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SYNOPSIS 
  

The sustainable development of a country largely depends on the energy 
resources it possesses. This energy is required to support its expanding economy, 
fulfill the growth ambitions and for domestic purposes. Sustainable energy 
production is a global challenge and can be met only with judicious choice of energy 
resources which includes efficient utilization of conventional energy resources and 
by developing the alternate energy resources [1-3]. The choice of nuclear fusion and 
Generation IV fission nuclear power plants becomes important here because they are 
bestowed with a low release of green-house effect gases which makes them viable to 
produce the energy required to satisfy the growing demand and limit the global 
warming.  

Economic operation of a fission / fusion reactor requires an efficient usage of 
the fuel it consumes, which depends on the material which houses the fuel. 
Limitations on prolonged residence time of the fuel arise from the property 
degradation of the core structural material (clad) due to high-temperature creep and 
void swelling, which need to be addressed. Special interest exists in developing high 
strength and radiation damage resistant materials and Oxide Dispersion 
Strengthened (ODS) alloys have emerged as a new class of materials bestowed with 
these properties [4-9]. Specific to the nuclear environment, ODS ferritic steels have 
gained prominence over their austenite counterparts, as, the relatively open bcc 
structure of ferritic steels are known to possess inherently superior irradiation 
resistance than the close packed fcc [10, 11] structure. Fine dispersions of ceramic 
particles are added either to the elemental or to the alloy powders and mechanically 
milled to get uniform dispersion. These fine dispersions lead to increasing strength 
parameters by impeding the dislocation movement, which brings about significant 



improvement in its high-temperature creep resistance [4]. Additionally, these 
dispersoids are also known to enhance the void swelling resistance by acting as 
vacancy sinks [12].  

Conventionally ODS alloys are dispersed with Y2O3.  It needs to be 
mentioned here that, finer dispersoids and homogeneous dispersion in the matrix is 
an absolute necessity, in order to achieve the required strengthening; mainly because 
the volume fraction of dispersoids in the steel matrix is rather low (<< 1%). Fine 
dispersions having smaller interparticle spacing in the matrix are key to block the 
mobile dislocations, whereas the larger ones can be cut through or can even be 
bypassed easily when the inter-dispersoid spacing is large. By this way, typically an 
Ultimate Tensile Strength (UTS) of 500–550 MPa at 923K can be obtained [6]. For 
this class of powder metallurgically processed materials, a careful optimization of 
the mechanical milling conditions can reduce the dispersoid sizes to < 5 nm, leading 
to a high number density of dispersoids with smaller interparticle spacing in the 
matrix thereby increasing the high-temperature creep strength of such materials [13]. 
However, problem arises at temperatures above 873K, where Y2O3 has been 
reported to coarsen [14, 15], resulting in limitations to high-temperature processing 
and application of this material. This problem can be overcome with an addition of 
Ti to the matrix, which results in the precipitation of Y-Ti-O complex oxides 
measuring about ~ 2 - 6 nm in size [6, 16], thereby allowing the process 
temperatures to go up to 1423K and extending the long term thermal stability limit 
of these complex oxides to 1073K [14], consequently, the stability of the material. 

Scope of the Thesis 
Although there are extensive research activities on Y2O3 – Ti dispersed ODS 

alloys [4-6, 12, 16-22], there is a dearth of literature on the potentiality of using 



other rare earth oxides as dispersoids in ODS materials. Some recent reports on 
exploring alternate dispersoids such as La2O3[23], CeO2, MgO2 and ZrO2 [24] for 
ODS materials suggest superiority over Y2O3 and hence it is necessary to investigate 
them in detail. Thus, the current thesis focuses on investigating the possibility for an 
alternate oxide, namely ZrO2, as dispersoid for strengthening the material.  

Successful realization of alternative dispersoid ODS alloys would require a 
thorough understanding of the stability and microstructural evolution of the 
dispersoid during mechanical milling and subsequent stages involving exposure of 
the powder to high temperatures during consolidation and thermo mechanical 
treatments. Though alternate oxides have been tried to a little extent as reported in 
the literature, the focus was mainly on the final microstructure of the material and its 
mechanical properties, rather than on the dispersoid evolution during milling and 
annealing. Thus, in order to investigate suitability of an oxide as an effective 
dispersoid, in-depth studies concentrating on its structural evolution with milling 
and also at high temperatures is required. Further, in order to facilitate reliable 
characterization, it is necessary to choose a concentrated alloy with high dispersoid 
composition.  

Keeping this in mind, the methodology applied in this study involves 
synthesis and detailed characterization of a model Fe - 15 Wt. % ZrO2 system. The 
microstructure and microchemical evolution of this model system has been 
investigated as a function of milling duration to arrive at the optimized condition. 
Further the microstructural evolution of this model system with temperature is also 
been investigated. The knowledge accumulated on the behavior of dispersoids by 
these analyses were then utilized for developing a 9 Wt. % Cr ferritic steel. The 
behavior of as milled and annealed ZrO2 dispersed steel powder has been evaluated 



and its consolidation properties using Spark Plasma Sintering (SPS) technique has 
also been investigated.  

Present thesis entitled “Synthesis and characterization of ZrO2 dispersion 
strengthened Fe based alloys” reports the results of the above experimental studies 
and is organized into seven chapters as outlined below. 

Chapter I: Introduction 
This chapter begins with a brief introduction highlighting the material 

challenges for nuclear applications and gives an introduction to the ODS alloys. 
Historical perspectives of development of ODS alloys is given and a comprehensive 
literature survey has been provided on the choice of ODS alloys based on 
mechanical properties and radiation damage resistance. This is followed by a 
discussion on the criteria for selection of dispersoids for the ODS alloy for structural 
applications under harsh environments and literature reports on alternate oxides for 
dispersion strengthening. A section is dedicated to the discussion on the choice of 
ZrO2 as candidate dispersoid in the current study and additionally, the rationale 
behind choosing the model alloy system for ODS is also been discussed with 
extensive literature on model alloy systems. The scope and organization of the thesis 
is also been detailed in this chapter.  

Chapter II: Materials and Methods 
This chapter deals with the experimental techniques and procedures 

employed for the synthesis, characterization and evaluation of the structural, 
chemical and mechanical properties of Fe – 15 Wt. % ZrO2 model system and ZrO2 
dispersed 9Cr steel. Mechanical milling is utilized for the synthesis of alloy powders 
and the working principle is described in this chapter. The major characterization 



tools utilized for understanding the microstructure are Scanning and Transmission 
Electron microscopy (SEM and Analytical/HRTEM) and X-Ray diffraction (Lab 
source and Synchrotron XRD) and this chapter provides a brief description on the 
same. Short note on specimen preparation for TEM is also given with special 
emphasis on Focused Ion Beam (FIB) technique for site specific TEM lamellae 
preparation from powder particles.  Chemical analysis by Energy Dispersive 
Spectroscopy (EDS) and thermal analysis by Differential Scanning Calorimetry 
(DSC) is also described.  Further, the chapter also consists of a brief description on 
the consolidation of powders through SPS. A concise note on Electron Backscatter 
Diffraction (EBSD) technique for texture study is also provided.   

Chapter III: Synthesis and microstructural characterization of  
Fe - 15 Wt. % ZrO2 model alloy 

In this chapter, a model Fe - 15 Wt. % ZrO2 composite powder has been 
synthesized via mechanical milling with an aim to study the evolution of powder 
morphology and refinement of the oxide dispersoid and Fe crystallites during 
milling. Milling durations were varied as 0, 10, 30, 60 and 100h and detailed 
microstructural and microchemical investigations have been carried out on all the 
powder samples in order to optimize the milling conditions based on microstructural 
uniformity and microchemical homogeneity. A homogeneous mixture was 
confirmed by X-ray mapping after 100h.  The ZrO2 dispersoids were observed to 
retain crystallinity even after 100h of milling, as observed by XRD and confirmed 
through TEM. Statistical analysis of the Dark Field (DF) TEM micrographs 
indicated superior refinement of both matrix and dispersoid phase after 100h of 
milling. Modified Williamson-Hall technique (mod. W-H) was employed to measure 
the matrix crystallite size and dislocation density and it showed that dislocation 



density in the matrix increased from ~ 5x1015 / m2 at the onset of milling to ~ 
2.3x1016 after 100h milling indicating the severe plastic deformation of the Fe 
grains. Nanoindentation technique has been employed to evaluate the nano-hardness 
of the milled powder as a function of milling duration, which showed an increase in 
hardness from ~ 6 GPa at the beginning of the milling to ~ 11 GPa after 100h 
milling The results were in line with the dislocation density measurements. This 
chapter establishes that the optimized milling duration is 100h and ZrO2 retains 
crystallinity even after this milling. Further, the thermal evolution of this powder 
and kinetics of ZrO2 dispersoid growth is another crucial factor to be understood and 
dealt in the next chapter. The graphical summary of Chapter 3 is given below. 

 
Figure 1: Graphical summary of Chapter 3, showing Initial microstructure of (a) Fe and (b) ZrO2. (c) 
Indicates the SE micrograph of 100h milled powder and (d) shows the X-ray mapping from a powder 
particle. (e) and (f) shows the Selected area diffraction pattern and DF micrograph corresponding to 
the ZrO2 dispersoid.   

Chapter IV: Thermal evolution of nanocrystalline Fe - 15 Wt. % ZrO2 model 
alloy 
 This chapter presents the results on the evolution of phases during annealing 
of Fe - 15 Wt. % ZrO2 model alloy system. The thermal behavior is assessed by 
means of DSC measurements and a comprehensive understanding on the thermal 



evolution of system is arrived with rigorous analysis through diffraction and 
microscopic techniques. The formation of FeO and Fe3O4 phases were observed 
under different conditions. These phases were studied using Synchrotron XRD 
techniques and analyzed by Rietveld refinement method. A metal deficient Fe0.87O 
phase was thus identified. Owing to its thermal stability as observed through 
synchrotron diffraction analysis, this phase, which may have resulted through 
reaction with residual oxygen in the matrix, is believed to be beneficial and deemed 
as an autogenous dispersion strengthener in the Fe matrix. The activation energy of 
formation of the Fe0.87O phase was estimated to be ~ 195 kJ mol-1. Further, this 
phase was also found to be partially stabilizing the cubic phase of ZrO2, at 923K, 
which was found to be unstable as it undergoes a cubic  tetragonal transformation 
at 1140K and the monoclinic phase reverts back after cooling it to room 
temperature. Further, this chapter also reports a broad peak for Fe α → γ 
transformation in the calorimetry thermogram which is understood in terms of the 
nanocrystalline nature of the sample.  Additionally, this chapter assesses the 
evolution of ZrO2 crystallite size with time and temperature. It has been found that 
ZrO2 retains its nanocrystallinity even after 600 min hold time at 1073K. The 
Arrhenius analysis of variation of crystallite size with time at different temperatures 
resulted in an activation energy of ~ 51 kJ mol-1, which is rather low compared to 
the bulk. Nanocrystalline nature of the sample is assumed to be a possible reason for 
this variation.  



 

Figure 2: The graphical summary of chapter IV. The formation of FeO phase upon annealing 
and phase transformation of ZrO2 phase is indicated on a DSC thermogram. The size 
dependent α→γ phase transformation of Fe nanocrystallites is also indicated. 

