polarization data compares well with the results of impedance 

data. Immersion studies also reflect the same trend for corrosion resistance as observed 

by electrochemical techniques. Even though all the above mentioned corrosion studies 

indicate that ODS–18Cr samples exhibit lower corrosion resistance than NODS samples, 

the difference is not very significant.  

  



                                                                                                                                       Results and discussion 

167 
 

4.3.5 Summary 

The corrosion behavior of ODS1 and ODS6 along with NODS steels in 3.5 % NaCl 

solution was investigated using CP, EIS, and potentiodynamic polarization and 

immersion studies. ODS–18Cr steels are more prone to pitting corrosion in comparison to 

the NODS. Amongst ODS–18Cr steels, pitting tendency increases with milling time. The 

charge transfer resistance (Rct) values are less for ODS–18Cr steels when compared to 

NODS steel. In both ODS–18Cr and NODS steels, corrosion rate decreases up to 48 h 

due to formation of a protective passive layer and increases beyond due to the increase of 

porosity in the passive layer. Immersion studies also exhibit the same trend in corrosion 

behavior as observed by the electrochemical techniques. Electrochemical and immersion 

data results revealed that the role played by dispersoids on the corrosion behavior in steel 

is insignificant. 
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4.4 High Temperature Oxidation Behavior of Oxide Dispersion 

Strengthened 18Cr Ferritic Steel 
 

4.4.1 Introduction 

High temperature oxidation resistance in various media and environment is an important 

functional consideration while selecting steels for applications involving oxidation. The 

oxidation resistance of steels can be enhanced by increasing Cr content beyond 12 %. 

Correct compositional optimization is needed to balance between increased oxidation 

resistance and the formation of deleterious intermetallic phases with increasing Cr 

content. The high temperature properties are enhanced by the dispersion of stable oxide 

particles in high Cr steels as in ODS steels. Even though, the oxidation behavior of ODS 

steels at high temperatures is well studied in super critical pressurized water (SCPW), 

liquid lead, lead–bismuth eutectic (LBE), sodium and molten fluoride salts, the high 

temperature oxidation behavior of these steels is not fully evaluated. Since ODS steels are 

intended for operation at temperatures greater than 650 °C, the oxidation behavior of 

these steels has to be completely understood. The reported literature on the high 

temperature oxidation behavior of ODS steels is scarce. ODS steels appear to exhibit 

better oxidation resistance than conventional steels; however the detailed mechanisms are 

not yet clear. The systematic evaluation of the effect of grain size on oxidation behavior 

at high temperatures of 18Cr ferritic steels with and without dispersoids is presented in 

this chapter. 

 

4.4.2 Oxidation kinetics  

The weight change per unit surface area (W/A) of NODS and ODS–18Cr samples as a 

function of exposure time at 650, 750 and 850 °C is shown in Figs. 4.4.1 (a–c) 

respectively. All the samples exhibited rapid weight gain during the initial stages of 

oxidation (up to 100 h) and reduced weight gain beyond 100 h of exposure. The initial 

rate of weight gain and the overall weight gain of all the samples increased with exposure 

temperature. At any given exposure temperature, the weight gain by ODS–18Cr samples 

is lower than that of NODS (without dispersoids) sample. Amongst ODS–18Cr samples, 

the weight gain decreased with increase in milling time. Oxidation of both ODS–18Cr 

and NODS samples followed the parabolic rate law which is given below: 

   tkAW p 2)/( ,    (4.4.1) 
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Where, kp is parabolic rate constant (g
2
/cm

4
/s) and t is time (s). The parabolic rate 

constants for NODS and ODS–18Cr samples were estimated by plotting (W/A)
2
 with 

exposure time and the kp values obtained at each test temperature are given in Table 

4.4.1. It is found that the parabolic rate constant (kp) increased with temperature for all 

the samples and at each temperature, ODS–18Cr samples have significantly lower kp 

values than the base material. Amongst ODS–18Cr samples, the kp value decreased with 

increasing milling time. The lower kp values of ODS–18Cr samples indicate that the 

resistance to oxidation is high for these steels. The activation energy for NODS and 

ODS–18Cr samples is obtained from the Arrhenius plot (Fig. 4.4.2) as per the equation 

given below using the experimental data and are tabulated in Table 4.4.1.      