Chapter V: Synthesis and characterization of ZrO2 dispersed 9Cr steel powder  
 Having established an alternate oxide suitable for dispersion strengthening in 
the earlier two chapters, this chapter reports the synthesis and characterization of 
ZrO2 dispersoid strengthened ferritic steel powder (Fe-9Cr-2W-0.01C). The 
synthesis is carried out under optimized ball milling conditions arrived in the 
previous chapters. The analysis of milled powder showed powder particles of size ~ 
1 - 10 μm, from an initial size of ~ 5 - 90 μm. The fine dispersions of ZrO2 with a 
size range of 2 – 10 nm were also observed. Upon annealing at 1223K, precipitation 
of non-stoichiometric FeO (autogenous dispersoid) was observed along with ZrO2 

dispersoids. An excellent thermal stability has been manifested by both the 
dispersoids as it retained its fine structure during the annealing treatment with ~ 95% 
of dispersoids measuring < 11 nm for ZrO2 and < 16 nm for the FeO. The matrix 
phase was also found to be nanocrystalline with nanometric grains. All the 
constituent phases are identified using Synchrotron XRD, Conventional and High 
Resolution TEM. This dual strengthening by ZrO2 and FeO dispersoids along with 



nanostructured matrix is believed to play the major role in improving the high-
temperature mechanical properties of the material being developed.  

   
Figure 3: Phase contrast micrographs corresponding to (a) Fe (b) m-ZrO2 and (c) FeO. The power 
spectrum corresponding to the (a) (b) and (c) are shown as an inset.  
Chapter VI: Microstructural characterization of consolidated ZrO2 dispersion 
strengthened ferritic steel 
 The comprehensive understanding on the ZrO2 dispersed steel powders from 
chapter V is utilized in SPS of the ZrO2 dispersed steel powder with an objective to 
understand the consolidation behavior of the steel powder and the results obtained 
are summarized in this chapter. The density of sample consolidated through SPS was 
measured as ~ 94%. SEM analysis of the as sintered sample revealed fine grained 
microstructure with grains measuring ~ 1 – 5 μm. A normalizing and tempering 
treatment was carried out and TEM analysis revealed fine laths embedded in the 
ferritic matrix in the material. However, the lath structure was rather rare to observe, 
believed to be because of low C content in the steel. The dark field analysis of the 
ZrO2 dispersoids revealed average dispersoid size to be ~ 6 nm, with fairly uniform 
distribution in the matrix. Long term thermal aging treatments were carried out at 
973K for 400 h and 1000 h to understand the thermal effects microstructural 
stability. EBSD analysis revealed that average grains were polygonal and their size 
showed insignificant changes between 400 and 1000 h aged samples indicating 



excellent stability of the structure; brought about by Zener pinning from the nano-
sized FeO and ZrO2 dispersoids in the matrix. The hardness of the material was 
compared with conventional Y2O3 ODS and with RAFM. The SPS processed ZrO2 
ODS showed comparable hardness with Y2O3 ODS and higher than RAFM steel, 
indicating superior mechanical properties.  

   
Figure 4: (a) TEM micrograph of N&T ZrO2 dispersed steel showing finer lath structure. (b) The 
processed image of ZrO2 crystallites showing nano-dispersoids. (c) The grain structure of 1000h aged 
sample showing fine grains with an average size ~ 1.4 μm.   

Chapter VII: Summary and future work 
 This chapter summarizes the salient features of the thesis and discusses the 
outcome of the described work and also presents the scope for the future work. The 
perceptive on exploring alternate dispersoids for ODS is scarce in literature and 
during the course of this work, the attempts have been made towards exploring ZrO2 
as an alternate to Y2O3 for dispersion strengthening. A model Fe - 15 Wt. % ZrO2 
composite was developed and characterized towards achieving comprehensive 
understanding on the behavior of ZrO2 during prolonged milling and thermal 
exposure. The knowledge gained through this model system was utilized in 
developing 9Cr ferritic steel reinforced with ZrO2 and the alloy was extensively 
characterized through Electron Microcopy and other techniques both in powder form 
and in consolidated state. Attempts are also made to answer several fundamental 
questions which arose during the course of study with an extensive experimental 



investigation. Through this thesis work, it is believed that foundation has been laid 
towards development of a new ZrO2 dispersoid based ODS steel for high 
temperature structural applications. 
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Introduction 
1.1 Objectives and strategies for energy production 

The sustainable development of a country largely depends on the energy 
resources it possesses. India, being a country with an estimated population of about 1.3 
billion, is slowly but steadily advancing towards rapid growth in economy and 
sustaining this growth, greatly depends on the efficient supply of energy. Apart from 
support to its expanding economy, this energy is required to fulfill the growth ambitions 
of a country in which majority of the population are youth. This ambitious younger 
generation is driving the aspiration of the country for new technology and innovation, 
leading to better quality of life. The successful realization of these aspirations demands 
sustainable energy. In fact this demand, though more specific to a fast growing 
economy as India, is also a worldwide challenge [1]. It can be met only with judicious 
choice of energy resources, such as an efficient utilization of conventional energy 
resources together with development of all sectors of alternate energy resources. This 
has to be done with a careful study on all issues related to sustainability including 
abundance of available energy resources, diversity of sources of energy supply and 
technologies, self-sufficiency, security of energy infrastructure, effect on local, regional 
and global environment and health externalities [2-4].  

Renewable energy options such as solar, wind etc. is known to provide clean 
energy but their technology is still evolving [5, 6], as efficiencies are still much below 
their anticipated limits. In this scenario, the nuclear energy is one of the viable options 
for the production of electricity with existing technologies, huge operation experience 
and most importantly it has possibly one of the least carbon footprints [7]. 
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Environmental awareness related to climatic changes, increased reliability, improved 
safety culture and the necessity for sustainable energy are some of the reasons for the 
renaissance of nuclear power in the recent times [8]. Specifically to India, deploying the 
nuclear energy programme is of great importance, as India has rich reserves of thorium, 
constituting ~ 30% of the world’s total reserves [9, 10]. The effective utilization of this 
thorium reserves can make India energy independent, but this involves closing the 
nuclear fuel cycle with three stages of nuclear programme. The first stage involves 
using the indigenous uranium in PHWRs, which, along with production of energy, also 
produces fissile plutonium (Pu – 239). In the second stage, by reprocessing the spent 
nuclear fuel and using the recovered plutonium in FBRs, the non-fissile depleted 
uranium and thorium can breed additional fissile nuclear fuel, namely, plutonium and 
uranium-233. In the third stage, thorium and uranium-233 based nuclear reactors can 
meet India’s long-term energy requirements [8, 11-16]. Thus India’s nuclear energy 
programme involving a closed fuel cycle technology is of great importance to the 
development of energy sector of the nation.  

As explained above, it is acknowledged that fast reactors in stage II of the Indian 
nuclear program shall play an eminent role. It is to be noted here that, the large scale 
exploitation of fast reactors shall meet requirements such as, economic competitiveness, 
safe and optimized waste management, increased proliferation resistance, improved use 
of uranium and thorium and enhanced efficiency [8, 17]. It is known that fast reactors 
pose a serious challenge to materials scientists, as it employs high flux of neutrons, uses 
liquid metal coolant and operates at high temperature [18]. Thus addressing the material 
issues is one of the major challenges of Indian nuclear programme. 
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1.2 Selection of nuclear structural materials – General criteria 

Selection of materials for fast reactor applications is vital in maintaining a 
controlled self-sustainable reactor operation. Nuclear materials can be classified into 
two major categories: in-core and out-of-core component materials based on their site of 
application [8]. Advanced nuclear reactor systems like fast rectors need to be operated 
at temperatures up to 973 K in an intense neutron radiation environment of the order of 
1015 ncm-2s-1[19]. In-core materials thus need to survive these harsh environments. One 
such critical component is the fuel clad tube, which is a thin walled cylindrical tube 
housing the fuel pellets. Due to the presence of fission products, the high energy 
radiation interact with clad material producing large concentration of point defects, 
leading to void swelling and dimensional changes to the material, which in turn can lead 
to catastrophic effects such as ‘bowing’. Consequently, the clad tubes need to be 
retracted from the core, well in time, which still has unspent fuel in it. This is a major 
issue of concern, because the unspent fuel has to be further re-processed to separate it 
from the clad material which also hampers the economic operation of a reactor. The 
development of material with superior high temperature mechanical properties and 
irradiation resistance (upto ~ 200 dpa) has thus gained prominence. 

General requirement for a fast reactor core structural material are dimensional 
stability under irradiation, low fast neutron absorption cross section, high-temperature 
mechanical properties (tensile strength, ductility, creep resistance, fracture toughness 
etc), chemical compatibility with the fuel and coolant, and fabricability [8, 20-22].  
These requirements narrow down the choice of materials to be used in the reactor 
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environment. Austenitic stainless steel and nickel based alloy could be candidate 
materials for reactor core components. But, nickel based alloys undergo (n, α) reaction 
and thus have high tendency for helium embrittlement which causes decrease in 
ductility. Austenitic stainless steel is by far the most preferred material. But swelling in 
these materials at doses higher than 50dpa is rather concerning, which led to the 
research and development on improvised steel, with varying Ni and Cr content [23, 24]. 

On the other hand, in comparison to austenitic steels, ferritic steels have superior 
thermal conductivity, low thermal expansion coefficient, good compatibility with liquid 
metal coolant, void swelling resistance and embrittlement resistance even at 
displacement dose above 150dpa. Figure 1.1 (a) shows the superiority of the ferritic 
steels in terms of its void swelling resistance in compassion to austenitic steels. A 
JMatPro prediction in figure 1.1 (b) shows the superior thermal conductivity of ferritic 
steels.  However, a major concern of ferritic steel is their relatively low creep resistance 
as shown in figure 1.1 (c), from JMatPro calculations. A comparison of some of typical 
materials properties for austenitic and ferritic steels is given in Table 1.1.  

As explained earlier, the poor high temperature creep properties of ferritic steels 
limit their application and need to be addressed. This issue can be overcome with the 
dispersion of nano sized ceramic particles into the ferritic or ferritic–martensitic matrix. 
Because of their high hardness, high temperature stability, inertness and insolubility in 
the metal matrix and also owing to their ability to be dispersed uniformly in fine 
particulate form, the most preferred dispersoids are oxides [25], in particular Y2O3 [26] 
and these materials are widely known as ODS alloys. This class of steel need to be 
powder metallurgically processed and is one of the most promising emerging structural 
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materials for high temperature structural application. The current state-of-the-art of this 
very important material will be reviewed in the subsequent sections.  

 

  
Figure 1.1: (a) Comparison of swelling resistance of ferritic and austenitic steels [27]. 
(b) Variation of thermal conductivity with temperature for ferritic and austenitic 
steels. (c) Variation of creep rupture life with applied stress for ferritic and austenitic 
steels.   
Table 1.1 : Comparison of some of the typical properties of Austenitic and Ferritic 
steels 
Sl. No Property Condition Value Ref. Ferritic  Austenitic 

1 Thermal 
conductivity @900 K ~ 26 W/mK ~ 22 W/mK 

[28] 
2 

Thermal 
expansion 
coefficient 

@900 K ~ 0.75% ~ 1.2% 

3 Void swelling 
resistance 

Irradiation 
@673-723 K,  
180 dpa 

Volumetric 
swelling < 2% 

Volumetric 
swelling ~ 8% [27] 

(a) 
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1.3 Oxide Dispersion Strengthened alloys 
As discussed in the previous sections, development of materials with superior 

mechanical properties under extreme environments such as high temperature and 
irradiation is critical to the success of achieving higher dpa in fast reactors. ODS alloys 
have emerged as a new class of materials bestowed with these properties. The superior 
high temperature mechanical properties in these materials are derived from uniformly 
dispersed nanometer sized oxides, which act as barriers to dislocation motion at high 
temperature, increasing the creep resistance and in turn increasing the effective 
operating temperature [21, 26, 29-40]. 

Historically, much of the development in oxide dispersion strengthening is 
dedicated to improve the high temperature creep resistance of nickel and iron based 
super alloys by introducing a dispersion of stable oxide particles into a metal alloy 
matrix [41, 42]. Interestingly, the concept of adding inert particles to metals to improve 
their elevated temperature mechanical properties was first explored by W. D. Coolidge 
in thoriated tungsten as early as in 1910 [43].  It was soon discovered that, such 
additions help in increasing the creep properties of the material which led to significant 
scientific and technological interest in this field. These materials were mainly designed 
for sag resistance, requiring the strength to support their own weight for very long times 
at high temperatures. In a first dispersion strengthened material designed for load 
bearing application, a dispersion of aluminum oxide flakes in aluminum has been 
reported as sintered aluminum powder and reported by Irmann in 1949 [44]. It was 
observed that, the strength of this material increased with increasing volume fraction of 
the oxide and with decreasing inter-particle spacing. However, it was soon discovered 
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that low melting point of aluminum was a limitation for its use at elevated temperatures 
which led to attempts of dispersion strengthening in higher melting point materials such 
as alloys based on Co and Ni [45]. The advent and development of mechanical alloying 
technique during 1960 -1970 further accelerated the research on dispersion strengthened 
materials and lead to the development of materials, such as Co [46-49], Fe [26, 32, 50], 
Cu [51-53], Al and Ni based ODS [45, 54-56] alloys. Some of the major domains of 
applications of ODS alloys are listed in Table 1.2 [57].  

Table 1.2: Application domains for ODS alloys [57] 
Alloy base Industry Application 

Fe 

Aerospace / Military Gas turbine combustion lines 
Fuel nozzle shrouds 

Automotive Diesel fuel inlet atomizer 
Turbocharger scrolls 

Power generation 
Burner nozzles, swirlers 
High temperature heat exchangers 
Core structural materials like clad tubes 

Ni 
Aerospace / Military Turbine, compressor blades 
Automotive Recombustors 
Power generation Gas turbine combustion blades 

Al 
Aerospace / Military Low density aerospace forgings 

Compressor vanes, torpedo hulls 
Automotive Composite pistons, compressor rotors, vanes, 

impellors 
 

1.3.1 Oxide Dispersion Strengthened steels for nuclear applications 
The first mention of a ODS steel dates back to 1967 [58, 59], when J. J. Huet 

reported a stable oxide dispersion in a 12Cr ferritic steel using oxides such as Al2O3, 
MgO, ZrO2, TiO2 and ZrSiO4. However, the interests in ODS ferritics have gained 
momentum since 1985 [32, 60] and the research in ODS steels has been in continuous 
growth since then. ODS steels find applications in nuclear fission and fusion reactors 
and in ultra super critical steam turbines [26, 32, 34, 37, 38, 40, 61], owing to their 
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superiority over other materials. They are candidate core structural materials for both 
fast fission as well as fusion reactors and derive their superior irradiation performance 
from the fine and uniform dispersoids in the ferrite matrix [39]. For application as core 
structural material, the materials needs to have stability up to 973 K over prolonged 
duration and so as to yield fuel burn up of about ~200 GWdt-1. Additionally, neutron 
flux to which the core materials are subjected to, is of the order of 1019 nm-2s-1 [62], and 
hence they should be designed to resist void swelling and irradiation creep [63]. The 
ferritic ODS alloys have gained prominence over their austenite counterparts because of 
their low activation and reduced void swelling [40]. This is due to the relatively open 
bcc structure, which results in rapid atomic transport by diffusion and consequently 
recombination rates of vacancy interstitial pairs are very high [12, 19, 64]. Introducing 
uniformly distributed oxides in these alloys provides simultaneous improvements in 
creep strength and radiation damage resistance, as these dispersoids act as obstacles to 
dislocation motion and also play a role as point defect recombination centers for 
radiation induced point defects thus avoiding void swelling. The superiority of ODS 
ferritic steels over conventional ferrtic-martenstic steels and austenitic steels is 
schematically shown in figure 1.2.  



 Chapter I 

39 
 

 
Figure 1.2: Schematic of operating temperatures and irradiation doses for ferritic-martensitic, 
Austenitic and ODS ferritic steels [65]  

Further, the 9Cr variant of ODS steels have advantages over the high Cr variant 
because of their ferritic–martensitic structure. Though it is true that, to maintain high 
corrosion resistance ~13 - 18 Wt. % Cr is required, a lower Cr concentration, such as 
9Cr ODS, allows for an improved resistance to high temperature mechanical property 
degradation and void swelling. Also, the martensitic microstructure of the steel is 
usually isotropic with a low DBTT [66]. High Cr steels lead to thermal embrittlement 
due to the formation of α’- phase at temperatures between 673 K and 823 K, which is 
detrimental. Additionally, tungsten is added to this alloy which is a low activation 
element and also responsible for solution hardening. However addition beyond 2 Wt. % 
leads to precipitation of laves phases which may cause concern with irradiation/thermal 
embrittlement [40]. In view of this, the 9 - 12Cr ODS steels are candidate materials 
which are being developed for nuclear applications [26, 39, 67, 68].  The figure 1.3 
shows the comparison of 9Cr ODS in comparison with other variants. Figure 1.3(a) 
shows superior tensile strength of 9Cr ODS in comparison to conventional ferritic steel 
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[69], whereas, figure 1.3(b) shows the superior creep rupture properties of 9Cr ODS in 
comparison to conventional ferritic–martensitic and austenitic steel. It can be inferred 
that, the improved creep rupture strength is far beyond that of conventional  
ferritic–martensitic steel and superior to austenitic steel beyond 1000 h at 1023 K [26].    

 
 

Figure 1.3(a) :The dependence of tensile stress 
on test temperature in ferritic steel, 9Cr-ODS 
steel and 19Cr-ODS steel [69] 

Figure 1.3(b): Creep rupture properties of 
manufactured martensitic 9Cr-ODS steel 
cladding, comparing with those of conventional 
ferritic steel and austenitic steel [26].  

1.4 Synthesis of Oxide Dispersion Strengthened alloys 
The major challenge in developing the dispersion strengthened alloy is to 

produce a material with uniform dispersion of fine refractory oxides [70] such that they 
have a minimum inter-particle spacing between them [71, 72]. Conventional casting 
route cannot be used because of the density differences between the matrix (heavier) 
and the refractory oxides (lighter), which leads to the separation of matrix and 
dispersoid phase during cooling due to buoyancy [73]. The tendency for agglomeration 
by nano-oxides before introduction and in the melt is also a cause for concern here. 
Further, it is also true that, the refractory oxides generally remain unwetted in a molten 
matrix and as a result there are difficulties in penetrating the oxide skin. In addition to 
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these, the practical difficulties and possible health and safety issues in dealing with 
considerable volumes of nano-particles in the foundry environment also limits the 
melting route for synthesis of ODS alloys [73].  

Historically, several methods have been adopted for synthesis of dispersion 
strengthened alloys [42]. For simple metal – dispersoid systems, the synthesis routes 
such as simple mixing [74], ignition surface coating [75], internal oxidation [76] and 
selective reduction [77] were found to be successful [42]. But these methods failed to be 
applied in alloy systems, mainly owing to the reactive nature of the alloying elements. 
Mixing technique resulted in the oxidation of fine titanium and aluminum powders, 
because of their high specific surface area. In case of ignition surface coating technique, 
matrix alloy powder is mixed with a liquid solution of a salt of a reactive metal. The salt 
is then converted to refractory oxide by heating the powder in an inert or reducing 
atmosphere which then produces powders with oxide coating. Powder contamination is 
a major issue here because of the presence of reaction products in the salt 
decomposition step. The internal oxidation technique involves oxidation of the alloy 
powder in an oxidizing atmosphere at elevated temperatures. The reactive element is 
then converted to a dispersoid by diffusing oxygen. It has been found that the dispersoid 
size increases with increasing depth of penetration of the internal oxidation into metal.  
Thus, to have fine dispersions, the initial powders need to be refined. Further, in case of 
super alloys, where γ’ precipitates also play a role, the oxygen potential could not be 
raised above the extremely low values required to oxidize the γ’ forming elements and 
the oxidation rate of the desired dispersoid forming elements would be slow. Selective 
reduction is another method which was used for the synthesis of dispersion strengthened 
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materials, where, an intimate mixture of metal oxides is produced (both that of matrix 
and dispersoid) and oxides of the matrix is selectively reduced. It leaves the dispersoid 
unaffected, leading to oxide dispersoids in a metal matrix and hence strengthening is 
achieved. But with Al and Ti in the matrix, reduction was not possible with gases due to 
the stability of Al2O3 and TiO2. Use of molten alkali and alkaline earth metals thus 
becomes essential but resulted products such as reaction salt, which needs to be 
removed. The excessive growth of dispersoid was also noticed.  

The synthesis route for ODS alloys is an evolving domain in itself, with much of 
the interest is in developing cost effective methods aimed for bulk synthesis of materials 
[73, 78-81]. Novel methods such as vacuum casting [82], laser additive manufacturing 
[80] and selective laser melting [83] are gaining interest in the recent past, although 
their technology has not matured yet. The well - established and widely used technique 
for synthesis of ODS alloys is MA, which is discussed below. 

1.4.1 Oxide Dispersion Strengthened powders by Mechanical Alloying 
The advent of MA is majorly due to the desperation of researchers to find a 

suitable method for synthesis of dispersion strengthened alloys with the limitations of 
the existing methods as explained earlier. Historically, the concept of ball milling was 
known with the synthesis of tungsten carbide dispersed cobalt [84] and it was also 
known, that, heavy plastic deformation can fracture the powder particles. The MA 
technique was invented by John S. Benjamin and his colleagues in 1966 with the 
development of high energy ball mills [85]. The idea here was to refine the 
microstructure of a material by a constant interplay between welding and fracturing of 
the powder particles to arrive at an internal structure, but having an overall particle size, 
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which was relatively coarse and therefore stable. Specific to the ODS alloys, MA makes 
possible, the combination of dispersion, solid solution and precipitation strengthening 
by mixing all the constituents in powder form to produce an intimate mixture of alloy 
powder with oxides dispersed in the solid solution [86]. It is to be mentioned here that, 
when pre-alloyed powder is utilized for synthesis instead of elemental powder, there is 
no alloying but only milling and consequently, the process is called as Mechanical 
Milling [85].  