)/exp(0 RTEkk Ap  ,    (4.4.2) 

where, ko is the pre–exponential factor of the reaction (g
2
/cm

4
/s), R is the universal rate 

constant (8.314×10
–3

 kJ/mol/K), T is the temperature (K) and EA is the activation energy 

(kJ/mol). The variation of parabolic rate constant with grain size of both NODS and 

ODS–18Cr samples and dispersoid size of ODS–18Cr samples at all the temperatures is 

shown in Figs. 4.4.3 (a–b) respectively. It can be seen from the graph that the parabolic 

rate constant at all temperatures decreased with decrease in grain size and dispersoid size. 

The lower grain size obtained due to the presence of fine dispersoids in ODS–18Cr 

samples increased the rate of formation of Cr2O3 layer by the enhanced grain boundary 

diffusion of chromium at early stages of oxidation thereby acting as an effective barrier 

for further oxidation.  
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Table 4.4.1 The values of parabolic rate constant (kp), pre–exponential factor (k0) and activation energy 

 of NODS and ODS–18Cr samples. 

 

Sample 

Name 

Parabolic rate constant, kp, [g
2
cm

–4
s

–1
] Pre exponential factor, k0, [g

2
cm

–4
s

–1
] Activation energy 

[kJ/mol] 650 C 750 C 850 C 650 C 750 C 850 C 

NODS 0.56×10
–13

 4.88×10
–13

 5.98×10
–13

 8.54×10
–08

 18.5×10
–08

 7.12×10
–08

 

109 
ODS1 0.42×10

–13
 3.11×10

–13
 4.60×10

–13
 6.34×10

–08
 11.8×10

–08
 5.57×10

–08
 

ODS3 0.34×10
–13

 2.86×10
–13

 4.18×10
–13

 5.24×10
–08

 10.9×10
–08

 5.06×10
–08

 

ODS6 0.26×10
–13

 2.13×10
–13

 3.81×10
–13

 3.94×10
–08

 8.07×10
–08

 4.61×10
–08
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Fig. 4.4.1 Variation of weight gain as a function of exposure time: (a) 650 C, (b) 750 C 

and (c) 850 C. 
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Fig. 4.4.2 Arrhenius plot of the parabolic oxidation rate constants of NODS and ODS–

18Cr samples. 

 

 

Fig. 4.4.3 Variation of parabolic rate constant with (a) grain size and (b) dispersoid size. 

 

4.4.3 Characterization of surface oxide layer  

Typical oxide morphologies of the adherent oxide scale formed on surfaces of ODS6 and 

NODS samples exposed at 850 C for 500, 1000 and 2000 h are presented in Fig. 4.4.4. 

Similarly, the morphologies of oxide layer of the samples oxidized at 650, 750 and 850 

C for exposure time of 2000 h are shown Fig. 4.4.5. Typical oxide morphologies of the 

adherent oxide scale formed on the surfaces of ODS1, ODS3, ODS6 and NODS samples 

exposed at 850 C for 2000 h are shown in Fig. 4.4.6. The surface morphologies of the 

oxidized samples at all the experimental conditions (Figs. 4.4.4–4.4.6) showed broadly 

similar features. In general, the oxide layer consists of fine grained matrix (marked M) 



                                                                                                                                       Results and discussion 
 

174 
 

with blisters (marked B) of coarse particles distributed randomly over the entire surface. 