Over the years, MA technique has been employed in the production of a variety 
of commercially useful and scientifically interesting materials. These materials mainly 
fall into three different categories of metals and alloys, namely: (1) ductile-ductile, (2) 
ductile-brittle and (3) brittle-brittle. It is to be noted that, the mechanism of these 
processes is also well documented in literature [85, 87-92]. Synthesis of ODS alloys by 
MA fall in the category of ductile-brittle component, because here, the brittle oxide 
particles are dispersed in a ductile matrix. The mechanism with which the powder 
morphology varies during MA depends on the nature of initial powder particle. For a 
ductile starting material, the powder particles trapped between the grinding balls form 
flattened layers, where, the nascent atomically clean overlapping surfaces overlap and 
form cold welds, on the other hand the work hardened regions will fracture. The 
competing events of cold welding and fracturing continue repeatedly throughout the 
milling period, eventually forming a refined and homogenized microstructure [85]. The 
different stages of processing of ODS alloys are schematically shown in figure 1.4.  

In the early stages of processing the metal powder particles gets flattened and 
forms layered composites with a large lamellar spacing. The sizes of these composite 
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particles vary over a large range and their chemistry also varies significantly from 
particle to particle. At this stage, some unwelded starting metal powder particles also 
may still exist. The dispersoids are closely spaced along the lamellar boundaries.  

At the Intermediate Stage of Processing, the cold welding and fracturing events 
continue to take place leading to further microstructural refinement. The particles 
evolve here with convoluted lamellar structure. Owing to the increased amount of cold 
working, a large number of crystal defects are introduced and these provide short-circuit 
diffusion paths, which is further facilitated with a rise in the powder temperature. This 
results in alloy formations with stable or metastable phases. The oxide dispersion 
becomes more uniform and finer. 

At the final stage of processing, the lamellae become finer and more convoluted 
with the chemistry of individual powder particles approaching that of the overall 
composition of the starting powder. The finer lamellar and dispersoid spacing is 
characteristic of this stage. Further processing will not improve the distribution of the 
dispersoid, and a steady state is reached. 

The structure that develops during high energy ball milling depends on the 
nature of powder particles and on the process variables. It is important to optimize these 
process variables to achieve the desired microstructure and properties. For a given 
composition of the powder, the important variable which has an effect on the final 
constitution of the milled powder includes milling medium, milling energy/speed, 
milling duration, BPR and temperature of milling. 



 Chapter I 

45 
 

Early stage: 

 

Intermediatestage: 

 

Final stage: 

 

Figure 1.4: Schematic representation of stages during MA for ODS alloys[85] 
 
It should be noted here that, some of these process variables are dependent on 

each other and hence the optimization of milling conditions should be carried out on a 
case to case basis. For e.g. the optimal milling duration depends on the BPR ratio 
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because increased BPR imparts more energy to the powder particle per collision, 
consequently resulting in lower optimal milling duration.The optimized milling duration 
is chosen based on achievement of a steady state between fracturing and coldwelding of 
powder particles to facilitate alloying. In addition to BPR, the optimal milling time also 
depend on the type of mill used, intensity of milling and temperature of milling, which 
tells us that, the optimal times have to be decided for each combination of the above 
parameters and for the particular powder system under consideration. 

1.4.2 Consolidation of Oxide Dispersion Strengthened powders 
The ODS powder synthesized through MA needs to be compacted in order to 

produce an engineering component out of it. The general rationale here is to obtain a 
dense product without losing the strengthening achieved through ball milling. There are 
several ways this can be achieved, such as the HIP, HE and SPS, all of which employ 
simultaneous application of high pressure with high temperature to achieve density. HE 
is known to produce highly dense ODS alloys components but it is also known to render 
a material anisotropic in nature with texturing and elongated grains. Owing to this, the 
extruded tubes typically known to have half the creep strength in the hoop compared 
with the axial extrusion direction.The milled powders can also be consolidated by HIP 
after degassing and vacuum sealing in a stainless-steel container in vacuum. A process 
of HIP in general is taken up by applying an Ar pressure typically ~ 200 MPa for about 
2-4h at temperatures ~ 1423 K [93]. Generally, HIP yields a more isotropic 
microstructure and a lower ductility and fracture toughness compared to HE. The SPS 
technique has been explored as an alternative route for consolidation, which has the 
advantage of high thermo-efficiency as well as the fast heating-up of the sample to high 
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temperature which avoids grain growth or nano-precipitate coarsening. Fine 
microstructure is reported for SPS synthesized ODS materials, with fine microstructure 
and nano dispersion strengthening. The schematic of ODS alloy synthesis starting from 
powder up to consolidation and thermo-mechanical treatments is given below in figure 
1.5.  

 
Figure 1.5: Schematic of ODS alloy synthesis 

1.5 Strengthening mechanism in Oxide Dispersion Strengthened alloys 
Strength of a material refers to its ability to withstand an applied load without 

failure or plastic deformation. In a wider perspective, the mechanical properties of a 
material, such as, tensile strength, creep etc, are the measure of strength of a material. It 
needs to be mentioned here that, the mechanical properties of a material is also a 
function of temperature, stress etc. This is due to the fact that, dislocations in a material 
are the carriers of plasticity and the ability of a metal to deform plastically depends on 
the ability of dislocations to move, which in turn, depends on temperature and stress 
[94]. 
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Strengthening in ODS alloys is achieved through dispersoids, as, these oxides 
are known to act as barriers to dislocation motion. Strengthening here can be described 
by various mechanism with which the dislocation – dispersoids interact. In addition to 
the direct strengthening by dispersoids, the other strengthening mechanisms in ODS 
alloys are also known to be affected by dispersoids or through the MA process, this 
includes, Hall–Petch strengthening, dislocation forest hardening and matrix 
strengthening.  

The Hall–Petch strengthening results due to barriers for dislocation motion 
through grain boundaries, which increases with the decrease in grain size [95, 96]. This 
is a chief strengthening mechanism in nanocrystalline materials for obvious reasons. It 
is observed that incoherent oxide particles can refine the grain size of an alloy during 
processing, through pinning of the grain boundaries. It is also true that, the oxides exert 
retarding force on the migrating grain boundaries, resulting in their high temperature 
stability. The retarding force per unit area, Fr, is given by [97],  

                                           ----      -----------------------------------------(1.1) 
Where, f is the volume fraction of dispersoid with radius r and grain boundary energy 
γgb. It can be noted from the above equation that, for a given volume fraction of 
dispersoids, smaller dispersoids offer greater hindrance compared to larger ones. 
 Since ODS alloys are synthesized by MA, these materials are associated with 
high dislocation densities. Now, dislocation forest strengthening arises from dislocation 
- dislocation interaction and since dislocations repel each other there is an energy 
associated with their interaction. This strengthening is known to contribute significantly 
to the high temperature strength in ODS alloys. 
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Matrix strengthening modifies dislocation mobility by precipitation hardening 
or solution hardening. These mechanisms also modify the Peierls-Nabarro stress which 
is the lattice friction. Precipitation hardening results from formation of coherent phases 
in the crystal lattice, which strains the matrix thus contributing to strengthening 
specially at low temperatures.  

The direct strengthening of alloys by dispersoids results from obstacle for 
dislocations by dispersoids as they move through the lattice. The impenetrable 
dislocations can move through a dispersoid only by changing their curvature sharply 
whereas, in case of coherent particles the dislocations can pass through at very high 
stress levels [94]. The dislocations can overcome the dispersoids through (i) Orowan 
bowing (ii) cross slip and (iii) climb. Bowing and cross slip of dislocations generally 
occur at temperatures < 0.5 Tm. When a dislocation encounters dispersoids in its glide 
plane, they inhibit the passage of dislocations by blocking them through pinning, 
mechanism of which is shown schematically in figure 1.6 below. The blocked 
dislocations had to bow between the dispersoids resulting in the initial Orowan yield 
stress. This yield stress  is decided by the stress required for a dislocation line to pass 
by the dispersoids and is given by, 

 
Where, λ is the distance between the dispersoids, G is the shear modulus of the matrix 
and b is the burgers vector. As the applied stress is increased, the dislocation line is 
bowed around the two particles until the dislocation line reaches a critical curvature, 
after which the dislocation line can move forward without increasing its curvature. The 
segments of dislocation line on either side of each dispersoid then join, and a 
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dislocation loop is created around the dispersoid. Further, these loops would exert a 
back stress on the slip plane raising the level of applied stress needed to continue further 
slip. The accumulation of loops about the dispersoids will continue until a limiting 
stress in or about the particles were reached after which the number of trapped loops 
remain at that saturation level. The resultant saturation back stress was identified as the 
maximum hardening increment. When the dislocations are not confined to their slip 
planes during the bowing out process, cross slip may occur.   

Now, at high temperatures, where the diffusion is high, the dislocations 
overcome dispersoids, by an out of plane motion of the dislocation loop, known as 
climb. This is highly relevant to creep, which is a thermally activated diffusion process 
where edge dislocations exhibit climb, or motion out of the slip plane. Since dispersoids 
cannot be sheared unlike precipitates, the dislocations need to climb around the 
dispersoids at high temperature. Although, there is an availability of thermal energy at 
high temperatures, it is still higher than, if the dispersoids were not there. Consequently, 
the dislocation propagation is retarded and resulting in exceptional creep resistance in 
ODS alloys at high temperatures [98]. Additionally, the dispersoids are thought to be 
beneficial above the equicohesive temperatures, wherein, the grain boundary sliding can 
be limited with finer dispersoids pinning the grain boundaries, thus contributing to 
creep resistance [99]. 
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Figure 2.6:  Dislocation line Passing dispersoids 

[94] 
1.6 Criteria for selection of dispersoids for Dispersion Strengthening 

Since dispersoids in ODS alloys are essentially responsible for their superior 
high temperature mechanical properties, selection of dispersoid type is of paramount 
importance. It is basic necessity of the dispersoids to be thermally stable at elevated 
temperatures and chemically inert and additionally, the attention should also be given 
on the interactions between dislocations and inert dispersoids, since they govern the 
creep resistance property and thermal stability. It is to be mentioned here that, the 
selection of dispersoid must be carried out based on the careful watch on the functional 
requirements of the alloy product. Specific to the ODS steels, as mentioned earlier, the 
emphasis is on the high temperature mechanical properties and its suitability to be used 
in a nuclear environment. Some of the important criteria which need to be considered in 
selecting the dispersoids for strengthening are discussed below.  
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1.6.1 High temperature thermodynamic stability 
The typical operating temperature for fast reactors is ~ 973 K, which may go up 

to 1073 K during transients [73]. However, the expected processing temperatures for 
consolidation of alloy powders and subsequent thermo-mechanical treatments may go 
up to 1423 K. Similarly, the operating temperatures for high temperature turbine blades, 
heat exchangers will also fall in this temperature range. Therefore, the dispersoid is 
expected to be chemically and thermodynamically stable up to this temperature. Owing 
to their large negative heats of formation and high melting points, the oxides become 
primary candidates for dispersion strengthening. There exists reports of nitrides [80, 
100] and carbides [101, 102] utilized for strengthening but oxides remain the widely 
used species for strengthening. The Ellingham diagram shown in figure 1.7, is an useful 
guide towards selection of dispersoids. This is because; the graph shows the thermal 
stability of various oxides and nitrides, as a function of temperature. The higher stability 
of oxides in comaparison to nitrides is to be noted [103]. The heat of formation energy 
of some of candidate oxide dispersoids are also listed in Table 1.3 [104]. 

 
Figure 1.7: Gibbs-free-enthalpy of various oxides and nitrides [103] 
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Table 1.3: Heat of formation of some important oxides at 300 K 
Oxide Heat of formation (ΔG in kJ mol-1) 
Y2O3 -1816.65 
ZrO2 -1042.8 
MgO -569.3 
La2O3 -1705.8 
CeO2 -1024.7 
CaO -603.3 
ThO2 -1169.2 
TiO2 -888.8 
Al2O3 -1582.3 
Cr2O3 -1058.1 

 
1.6.2 Mechanical and thermal properties 

The mechanical properties of dispersoids themselves is an important 
consideration in optimizing ODS alloy design [105].  The choice of ceramic particles as 
dispersoids has a basis due to the fact that, they possess high strength as reflected by 
their high hardness.  As a result, the dispersoids are deformation resistant and cannot be 
sheared by dislocations. In addition to these, distinctive relationship between the 
dispersoid - matrix interface and dislocations are also known to play a role and are 
discussed in this section. 

The Orowan bowing mechanism as explained in section 1.5, suggests that, the 
creep strength is determined by dispersoid diameter and volume fraction alone. 
However, the creep properties are stress sensitive and temperature dependent, which the 
Orowan theory failed to take into account. Modern theories proposes that, properties of 
dispersoid - matrix interface also play a role in governing creep properties of ODS 
alloys. They suggests at an attractive interaction between the dislocation and the 
dispersoid-matrix interface which leads to a detachment stress given by [97, 106],  
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                                        ------------------------------------ (1.3) 

Where k is an interaction parameter and  is the Orowan stress. The interaction 
parameter k describes the degree of relaxation of dislocation line energy at the 
dispersoid - matrix interface and is given by 
                                                      k = Ep / Em--------------------------------------------- (1.4) 

where, Ep and Em are the dislocation line energy at the dispersoid and in the matrix 
respectively. k = 1, when no relaxation takes place which is for fully coherent interface 
whereas, k= 0 when a strong attractive interaction occurs and the dislocation completely 
relaxes its energy i.e., for incoherent interfaces. When 0 < k < 1, the dislocation 
segment has a reduced line energy at the interface and the dispersoid exerts an attractive 
force on the dislocation. The maximum creep resistance is thus obtained for the 
incoherent dispersoid matrix interface. 
 Another important dispersoid – matrix property which plays a critical role is the 
difference between their coefficients of thermal expansion. This is of significance for 
materials used in high heat flux environments which undergoes thermo - mechanical 
fatigue. When exposed to thermal cycling, the thermal mismatch strain εth between the 
particle and matrix is related to the difference between the coefficients of thermal 
expansion Δα of the particle and the matrix by the expression, 

                         εth = Δα * ΔT ------------------------          ----------- (1.5) 

Where, ΔT is the change in temperature. When these materials are cooled fast, the 
relaxation of these thermal strains is accomplished by dislocation generation at second-
phase particles. Although the high dislocation density would be beneficial to the fatigue 
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strength, it is known to affect the thermal conductivity of the matrix phase and 
additionally, the dislocations act as high diffusivity paths that enhance particle - 
coarsening processes. Therefore, to reduce the dislocation density in the matrix with 
fine dispersoids, it is necessary to minimize the thermal strains by minimizing Δα. i.e., 
to choose a dispersoid - matrix combination with minimum thermal mismatch. 

1.6.3 Stability against high temperature coarsening  
An additional factor to be considered for selection of dispersoids is their 

resistance to coarsening at high temperature. The coarsening of oxide particles in ODS 
is a subject of serious interest as witnessed by a number of publications in this domain 
[107, 108]. This is of importance because, Y2O3, the most commonly used dispersoid in 
ODS alloys, is known to coarsen at high temperatures. Owing to the large milling 
intensity, it is known that Y2O3 amorphize [109, 110] during mechanical milling and 
rapidly recrystallize into large crystallites during consolidation. This leads to a large 
inter - particle separation, resulting in property degradation.  

The coarsening of oxide particles at high temperatures takes place via Ostwald 
ripening [111, 112].  The driving force for coarsening comes from the decrease in total 
surface free energy and the process occurs by the growth of large particles at the 
expense of smaller ones which dissolve [113]. It is predicted that, at any stage during 
coarsening there is a critical particle radius r* in equilibrium with the mean matrix 
composition; particles with r > r* will grow and particles with r < r* will shrink. 
Elements of lower solubility are preferred in this regard, because they are known to 
show less tendency for coarsening and slower diffusion in the matrix in comparison to 
soluble ones [114].  
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1.7 Choice of Y2O3 for strengthening and note on alternate dispersoids 
The choice of dispersoid for strengthening an alloy is limited due to the rather 

demanding characteristics of the dispersoid, as explained earlier. The widely used 
dispersoid for strengthening is Y2O3, with vast literature on various aspects of Y2O3 
addition to alloys and its characteristics [46, 109, 110, 115, 116]. However, it is 
experimentally observed that, the Y2O3 dispersoids amorphize during extended duration 
of ball milling leading to Y and O dissociation. This is detrimental, as the Y and O will 
reprecipitate to produce large crystallizes during annealing. In a model Fe -15 Wt. % 
Y2O3 ODS alloy system, it is reported that, Y2O3 grows up to micron in sizes [109]. The 
addition of a small amount of Ti thus becomes essential, as it is known to aid in 
precipitation of fine Y-Ti-O complex oxides such as, Y2Ti2O7 or YTiO3. The sizes of 
these oxide particle are believed to be around 3 nm in ODS alloys [26].  The ODS 
alloys with Y-Ti-O complex oxides have gained larger attention with wide range of 
studies carried out on this system. The science of complex oxide formation in ODS is 
still an evolving field with studies ranging from ab-initio to extensive experimentation 
[117, 118].  

An alternate method to achieve fine and stable dispersions would be to harness a 
material with a novel dispersoid which is structurally stable during milling, yet have the 
inertness of Y2O3. It is to be noted here that, the potentiality of alternate dispersoids in 
ODS steels is not extensively studied and superior properties in terms of dispersoid 
refinement mechanisms for one of them cannot be ruled out. Thus, the search for 
alternate dispersoids is incessant and interesting. 
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The majority of the literatures on alternate dispersoids were carried out during 
the initial days, when Y2O3-Ti combination was not established. However, a few reports 
from recent past have rejuvenated the interests in the alternate dispersoids. The key 
motivation for the search for alternate dispersoids in the recent past majorly comes from 
the fact that little is known on the role of other potential alternative rare earth oxides for 
dispersion strengthening. Pasebani et al [119, 120] have studied La2O3 dispersed ODS 
alloys considering that, Lanthanum has no solubility in Fe at all temperatures [121] and 
it has a very high affinity to oxygen to form La–O bond, which essentially will be 
helpful in resisting the Ostwald ripening and thermal stability, respectively. In line with 
their assumption, the authors were successful in developing a nano-structured ferritic 
steel with La-Cr-O enriched precipitates in it. The authors further studied the role of 
alloying elements such as Mo and Ti and reported La-Ti-Cr-O enriched particles in the 
matrix. The irradiation response of the alloy has also been studied and showed an 
increase in number density of nano-precipitates and hardening of the matrix with 
increased irradiation dose [122]. In a similar line with this, Hoffmann et al [123] have 
studied Ce2O3, La2O3, MgO and ZrO2 as alternate dispersoids as they have sufficient 
thermal stability at the desired operating temperatures. The results of their analyses 
showed that, stable oxides other than Y2O3 are also able to form fine dispersoids in 
ferritic steels and is very promising in terms of material costs and the design of low 
activation-materials for fission and fusion applications. It is to be mentioned here that, 
in order to develop alternate dispersoids, extensive work needs to be carried out to 
determine the optimal processing conditions to obtain a uniform microstructure. A list 
of alternate dispersoids reported in literature is given in Table 1.4.  
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Table 1.4:List of literatures on alternate dispersoids for dispersion strengthening 
Sl. No. Dispersoid used References 

1.  MgO [58, 123-125] 
2.  Al2O3 [58, 126-129] 
3.  SiO [126, 128] 
4.  La2O3 [119, 120, 123, 130, 131] 
5.  CeO2 [123, 128, 131] 
6.  ZrO2 [123, 124, 126, 132-135] 
7.  TiO2 [58] 
8.  Cr2O3 [128] 

 
1.7.1 Rationale behind choosing ZrO2 as an alternate dispersoid 

Having established the criteria for selection of dispersoids, this thesis examines 
the feasibility of using ZrO2 as an alternate dispersoid for strengthening. The foremost 
criterion for a dispersoid, as discussed earlier is the thermal stability and ZrO2 is 
bestowed with a superior thermal stability at elevated temperatures as revealed from the 
Ellingham diagram [Figure 1.6]. It is also true that ability of a dispersoid to interact 
with dislocation depends on free energy of formation [86] and accordingly, this value 
for ZrO2 is reported to be ~ -920 kJ mol-1 [103] at 1000 K. It may be noted that, this 
value is also in close comparison to ~ -1080 kJ mol-1 of Y2O3, indicating comparable 
stabilities. Further, melting temperature of ZrO2 is ~ 2988 K which indicates its high 
temperature stability. Relevant to the nuclear applications, it is to be noted that, Zr has a 
lower fast neutron absorption cross section signifying its nuclear friendly character 
[136]. 
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Additionally, yttrium (Y) and zirconium (Zr) are expected to exhibit similar 
physical and chemical properties due to their positions in the periodic table [132]. The 
role of Zr stabilizing grain sizes of Fe at elevated temperatures has attracted attention 
recently based on both experiments [137-139] and modeling [140, 141]. It is known 
that, addition of solute atoms which segregate at grain boundaries can lower the grain-
boundary energy and due to the fact that, Zr has a limited equilibrium solubility in Fe 
even up to temperatures of ~ 1573 K (less than 0.5 at.%) [137], it can help in grain size 
stabilization in Fe based alloys. It was shown that, the addition of Zr to Fe alloys 
resulted in relatively narrow nanocrystalline grain size distribution with an average 
grain size of 52 nm and no abnormal grain growth in a Fe – 4 at. % Zr alloy after 
annealing at 1186 K. This is exceptional because pure Fe would have a 12 μm grain size 
at this temperature. Also, Zr addition to ODS steel as a size refiner for Y2O3 [142-145] 
to improve its thermal stability and mechanical property is a field of gaining interest 
[132, 139]. Literature shows that Zr addition to Y2O3 based ODS alloys resulted in 
enhancement of its thermal stability [146] and mechanical properties by formation of 
fine Y-Zr-O precipitates [147, 148]. It was shown by first principle calculations that, 
Y2Zr2O7 oxides are of higher stability than Y2Ti2O7, which are chief strengtheners in 
conventional ODS [149]. The Zr addition in ODS has also shown superior radiation 
resistance owing to the superior sink characteristics of matrix – oxide interface.   

In addition to it, Fe – ZrO2 nanocomposite has attracted attention owing to its 
interesting magnetic properties such as enhanced coercivity and remanence [150].  
Superior hardness value, compared to the base matrix is reported in a Fe-ZrO2 

composite [151] and improved strength and hardness in a nano ZrO2 added Al 
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composite is reported [152]. Further, there are also few recent reports on superior 
mechanical properties of ZrO2 dispersed ODS [133, 153] and a study [132] examined 
addition of Zr to the steel powder to arrive at ZrO2 dispersions in the matrix and 
reported that size distribution of ZrO2 is comparable to that of Y-Ti-O complexes.  