Examination of the oxidized surfaces of ODS–18Cr and NODS samples indicated that 

increasing time at a given temperature and increasing temperature at a given time resulted 

in decrease in the size and population of globular particulate clusters (blisters) leading to 

predominance of granular matrix oxide layer at highest temperature and largest exposure 

time. Increase in milling time of powder also caused refinement in globular particles 

(blisters) with granular matrix oxide structure dominating for longest milled sample. The 

granular matrix oxide structure appears to be finer in NODS when compared to ODS6 

under identical exposure conditions. EDS analysis was carried out on the granular matrix 

oxide and blisters of all the oxidized samples. The variation of the composition of matrix and 

blisters of ODS6 and NODS oxidized at 850 C for different exposure times and oxidised at 

different temperatures for an exposure time of 2000 h are given in Tables 4.4.2 and 4.4.3 

respectively. The composition obtained on the oxidised surfaces of ODS1, ODS3, ODS6 and 

NODS samples oxidised at 850 C for 2000 h is given in Table 4.4.4. The EDS results indicate 

that the granular matrix oxide is predominantly chromium oxide (Cr2O3) with small 

quantities of iron oxide. The globular particles (blisters) are of the type (FeCr)xOy. The 

EDS analysis also revealed that, at constant exposure temperature (850 °C), the Cr 

content of the granular matrix oxide increased with exposure time and the composition of 

the blisters remained unchanged for both ODS6 and NODS samples. Similarly, at constant 

exposure time (2000 h), the Cr content of 

the granular matrix oxide increased and the composition of blisters remained similar with 

increasing exposure temperature from 650 to 750 C, whereas at 850 C the Cr content of both the 

granular matrix oxide and the blisters increased significantly when compared to lower exposure 

temperatures. The time of powder milling does not seem to influence the composition of 

either the blisters or granular matrix oxide when the samples are exposed to the highest 

temperature (850 C) and the longest exposure time (2000 h).  
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Fig. 4.4.4 SEM morphologies of ODS6 (a) 500 h, (b) 1000 h, (c) 2000 h  and NODS (d) 

500 h, (e) 1000 h, (f) 2000 h at 850 C. 
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Fig. 4.4.5 SEM morphologies of ODS6 (a) 650 C, (b) 750 C, (c) 850 C and NODS (d) 

650 C, (e) 750 C, (f) 850 C for exposure time of 2000 h. 
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Fig. 4.4.6 SEM morphologies of (a) ODS1, (b) ODS3, (c) ODS6 and (d) NODS exposed 

for 850C and 2000 h. 

 

 

Table 4.4.2 Variation of composition of blisters and matrix for different exposure times 

at an exposure temperature of 850 C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Element 
ODS6 at 850 C 

500 h 1000 h 2000 h 

(at. %) blister Matrix blister Matrix blister matrix 

Fe 29 6 26 10 25 11 

Cr 33 30 37 27 32 49 

Ti 0.2 0.3 0.3 0.3 0.2 0.5 

O 37 64 37 63 43 39 

 NODS at 850 C 

Fe 30 3 32 2 28 7 

Cr 34 44 35 44 36 55 

Ti 0.3 0.5 0.3 0.4 0.4 0.4 

O 36 53 33 54 36 37 
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Table 4.4.3 Variation of composition of blisters and matrix at different exposure 

temperatures for an exposure time of 2000 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.4.4 Variation of composition of blisters and matrix for different milling times at 

850 C and 2000 h. 

 

 

 

 

 

 

 

 

 

 