Another important factor which is postulated in this thesis in selecting ZrO2 as a 
dispersoid is its fewer number of atoms per unit cell (structure: mP12) compared to 
Y2O3 (structure: cI80), schematics of which is shown in figure 1.8. 

 

 
Y2O3 : cI80 
a = b = c = 10.6 Å 
Volume = 1192.4 Å3 

 

 
ZrO2 – mP12 
a = 5.3 Å, b = 5.2 Å, c = 5.1 Å 
Volume = 140.7 Å3 

Figure 1.8: Unit cell structure and lattice parameters of (a) Y2O3 (b) ZrO2 
Owing to their large number of atoms in the unit cell, the unit cell volume of 

Y2O3 is much bigger in comparison to ZrO2 as shown above. It is postulated that, the 
large number of unit cell atoms (80 in number) in Y2O3 may be playing a role in its 
structural instability leading to amorphization during mechanical milling. The literature 
suggest [154] that, during ball milling of ZrO2 and Y2O3 mixture, Y2O3 amorphizes, 
whereas ZrO2 does not. Although there is no concrete proof to correlate this result to 
number of atoms in unit cell, we may take hints from the irradiation induced 
amorphization in materials. It can be postulated irradiation as a form of mechanical 
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damage by minute projectiles thus leading to disordering of atoms from their mean 
lattice positions. Complexity in structure is correlated to its amorphization behavior in 
case of a NiAl/PdAl thin films [155], where it was reported that, simple cubic structures 
with 2 or 4 number of atoms in unit cell survived under ion irradiation, whereas, 
complex structure became amorphous. A localized region is thought to be energized 
with penetration of highly energetic ion beam followed with quenching to the lattice 
temperature leading to amorphization. It is also said that, chemical disordering, 
departure from stoichiometry, point defect accumulation and lattice imperfections such 
as grain boundaries, dislocations and antiphase boundaries all plays a role in irradiation 
induced amorphization [156]. Since the high energy milling is also a non equilibrium 
process, it is logical to assume that, the science of irradiation induced amorphization 
holds for ball mill induced amorphization. Consequently, we predict a better 
amorphization resistance for ZrO2 in comparison to Y2O3, thus, a superior dispersoid 
refinement mechanism.  
1.8 Development of a model alloy system for understanding Oxide Dispersion 

Strengthening 
The weight fraction of the dispersoid in an ODS alloy typically varies between ~ 

0.2 - 1 Wt. % depending on the alloy composition. There is an upper limit on the 
amount of dispersoid that can be added to an alloy because larger dispersoid fraction in 
the material is known to adversely affect the ductility [50] and also the thermal 
conductivity of the material [97, 157]. A typical ferritic ODS steel, apart from the oxide 
dispersoid, mainly consists of Fe, Cr, W and other trace elements such as P, Mn, Si etc. 
This multi-elemental system makes this alloy relatively complex to characterize and 
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there is a possibility that certain crucial information may be missed during the analysis. 
For example, as mentioned earlier, owing to the small weight fraction of dispersoid in 
ODS alloys, studying the evolution characteristics of dispersoid through XRD becomes 
difficult and hence understanding this information through a model system becomes 
essential. 

An approach to overcome this issue is that to choose a model alloy of less 
complexity to mimic selected aspects of ODS steels. The short-term goal of studying 
the model systems is to gain an understanding on ODS alloys by analyzing its 
microstructure to arrive at definite conclusions about the properties intended to study 
and the long-term goal is to utilize this knowledge towards developing an actual alloy, 
which can be then characterized with better assurance [158]. There are extensive 
literature on model ODS alloy systems which include Fe-Cr, Fe-Cr-Y2O3, Fe-Y2O3, Fe-
Y2O3-Ti etc. Some of the highlights from these studies are discussed below. 

Since the existing research on ODS mainly concentrates on Y2O3 based 
dispersoids and owing to the lack of in-depth understanding on the dispersoid 
microstructure evolution with milling and annealing, the interests on concentrated Y2O3 

in a Fe matrix is widespread. A model Fe - 25 Wt. % Y2O3 alloy has been studied by 
Tong Liu and co workers to understand the morphology change and structural evolution 
of Y2O3 during milling and subsequent annealing [110] and in an another effort, M. 
Brocq and co-workers have evaluated the milled and annealed behavior of YFe3 and 
Fe2O3 powders to arrive at an understanding on reactive ball milling and subsequent 
annealing [159]. A series of work on model ODS alloys have also been carried out by 
Pradyumna and co workers [109, 160, 161] to understand the amorphization behavior of 
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Y2O3 during milling, influence of Ti on structural evolution of Y2O3 during milling and 
annealing. Further, strengthening mechanisms in mechanically milled oxide dispersed 
Iron powders have been studied by R. Vijay and coworkers with a thorough analysis of 
Fe, Fe-Y2O3 and Fe-Y2O3-Ti model alloys [162]. Similar to this, studies have been also 
carried out on Fe-Cr-Y2O3 systems also with an objective to understand the 
microstructure from preliminary stage [163, 164]. As a whole, the model ODS alloy 
systems have contributed substantially towards developing an understanding on some of 
the domains, which would not have been possible with an actual alloy. Some of the 
important literature reports on the model ODS alloy systems are listed in Table 1.5.  

 
1.9 Scope and Objectives of the Thesis 

Although there are extensive research activities on Y2O3 – Ti dispersed ODS 
alloys [26, 31, 32, 34, 39, 40, 50, 67, 68, 168, 169], there is a dearth of literature on the 
potentiality of using other rare earth oxides as dispersoids in ODS materials. Some 

Table 1.5: Some of the model ODS alloysystems studied in literature 
Sl. No Model alloy under study Reference 

1.  Fe - 15 Wt. %  Y2O3 [109] 
2.  Fe -15 Wt. %  Y2O3 - 5 Wt. % Ti [160] 
3.  Fe - 25 Wt.%  Y2O3 [110] 
4.  Fe - 12 Cr 

Fe - 12 Cr-0.4 Wt.% Y2O3 [165] 
5.  Fe - 9 Cr - 0.3/0.6 Wt.% Y2O3 [158] 
6.  Fe - 24 Wt.% Cr-15Wt.% Y2O3 [163] 
7.  Fe - 0.35 Wt.%   Y2O3 Fe - 0.35 Wt.%  Y2O3-0.2 Wt.%  Ti [162] 
8.  Fe -14Cr - 0.25 wt.%  Y2O3 Fe -14Cr [166] 
9.  Co-15  Y2O3 [46] 
10.  Fe - 9 Wt. % Cr-15 Wt.%  Y2O3 [115] 
11.  Fe - 38 atm.%  Y2O3 [159] 
12.  Fe - 0.3 Y2O3 Fe - 0.2Ti - 0.3 Y2O3 Fe - 14Cr–0.2Ti - 0.3Y2O3 

[167] 
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recent reports on exploring alternate dispersoids such as La2O3 [119], CeO2, MgO and 
ZrO2 [123] for ODS materials suggest superiority over Y2O3 and hence it is worth 
investigating them in detail to develop and establish it as a legitimate dispersoid. Thus, 
the current thesis focuses on investigating the possibility for an alternate oxide, namely 
ZrO2, as dispersoid for strengthening the material.  

Successful realization of alternative dispersoid ODS alloys would require a 
thorough understanding of the stability and microstructural evolution of the dispersoid 
during mechanical milling and subsequent stages involving exposure of the powder to 
high temperatures during consolidation and thermo mechanical treatments. Though 
alternate oxides have been tried to a little extent as reported in the literature, the focus 
was mainly on the final microstructure of the material and its mechanical properties, 
rather than on the dispersoid evolution during milling and annealing. Thus, in order to 
investigate suitability of an oxide as an effective dispersoid, in-depth studies 
concentrating on its structural evolution with milling and also at high temperatures is 
required. Further, in order to facilitate reliable characterization, it is necessary to choose 
a concentrated alloy with high dispersoid composition.  

Keeping this in mind, the methodology applied in this study involves synthesis 
and detailed characterization of a model Fe - 15 Wt. % ZrO2 system. The microstructure 
and microchemical evolution of this model system has been investigated as a function 
of milling duration to arrive at the optimized condition. Further the microstructural 
evolution of this model system with temperature is also been investigated. The 
knowledge accumulated on the behavior of dispersoids by these analyses were then 
utilized for developing a 9 Wt. % Cr ferritic steel. The behavior of as milled and 
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annealed ZrO2 dispersed steel powder has been evaluated and its consolidation 
properties using SPS technique has also been investigated. 
1.10 Organization of the Thesis 

This thesis, entitled “Synthesis and characterization of ZrO2 dispersion 
strengthened Fe based alloys”,is organized into seven chapters as outlined below.  

Chapter I provide a brief introduction to the ODS alloys emphasizing their 
mechanical properties and irradiation damage resistance. Criteria for selection of 
dispersoids for ODS alloy are discussed with a note on alternate oxides for dispersion 
strengthening. The choice of ZrO2 as candidate dispersoid and rationale behind 
choosing the model alloy system for understanding ODS alloys is also been discussed.  

Chapter II deals with the experimental techniques and procedures employed for 
the synthesis, characterization and evaluation of the structural, chemical and mechanical 
properties of Fe – 15 Wt. % ZrO2 model system and ZrO2 dispersed 9Cr steel.  

Chapter III describes the synthesis and characterization of Fe - 15 Wt.% ZrO2 

model alloy, aiming at optimization of milling condition based on microstructure and 
microchemistry. The variation of mechanical property and its correlation to 
microstructure is also discussed. 

Chapter IV presents the results on the evolution of phases during annealing of 
Fe - 15 Wt. % ZrO2model alloy. Assessment of the thermal behavior by DSC 
measurements and an understanding on the microstructural evolution of the system with 
temperature is arrived with rigorous analysis through diffraction and microscopic 
techniques.  
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Chapter V reports the synthesis and characterization of ZrO2 dispersion 
strengthened 9 Cr ferritic steel powder at optimized milling conditions and its evolution 
with high temperature annealing. Stability of the matrix and the dispersoid is 
investigated and formation of new phases is discussed.  

Chapter VI details the structural analysis of 9 Cr ZrO2 ODS consolidated 
through SPS. The microstructure of the sintered sample, long term thermal evolution of 
the matrix and dispersoid phases is discussed. The evaluation of mechanical property 
through experimental and predictive tools is also conferred.  

Finally, Chapter VII provides a comprehensive summary of the thesis and also 
describes the scope for future work.  

Table 1.6 given below shows the thesis organization as well as the brief contents 
of each of the chapter. 
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Table 1.6: Organizations of thesis chapters 
Chapter Title Content 

I Introduction 
Literature survey, existing gaps, 
objectives of the present study and 
organization of the thesis. 

II Materials and methods 
Theory and Principle, experimental 
details, calibration, error and accuracy 
of investigation methods.   

III 
Synthesis and microstructural 
characterization of 
Fe – 15 Wt. % ZrO2 Model alloy 

Evolution of microstructure and 
microchemistry and optimization of 
milling condition. The variation of 
mechanical property and its correlation 
to microstructure. 