Element 
ODS6 for 2000 h 

650 C 750 C 850 C 

(at. %) blister Matrix blister 
Matri

x 
blister matrix 

Fe 42 21 39 15 25 11 

Cr 7 33 7 35 32 49 

Ti 0.3 0.5 0.3 0.3 0.2 0.7 

O 51 45 54 49 43 39 

 NODS for 2000 h 

Fe 35 6 38 7 28 7 

Cr 6 30 13 35 36 55 

Ti 0.2 0.5 0.4 0.4 0.4 0.4 

O 59 64 49 57 36 37 

Element 
850 C, 2000 h 

ODS1 ODS3 ODS6 NODS 

(at. %) blister matrix Blister matrix Blister matrix blister matrix 

Fe 27 6 31 11 25 11 28 7 

Cr 39 58 32 45 32 49 36 55 

Ti 0.2 1.3 0.5 0.9 0.2 0.7 0.4 0.4 

O 34 35 37 43 43 39 36 37 
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4.4.4 Raman analysis of oxides 

The Raman spectra obtained from the surfaces of the ODS6 and NODS samples oxidized at 850 

C for different exposure times and oxidized at different temperatures for an exposure time of 

2000 h are shown in Figs. 4.4.7(a–b) and Figs. 4.4.7(c–d) respectively. The Raman spectra 

obtained on the surfaces of ODS1, ODS3, ODS6 and NODS samples oxidized at 850 C for 2000 

h are shown in Fig. 4.4.7(e). Analysis of oxidized surfaces by Raman spectroscopy indicated that 

the oxide layers of all the experimental samples consist of Cr2O3, Fe2O3, Fe3O4 and FeCr2O4 in 

varying proportions. The Raman frequencies of these oxides from the present work are presented 

in Table 4.4.5 along with the reported values in the literature [1–3]. 

 

Table 4.4.5 Raman frequencies (cm
–1

) of oxides from present work along with the 

reported data. 

 

 

 

 

 

 

 

 

 

 

 

The results of Raman spectroscopic examination revealed that the oxides in both ODS6 

and NODS (Figs.  4.4.7 (a–b)) are found to be Cr2O3 and FeCr2O4 at all exposure times 

for a constant exposure temperature of 850 C and the intensity of Cr2O3 increased with 

exposure time. The presence of Cr2O3 was relatively less dominant in NODS at identical 

conditions. At constant exposure time (2000 h), the oxide layer in ODS6 consists of 

Fe3O4 and Cr2O3 at 650 C. At higher temperature (850 C), Fe3O4 changed to FeCr2O4 

and the dominance of Cr2O3 increased (Fig. 4.4.7 (c)). Where as in NODS sample, Fe2O3 

and Fe3O4 were noticed at lower exposure temperatures and the composition changed to 

Oxide Raman shift [cm
–1

] 

Present 

work 

Ref 

[1,2] 
Ref [3] 

FeCr2O4 684 685 685 

Cr2O3 306 

352 

395 

531 

537 

544 

555 

303 

352 

397 

530 

532 

541 

554 

306 

353 

397 

528 

538 

540 

552 

Fe3O4 672 

680 

667 

680 

670 

676 

Fe2O3 228 

246 

297 

413 

506 

227 

245 

299 

412 

501 

227 

243 

298 

414 

506 
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predominantly Cr2O3 and FeCr2O4 at higher exposure temperature (Fig. 4.4.7 (d)). At all 

milling times, the oxide layers consist of Cr2O3 and FeCr2O4 at 850 C and 2000 h. The 

dominance of Cr2O3 was found to increase with increasing milling time (Fig. 4.4.7 (e)). 

The Cr2O3 was more prominent in ODS6 than that in NODS, both of which were milled 

for 6 h prior to consolidation. 

 

Fig. 4.4.7 Raman spectra of NODS and ODS–18Cr samples (a, b) as a function of 

exposure temperature (c, d) as a function of exposure time  

and (e) as a function of milling time. 
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4.4.5 Characterization of oxide scale 

The backscattered electron images taken on the cross–section of oxide layers formed on 

ODS6 and NODS samples exposed at 850 C for 2000 h are shown in Figs. 4.4.8 (a–b) 

respectively. The EDS line scan across the oxide scale was carried out to obtain the 

elemental concentration profiles in the oxide layer and adjacent matrix and are shown in 

Figs. 4.4.8 (c–d) respectively. The Raman spectra obtained on the surface of the NODS 

and ODS6 samples oxidised at 850 C for an exposure time of 2000 h are shown in Fig. 

4.4.8 (e). The oxide layer was found to be dense, continuous and showed good adherence 

to the matrix. The thickness of the oxide layer of ODS6 is lower (17 µm) when compared 

to NODS (65 µm) and are in conformity with the respective weight gains.  

 

The Fe, Cr, O, Ti and W concentration profiles of oxidised samples from the outer surface 

of the oxide scale to substrate obtained by EDS line scan revealed that the concentration 

of Fe, Cr and O varied in the oxide scale indicating the presence of different oxide layers. 

The oxide scale is composed of a two layer structure. The line scan analysis of ODS6 

(Fig. 4.4.8 (c)) indicate that, Fe was dominant in the outer layer and its concentration 

decreases significantly a few microns below the outer layer. Chromium and oxygen 

concentrations are higher in the inner oxide layer than the outer oxide layer. The higher O 

and Cr contents in the oxide layer when compared to substrate are due to the ingression of 

oxygen from air and diffusion of Cr from the substrate. The concentrations of Ti and W 

remained unchanged in the oxide–layer and substrate. At the oxide–substrate interface, 

the concentration of Fe increased rapidly and that of Cr and O fell drastically. The 

concentration profiles of Fe, Cr, O, Ti and W in the oxidised NODS sample are similar to 

ODS6 but the thickness of Fe–rich phase (outer layer) is higher in NODS compared to 

ODS6. The chemical composition of the outer layer of the scale is mainly composed of 

iron, chromium and oxygen suggestive of the formation of (FeCr)xOy type oxide. The 

inner oxide layer of the scale in contact with substrate consists of only chromium and 

oxygen corresponding to CrxOy. It indicates that the outer layer is formed by outwards 

diffusion of iron and chromium ions. 
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Fig. 4.4.8 (a) and (b) Cross–section images ODS6 and NODS samples exposed to 850 C 

for 2000h, respectively.  (c) and (d) show the EDS line–scan images of (a) and (b), 

respectively. (e) Raman spectra. 
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4.4.6 Discussion  

The oxidation of Fe–18Cr alloy involves oxidation of all the oxide forming elements in 

the steel during the initial stages resulting in the formation of a thin oxide layer on the 

surface. Further exposure results in continued inflow of oxygen through the transient 

oxide layer and outflow of metallic ions to the oxide–substrate interface. During these 

stages, the oxidation mechanism is strongly dependent on the kinetic boundary conditions and 

thermodynamics. According to Ellingham–Richardson (G
0 

–T) plots, the standard free 

energy (G
0
) of Cr2O3 formation is far more negative when compared to the other oxides 

over the temperature range of 650–850 C in high Cr steels [4]. Since the formation of 

Cr2O3 layer is thermodynamically the most favored, a thin impervious Cr2O3 layer forms 

at the surface. Usually, the formation of Cr2O3 layer is controlled by the rate of Cr supply. 

The high Cr content of the steel favors increases in the diffusion of Cr through the grain 

boundaries and enhances the availability of Cr for the formation of Cr2O3 layer. Further oxide 

growth is controlled by the diffusivities of Fe and Cr through Cr2O3 layer and their 

interaction with oxygen [5].  

 

The results of the oxidation studies revealed that the weight gain increased continuously 

at all test temperatures and times in accordance with the parabolic rate law (Eq. (4.4.1)). It 

is well known that, high temperature oxidation process depends on the reactions of metal ions 

with oxygen and kinetics of the formation of oxides. The parabolic growth rate behavior is 

usually controlled by the diffusion and transport of anionic or cationic species through the 

oxide layer [6]. Lower kp value indicates that the activation energy needed for the formation of 

oxides is higher and the oxidation resistance is higher. The parabolic rate constant (kp) was 

lower in ODS–18Cr steels than NODS and was found to decrease with increase in milling 

time.  