IV Thermal evolution of  
Fe – 15 Wt. % ZrO2 model alloy 

Evolution of phases during 
annealing,Assessment of the thermal 
behavior and microstructural evolution 
through diffraction and microscopic 
techniques. 

V Synthesis and characterization of 
ZrO2dispersed 9 Cr steel powder 

Microstructure of as synthesized 
powder and its evolution with high 
temperature annealing. Stability of the 
matrix and the dispersoid at high 
temperatures and formation of new 
phases. 

VI 
Microstructural characterization 
of consolidated ZrO2dispersion 
strengthened ferritic steel 

Structural analysis of the consolidated 
ZrO2 dispersed steel. The 
microstructure of the sintered sample, 
long term thermal evolution of the 
matrix and dispersoid phases. The 
evaluation of mechanical property 
through experimental and predictive 
tools. 

VII Summary and scope for future work 
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Materials and Methods 
2.1 Introduction 

To arrive at a comprehensive understanding of the material properties, it is 
important to choose the right set of characterizing tools, keeping in mind their 
capabilities. Proper choice of operating conditions, sources of errors, accurate 
interpretation of results are all equally important. The current chapter gives a detailed 
explanation of the experimental methodology adopted in the current study. The 
discussions include experimental procedures used for the synthesis of mechanically 
milled powders. The microstructural characterization tools described include diffraction 
and microscopy based techniques along with thermal analysis through calorimetry. 
Techniques utilized for mechanical property evaluation are also discussed. Details of 
operating conditions, data analysis and sources of errors are also explained wherever it 
is relevant.  

The chapter is organized as follows. Section 2.1 gives a brief introduction to the 
chapter with section wise flow of the thesis. Section 2.2 and 2.3 describes the materials 
investigated and methods utilized for characterizing the materials. These sections are 
further subdivided as follows. Brief discussion on synthesis of alloy powders through 
mechanical milling is discussed in section 2.2.1 with details on Fe - 15 Wt. % ZrO2 
model alloys in 2.2.1.1 and ZrO2 dispersed 9 Cr steel powders in 2.2.1.2. The details 
includes the milling conditions, medium and instrumental details. Section 2.2.2 
describes the compaction and annealing of milled powders followed with a note on 
consolidation of powders by Spark Plasma Sintering in 2.2.3. Section 2.2.4 gives 
description of specimen preparation for different characterizations with an emphasis on 
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FIB technique. Further, the details on the microstructural characterization methods are 
divided into 5 subsections as follows. The section 2.3.1 presents a note on 
microstructural analysis through SEM, followed with a description on TEM technique 
in section 2.3.2. Discussion on semi quantitative chemical analysis through EDS is 
presented in section 2.3.3, with a note on sources of error. Further, the XRD analysis of 
the materials through cobalt and synchrotron radiation are described in section 2.3.4 
with description on experimental conditions and also on the choice of target material. 
The thermal analysis of the powder through DSC technique is discussed in section 
2.3.5. Hardness measurements of the material through nanoindentation and Vickers 
hardness measurements for both powder and consolidated specimen are described in 
section 2.3.6. The section 2.3.7 gives a very brief note on EBSD technique which was 
utilized in the current study for the analysis of grain size and strain evolution of the 
consolidated and long term thermally exposed material. The chapter concludes with a 
summary of the whole chapter in section 2.4.  

2.2 Materials 
2.2.1 Synthesis of alloy powders through mechanical milling 
This study includes synthesis of two alloy systems namely (1) Fe-15 Wt. % 

ZrO2 and (2) 9Cr steel powder dispersed with 0.35 Wt. % ZrO2 powder. Since the pre 
alloyed steel powder is utilized, the synthesis route here is termed as mechanical milling 
[1]. The mechanical milling is carried out at Institute of Minerals and Materials 
Technology, Bhubaneswar, in an In-Smart, India make planetary ball mill with a grade 
440C stainless steel balls and vial, with a hardness of 832 HV. The milling mechanism 
involves, high energy frequent impact of balls resulting in milling of the powder. In 
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addition, the rotation of base plate provides the centrifugal force to the grinding balls. 
Independent rotation of vials, in opposite direction, makes the balls to hit the inner wall 
of the vial [1-4]. Since the vials are rotating in opposite direction, a considerable part of 
grinding is done due to friction. In the present work the base plate rotation is fixed at 
300 RPM whereas the vial rotates at 150 RPM. Post milling, the powders were collected 
from the vial inside a glove box maintained under Argon atmosphere and preserved in a 
sealed container.  

 
2.2.1.1 Synthesis of Fe - 15 Wt. % ZrO2 model alloy 
Fe (sieve size of +325 mesh) and ZrO2 powders were procured from M/s, 

HIMEDIA, India with a commercial purity grade of 99.5% and 99%, respectively. The 
powders were blended together and mechanically milled in the proportion of  
Fe -15 Wt. % ZrO2. The ball to powder ratio was maintained at 10:1 and process carried 
out under high purity Argon atmosphere in order to avoid unwanted oxygen pickup 

 

 

Figure 2.1: (a) In Smart make planetary ball mill used in the present study (b) A magnified image 
showing the stainless steel vials placed on a base plate.  

(b) (a) 
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from atmosphere during milling. Milling was carried out for different durations, viz.,  
0 (blended powder), 10, 30, 60 and 100 h. 

2.2.1.2 Synthesis of ZrO2 dispersed 9Cr steel powder 
The gas atomized 9Cr steel powders with particle sizes of <150μm (sieve size  

-100 mesh) is used for the synthesis of ZrO2 dispersed steel powder and its chemical 
composition is listed in Table 2.1. The alloy powder was mixed with ~ 0.35 Wt. % of 
monoclinic ZrO2 and mechanically milled for 100h in a planetary ball mill in an Ar 
atmosphere. The ball to powder ratio was kept constant at 10:1.  

 
 
2.2.2 Compaction and annealing of milled powders  
 In order to understand the microstructural changes with high temperature 
exposure, annealing of milled powders of both model alloy and ODS steel was carried 
out at different temperatures. To avoid the high temperature oxidation, pelletisation of 
the powder followed by vacuum sealing was necessary. Accordingly, the powders were 
formed into pellets of 10 mm diameter in a uni-axial press under a pressure of ~ 200 
MPa. The pellets were then transferred to a quartz tube, evacuated to vacuum levels 
better than 10-5 mbar and fused for sealing. Extreme care was taken in avoiding the 
contamination of the powders during these stages. The quartz tubes containing the 
pellets were annealed at temperatures of interest, details of which are given in the 
relevant sections. 

Table 2.1: Chemical composition of the 9Cr steel powder (Wt. %) 
Fe Cr W Mn Ni Si P C S O N Al 
Bal 9.2 2.25 0.026 0.01 0.02 0.004 0.015 0.001 0.015 0.002 <0.005 
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2.2.3 Consolidation of powders by SPS and their heat treatments 
Applicability of a powder depends on the ability to reach near theoretical density 

through a suitable method. In this respect, SPS of powders is a relatively new sintering 
based technique having specific advantages for ODS steel production. Compared to 
other conventional techniques such as HE and HIP, which has a ramp rate of  
50 - 80 K/min and a few hours of holding time, SPS has the advantage that it is 
characterised by very fast heating (up to 2000 K/min) and cooling rates and short 
holding times (minutes) to achieve near theoretical density [5]. In addition to that, SPS 
works at a lower temperature of compaction and relatively low applied pressure [6]. 

During the SPS process, the powder to be consolidated is loaded into an 
electrically and thermally conductive graphite mould and a large DC pulsed current 
(1000–5000 A) is applied under a uni-axial pressure. Though heat is rapidly generated 
internally during SPS, the sintering process is very different from pressureless or hot 
press sintering [7]. When current passes through the graphite mould the powder is 
heated from both outside and inside owing to the Joule heating from the intrinsic 
electrical resistance of the powder material, resulting in a consolidated specimen [8]. 
The schematic representation of an SPS unit is shown in figure 2.2. The SPS unit 
consists of a pressure device with upper and lower water-cooled hydraulic rams, a DC 
generator that generates pulses and a computer-based process controller. The shrinkage, 
pressure, average voltage and current are recorded during the process. The powder is 
filled inside the conductive graphite die for sintering with optical pyrometer or 
thermocouple as temperature detector [7]. The experimental conditions chosen in the 
current study are listed as below in Table 2.2. It is to be noted here that, the SPS process 
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is followed by conventional Normalizing and Tempering treatments for the release of 
excess strain. This is done to achieve fair ductility and homogeneous microstructure. 
The normalizing was carried out at 1323 K for 1h followed by a tempering treatment at 
1023 K for 1h.  

 
Figure 2.2: Schematic drawing of an SPS unit containing an assembled graphite die and punches  

Table 2.2: SPS parameters used in the current study 
Temperature 1323 K 

Pressure 50 MPa 
Hold time 10 minutes 
Ramp rate 100 K/min during heating and furnace cooling 

 
2.2.4 Specimen preparation for microstructural characterizations 

Specimen preparation for microstructural characterization is often referred to as 
an art. However, lot of science and technology is involved in modern day specimen 
preparation methodology. Possibly, the most critical point in the preparation of a 
sample, is that it must be representative of the bulk material in both structure and 



Chapter II 
 

54 
 

composition and there should be no alteration to these properties during the preparation 
itself, else that would be an artifact. Hence the specimen preparation step is an essential 
and important [9, 10] step in studying a material. In short, a specimen prepared well, is 
half job done! Accordingly, the preparation methods employed for SEM, TEM and 
hardness measurements are discussed in detail as follows. 

For SEM of powder samples, an adhesive carbon tape was spread and sprinkled 
with powder particles and gold coated. The coating is required for better conduction and 
to avoid SEM column contamination by fine magnetic powder particles. For SEM of 
consolidated specimen, flat surface was obtained by successive grinding with SiC 
abrasives followed by a mirror finish of the surface obtained by polishing with 1 μm 
diamond paste with DP blue as the lubricant. The polished samples were etched with 
Villela’s reagent to reveal the microstructural features. Vilella’s reagent used for the 
sample preparation contained 1g of picric acid and 5 ml of HCl in solution of 100 ml in 
methanol. 