 

The weight gain in all the experimental samples is found to be in the order of 

ODS6<ODS3<ODS1<NODS for all the oxidation conditions studied. Even though, Cr 

content is similar in NODS and ODS–18Cr steels, the oxidation resistance is higher in 

ODS–18Cr steels. Amongst the ODS–18Cr steels, the oxidation resistance increased with 

increasing milling time; ODS6 being the most oxidation resistant. The predominant cause 

for this behaviour is the refinement in grain size and the dispersoid size with increasing 

milling time. It is well known that for a given ratio of grain boundary diffusivity to the 

lattice diffusivity, the atomic flux to the oxidizing surfaces increases with reduction in 
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grain size [7]. Consequently, NODS being the coarse grained (13 µm) material exhibits 

lowest oxidation resistance when compared to ODS–18Cr samples where the grain size 

decreased with increasing milling time. ODS6 exhibited the highest oxidation resistance 

in view of its sub micron grain size (0.48 µm). Further, better oxidation resistance of 

ODS–18Cr steels is in part attributable to the presence of 2–7 nm size Y2Ti2O7 

dispersoids. The addition of rare earth elements (Y, Ce, La etc.) to Fe–Cr steels has 

beneficial effect on the oxidation resistance of ferritic steels [8–11]. Yttrium addition by 

itself is known to improve the oxidation resistance by segregating to the Cr2O3 grain 

boundaries and retarding elemental diffusion through the oxide [7]. The addition of 

yttrium was also found to be beneficial in enhancing the oxidation resistance of ODS 

steels by reducing the spallation tendency [11]. The enhanced oxidation resistance of 

ODS steels is attributable to the probable presence of residual Y in solid solution. 

Presence of Y–Ti–O dispersoids is believed to act as nucleation sites for the formation of 

Cr2O3 even during early stages of oxidation and reduce the oxide growth rate [11].  

 

SEM examination and Raman spectra revealed the presence of different oxide layers 

(Fe2O3, Fe3O4, FeCr2O4 and Cr2O3) in different proportions depending on the 

experimental conditions. The oxide layer closest to the substrate is Cr2O3 followed by 

Fe2O3 and Fe3O4 or FeCr2O4. 

 

The type and thickness of individual oxide layers depend on the relative diffusivities of 

Fe and Cr and inward flow of O through the initially formed Cr2O3 layer. The diffusivities 

depend on the microstructure of the substrate in the Cr2O3 layer and the temperature and 

time of exposure. The diffusion rates of metal ions decrease in the order 

DMn>DFe>DNi>DCr [12]. In both NODS and ODS–18Cr samples, the inner most oxide 

layer (on the substrate) was Cr2O3. While the thickness of Cr2O3 is a significant fraction 

of total oxide thickness in ODS–18Cr samples, it is relatively low in NODS samples as 

evidenced by the elemental EDS line scan data (Fig. 4.4.8). The predominant reasons for 

this behaviour of ODS–18Cr steel is (a) the formation of dense Cr2O3 layer, due to grain 

refinement induced enhanced diffusivity of Cr to Cr2O3, (b) the increased nucleation sites 

caused by nano–sized Y2Ti2O7 dispersoids and (c) reduced diffusivity of both Cr and Fe 

through fine grained Cr2O3 layer. The layer above Cr2O3 is either Fe3O4 or FeCr2O4 

depending on the temperature and milling conditions of ODS–18Cr steels. At 

temperatures 750 C, the layer mainly consists of Fe3O4 and at higher temperatures, it is 
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FeCr2O4. FeCr2O4 formation occurs due to either Cr atoms replacing Fe atoms in Fe3O4 or 

the reaction between FexOy and Cr2O3 [13]. Relative to ODS–18Cr samples, the thickness 

of Fe3O4/FeCr2O4 is larger in NODS sample due to extensive outward flow of Fe through 

the less dense Cr2O3 layer. At low temperatures (650 C), Fe2O3 was also observed in 

NODS because of the lower diffusivity of Cr through the coarse grain structure of the 

substrate and the inherently higher Fe diffusivity than through Cr2O3 layer. The observed 

columnar growth of Fe–rich oxide crystals (Fig. 4.4.6–4.4.8) is typical of Fe–Cr alloys 

[14, 15, 16] and is caused by the outward flow of Fe atoms through the defects in Cr2O3 

layer. 

 

4.4.7 Summary 

High temperature oxidation behaviour of ODS–18Cr ferritic steels along with 18Cr (NODS) steel 

was examined at different exposure temperatures (650–850 C) for varying exposure times (100–

2000 h). ODS–18Cr steels exhibited higher resistance to oxidation over the whole range of 

exposure temperature and time compared to NODS steel. The oxidation resistance of ODS–18Cr 

steels increased progressively with milling duration due to the gradual refinement of dispersoids 

and grains. The inner oxide layer is Cr2O3 in both NODS and ODS–18Cr steels, although its 

thickness fraction of total oxide thickness was different. In both NODS and ODS–18Cr steels, 

outer layer of oxide scale consisted of Fe3O4 at lower temperatures ( 750 C) and FeCr2O4 at 

higher temperature (850 C). The enhanced oxidation resistance of ODS–18Cr steels is due to fine 

grain structure and beneficial effects of fine Y–Ti–O dispersoids. 
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CHAPTER 5 

Conclusions and suggestions for future work 

 

The conclusions made based on the work carried out are presented in this chapter. The 

issues that could not be addressed in the current work are also suggested for the future 

work. 

 

5.1 Conclusions 

The conclusions arrived at from the detailed research study on the effect of milling time 

on microstructural evolution in nano ODS–18Cr ferritic steel and the resultant 

mechanical, corrosion and oxidation properties are given below.  

 

5.1.1 Microstructural evolution 

Influence of milling time on the microstructural changes that occur in ODS–18Cr ferritic 

steel (Fe–18Cr–2.33W–0.34Ti–0.36Y2O3) during milling and subsequent hot 

consolidation of the milled powders was investigated. The salient features are given 

below: 

 Crystallite sizes of both 18Cr and ODS–18Cr steel powders decreased with 

milling time reaching a steady state after 5 h.  

 The yttria particle size decreased during initial stages of milling and finally either 

dissolved or formed atomic clusters in powder milled for 6 h. 

 The oxide particles were coarse and non–uniformly distributed in consolidated 

samples of 1 and 3 h milled powders. They were finer (2–7 nm) and uniformly 

distributed in samples made with 6 h milled powder.  

 The dispersoids in ODS6 are cuboidal shaped semicoherent Y2Ti2O7 particles 

having a crystal structure of diamond cubic (       with a lattice parameter of 

1.01 nm. 

 Even though there is no change in shape of the oxide particles in upset forged and 

extruded conditions, coarsening of particles (3 to 5 nm) was observed.  

 The major phases observed by high intensity micro focus X–ray diffraction were 

confirmed with electron microscopic studies. 
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 In ODS1, the oxides of YTiO3 type are predominant along with Y2O3 and Y2TiO5. 

As the milling time was increased to 3 h (ODS3), oxides of Y2O3 , Y2TiO5 and 

Y2Ti2O7 were found. 

 In ODS6, oxide particles of Y2TiO5 and Y2Ti2O7 were found and these particles 

have finer size when compared to ODS1 and ODS3 samples. 

 In all the samples, Ti–enrich (TiO) particles were also present, which has face 

centered cubic (FCC) crystal structure. 

 

5.1.2 Mechanical properties 

The tensile deformation and fracture behaviour of ODS–18Cr ferritic steels along with 

18Cr (NODS) steel at different test temperatures were investigated. The salient features 

from the present study are given below: 

 The microhardness of both 18Cr and ODS–18Cr steel powders was increased with 

milling time and finally reached a steady state beyond 5 h of milling.  

 The bulk hardness of ODS–18Cr steel is higher than NODS and increases from 

ODS1 to ODS6. The progressive increase of hardness in ODS–18Cr steel is due to 

decrease in size and increase in number density of dispersoids.  

 The strength of ODS–18Cr steels increased with milling duration at all the test 

temperatures due to the refinement of dispersoids and grains. 

 All ODS–18Cr steels exhibited superior strength values over the whole range of 

test temperatures compared to NODS steel and the strength of both the steels 

decreased with temperature. 

 The ductility indices of ODS–18Cr steels showed marginal decrease with milling 

time over the test temperature range and were lower than those of NODS steel. 

 With increasing test temperature, NODS and ODS–18Cr steels exhibited 

continuous decrease in uniform elongation, but the fracture strain remained nearly 

same. 

 The fractured samples of NODS and ODS–18Cr steels showed typical cup–and–

cone type fracture with characteristic dimple rupture. 

 The fracture features of NODS and ODS–18Cr steels were correlated to the 

milling time dependent microstructural features. 

 The predicted hardness values of extruded+annealed samples compare well with 

the experimental values. 
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 The strength values, predicted by root of sum of squares model at higher 

temperatures compare well with experimental values. 

 

5.1.3 Corrosion studies 

The corrosion behavior of ODS1 and ODS6 along with NODS alloy steels in 3.5% NaCl 

solution was investigated using CP, EIS, potentiodynamic polarization and immersion 

studies. The conclusions from the study are given below: 

 ODS–18Cr steels are more prone to pitting corrosion when compared to NODS 

and the pitting tendency increases with milling time. 

 The marginally higher pitting rates in ODS–18Cr steels are due to the presence of 

dispersoids which act as initiating sites for the formation of pits. 

 The charge transfer resistance (Rct) values are less for ODS–18Cr steels when 

compared to NODS because of the difference in the formation of passive film. 

 In both ODS–18Cr and NODS steels, corrosion rate decreases up to 48 h due to 

formation of protective passive layer and increases beyond due to the increase of 

porosity in the passive layer. 

 Corrosion behavior of both ODS–18Cr and NODS steels is found to be similar in 

both electrochemical and immersion studies. 

 

5.1.4 Oxidation studies 

High temperature oxidation behavior of ODS–18Cr ferritic steels along with 18Cr 

(NODS) steel was examined at different exposure temperatures (650–850 C) for varying 

exposure times (100–2000 h). The salient features from the present study are given 

below: 

 ODS–18Cr steels exhibited higher resistance to oxidation over the whole range of 

exposure temperature and time compared to NODS steel.  

 The oxidation resistance of ODS–18Cr steels increased progressively with milling 

duration due to the gradual refinement of dispersoids and grains. 

 The inner oxide layer is Cr2O3 in both NODS and ODS–18Cr steels, although its 

thickness fraction of total oxide thickness was different. 

 In both NODS and ODS–18Cr steels, outer layer of oxide scale consisted of Fe3O4 

at lower temperatures ( 750 C) and FeCr2O4 at higher temperature (850 C). 
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 The enhanced oxidation resistance of ODS–18Cr steels is due to fine grain 

structure and beneficial effects of fine Y–Ti–O dispersoids. 

 

5.1.2 Scope for the future work 

The following studies could be carried out in order to gain additional understanding of the 

properties of ODS–18Cr ferritic steel on long term exposure to high temperature. 

 Coarsening kinetics of Y–Ti–O complex dispersoids and the resultant 

microstructure in ODS–18Cr steels under high temperature for longer times. 

 Effect of dispersoids on creep and fatigue life of ODS–18Cr ferrites steel at high 

temperature. 

 

 

 

 

 

 

 

 