Specific to the TEM analysis, the goal of the specimen preparation is to produce 
an electron transparent specimen, representative of the bulk. The alloy powders 
produced in this study consists of nanoparticles which are magnetic in nature and thus 
demands special attention in specimen preparation. The preparation of TEM samples of 
magnetic powders is difficult due to following reasons. The magnetic particles exhibit 
agglomeration, which although can be dispersed in a solution by ultrasonication, readily 
get agglomerated as soon as the sonification is stopped. Agglomerates are thick and 
hence will not be electron transparent. In addition to that, since the sample is placed 
between electromagnetic pole pieces of the objective lens of the TEM, the nanoparticles 
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can get magnetized, leading to sample drift under electron beam and it may also 
contaminate the pole pieces with the nanoparticles attracted towards them [10]. Hence, 
it becomes essential that, the nanoparticles should be embedded in a medium, which is 
stable under an electron beam for TEM investigations. A Gatan made G1 epoxy has 
been utilized for TEM sample preparation of nanoparticles. The two parts of this epoxy, 
i.e; resin and hardener were mixed in 10:1 ratio in a glass slide, using a toothpick and 
the alloy powder to be examined was sprinkled on to this and thoroughly mixed. The 
powder mixture embedded in epoxy was then transferred to Teflon cylinders of ~ 3.5 
mm diameter and 2 mm height, placed on a glass slide covered with Teflon tape. This 
assembly of Teflon rings in a glass slide was then transferred to a hot plate and 
temperature is increased to ~ 393 K. In ~ 20 - 30 minutes, the epoxy sets into a brown 
colored stable solid cylinder. Since the bonding between the epoxy and the Teflon is 
weak, the powder embedded epoxy can be peeled-off readily. Further, it was subjected 
to mechanical polishing which reduces the thickness to about ~ 100 µm.  
These discs were then dimpled so that the thickness at the central portion reduces to 
about 20 µm. Further, argon ion beam thinning (Technoorg Linda make IV-4) at high 
angles (~ 12o) was carried out till a perforation in the sample appear followed by that, 
final polishing was done at ~ 4o in a gentle miller (Technoorg Linda make IV-6). A 
schematic of the procedure is given in figure 2.3.  

Further, When the powder particle size was large (> 10 µm), the sample 
preparation through conventional technique becomes difficult and thus FIB technique is 
employed. The FIB technique is also important owing to the great interest in the 
preparation of site-specific TEM specimen preparation [11, 12]. Typically FIB uses a 
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Ga+ ion beam source, which is accelerated and rastered over the specimen’s surface so 
that site-specific milling / imaging of the sample can be performed based on the choice  

 
Figure 2.3 : Schematic of TEM specimen preparation from magnetic powder particles 
 

   
Figure 2.4: (a) Protective Platinum coating on ROI (b) Trench creation through high ion beam 
current (c) Lift out of the lamellae with omniprobe needle    

  

 
 
(d) Welding of the lamellae to 
the TEM grid 
 
(e) Thinning of the specimen to 
electron transparency 

(a) (b) (c) 

(d) (e) 
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of ion current [10]. In the current study, FEI make dual-beam Helios Nanolab 600i 
instrument was used for the site specific sample preparation.  

The typical steps involved in this process are as follows. The process begins 
with an identification of ROI followed by protection of ROI with platinum deposition 
using GIS. Further, trenches were created adjacent to the platinum coated region using 
high ion beam current followed by removal of excess beam damage by slightly lower 
beam current. The under cuts were made to enable the lamellae to be free from the bulk 
specimen. Further, the lamella was lift out using an Omniprobe attached with the SEM 
column. The lifted lamellae was then transferred to the TEM grid and welded with 
platinum metal. The lamellae thus prepared was then thinned down to ~ 20 – 40 nm and 
finally cleaned with low energy Ga+ beam. The stepwise preparation of FIB lamella is 
shown in figure 2.4. 

2.3 Characterization of powders and consolidated specimen 
 Extensive analysis tools available for microstructural characterization of the 
material were utilized in the current investigation to gain a comprehensive 
understanding of the material. Attempts were made to correlate the results and 
supplement with various characterizations. An overall picture of the tools utilized in the 
current study and the experimental conditions are presented in the subsequent sections.  

2.3.1 Scanning Electron Microscopy 
 SEM is an important tool for microstructural investigation, which can provide 
crucial information based on topography and atomic number contrast. SEM 
investigation provides direct information about surface morphology of materials which 
is essential to understand the evolution of phases with changes in processing 



Chapter II 
 

58 
 

parameters. Accordingly it was utilized in the current study for characterizing the 
surface microstructure of the material [13, 14]. The FEI make Helios NanoLab-600i 
dual beam FEG-SEM was used to study the size and morphology of the as milled and 
annealed powders and also to investigate the microstructure of the consolidated 
specimen. Both SE and BSE modes of operation are used depending on the requirement 
of problem at hand. Accelerating voltage in the range of 5 - 30 kV and beam current 
from 1.4 nA to 5.5 nA were utilized based on the requirements.  

2.3.2 Transmission Electron Microscopy 
TEM studies were carried out using a Philips CM200 analytical Transmission 

Electron Microscope fitted with an on axis TVIPS make CCD camera with a resolution 
of 2048 x 2048 pixels. The operating voltage was maintained at 200 kV throughout. 
Magnification calibration was carried out with a cross grating of 2160 lines/mm with a 
separation of 469 nm between two lines. Camera length was calibrated with standard 
nanocrystalline oriented gold in holey carbon film at different accelerating voltages. 
Analyses of SAED and micro-diffraction patterns were carried out to identify the 
presence of different phases. A selected-area aperture of 10 µm size was used for 
obtaining the SAED pattern and its rotation with respect to magnification was calibrated 
using MoO3 crystals. For indexing electron diffraction patterns, the angles and  
d-spacing were measured with an accuracy of <1° and 0.2 Å respectively. The measured 
d-spacing values are compared with standard ICDD card, the angle between the planes 
were calculated and matched to the measured values.  

BF and DF microscopy techniques were employed in structural imaging of the 
material. For obtaining DF images, smallest aperture available i.e. 5 µm size is utilized. 
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For analyzing the size distribution of the matrix phase (Fe), ZrO2 dispersoids and FeO, 
as a function of either milling duration or annealing temperature, Image J analysis 
software is utilized [15]. The sizes were measured by manually adjusting the color 
threshold by judiciously choosing the pixels corresponding to the crystallites (whose 
sizes have to be measured) and by fixing the minimum size and maximum pixel area 
size to exclude anything that is not an object of interest in the image. Roundness values 
between 0.0 and 1.0 were selected to help exclude unwanted objects [16]. The particle 
sizes were then obtained by choosing the minimum ferret diameter, which is often used 
as the diameter equivalent to a sieve analysis.  
 The Phase contrast microscopy studies were carried out in a Tecnai G2 F30  
ultra-twin HRTEM operated at 300 kV with a point to point resolution of 0.17 nm. The 
microscope consist an ultra-twin objective lens with 0.65 mm spherical (Cs) and 1.4 mm 
chromatic aberration (Cc) coefficients. The microscope is also equipped with a high 
speed digital search and view camera (2k x 2k) of Gatan Inc make for image and 
spectrum acquisition and analysis. 

2.3.3 Chemical analysis through Energy Dispersive Spectroscopy 
EDS makes use of the X-rays emitted by a solid sample when bombarded with a 

focused beam of electrons, to obtain localized chemical information. In principle, 
elements from atomic number 4 (Be) to 92 (U) can be detected, but quantification of 
elements with atomic number <10 is not reliable. EDS is a qualitative analysis involving 
the identification of the lines in the spectrum with the corresponding elements and it is 
also a semi quantitative analysis technique, which allows a rough estimation of the 
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concentrations of the elements present in the material. The EDS analysis can be carried 
out in a SEM as well as TEM and in the current study both were utilized.  

The EDS in SEM was carried out using an EDAX make Apollo X Silicon Drift 
Detector attached to the FEI make Helios Nanolab 600i instrument. In order to excite 
the Kα X Rays of Fe and keeping in mind, the over voltage required for this, a 20 kV 
voltage is used. For spot analysis, the beam current was maintained at 2.7 nA and a 
collection time of 50 live seconds were maintained. To get the elemental mapping for 
an area of 512*512 pixels, beam conditions were maintained at a voltage of 20 kV, 
beam current of 5.5 nA and a dwell time of 50 μs. The higher current enable in 
enhanced signal and reduced scan time, which helped in overcoming the beam drift 
issues for a longer scan time. 

Within the TEM, EDS analysis was carried out using an Oxford X-Max 80 
detector. A spot size of ~7.5 nm was used to collect the characteristic X-rays from the 
constituent phases for determining the composition. A low background single tilt holder 
was used to reduce the noise due to spurious X-rays. In-hole spectra were collected 
periodically to ensure the absence of spurious X-ray sources in the column of the 
microscope. The performance of the equipment and the reliability of the measurements 
were monitored by the periodical checking of the energy calibration carried out with 
pure Al and Cu and the energy resolution with Mn Kα. Composition analysis was 
carried out assuming the thin foil criterion based on the observation that the intensity 
difference was less than 10% between the in-hole spectrum and that on the specimen. 
The error in quantifying the elemental composition was minimized by keeping a 
collection time of ~100 live seconds. It is assumed that collection of the spectra is from 
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within the beam size and volume of the sample encloses only the ROI without 
overlapping of phases, though in some cases it was difficult to ensure this condition.  

2.3.4 X-Ray Diffraction Technique 
The proper choice of radiation for diffraction analysis depends on what we are 

looking for and on nature of the sample under investigation. In this study, for the 
analysis of model ODS alloy, the Co Kα X-rays (λ=1.78896 Å) were preferred over Cu 
to avoid the loss of information due to excess fluorescence. The X-ray powder 
diffraction step scan data were recorded at room temperature using a Bruker AXS D8 
discover instrument. The X-ray Beam voltage and current were maintained at 35 kV and 
25 mA respectively. The step scan data of the experimental samples was recorded for 
the angular range of 15o – 105o, in step size 0.02o and for 5 sec counting time per each 
step. Instrumental broadening was calculated by collecting the XRD spectrum for a 
strain free corundum sample with a large grain size. Modified Williamson Hall 
technique [17-21] was employed for the determination of matrix crystallite size, strain 
and dislocation density and Williamson Hall technique was adopted for determination 
of ZrO2 crystallite size. 

Further Synchrotron XRD measurements were carried out on annealed powder 
samples of model ODS and ZrO2 dispersed steel powder. The high brilliance of 
synchrotron source compared to conventional source and superior signal to noise ratio is 
been exploited for identification of minor phases in the material. Well ground powders 
were used and measurements were recorded in transmission geometry at ambient 
temperature and pressure using synchrotron facility at extreme conditions XRD 
beamline (BL-11), Indus-2, RRCAT [22], Indore, India. For this purpose, the angle 
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dispersive mode with a wavelength, λ = 0.44092 Å is used. A MAR345 imaging plate 
system was used and this image plate data was further processed with an automated 
software FIT2D [23] by integrating over full circle, to obtain the 2 dimensional XRD 
data. The center of the pattern has been fixed carefully to minimize the possible error. 
The calibration of the X-ray photon energy and the distance between the sample and the 
image plate was carried out by using standard LaB6 and CeO2 samples. The Phase 
identification was carried out by comparison with ICDD card, within a ∆θ (θ observed- 
θ expected) of 0.2°. The phase analysis by Rietveld refinement was carried out using 
GSAS without any internal calibrant. The raw data was processed in three steps 
involving, background subtraction, normalizing the counts and multiplication by a 
common factor. 

2.3.5 Thermal analysis through Differential Scanning Calorimetry 
DSC is a thermo-analytical technique which measures the difference in heat 

flow between the sample and a reference material (empty alumina crucible), when both 
are heated or cooled at a preset heating or cooling rate [24]. The absorption or evolution 
of heat due to a thermal event will then result in a change in the differential heat flow 
between the sample and reference, which appears as a peak in the DSC thermogram. 
The analysis of the DSC thermogram involves carefully analyzing this DSC peak and 
understanding the thermal event responsible for it.  

In the present study, thermal characterization of 100h ball milled sample was 
carried out in a SetaramSetsys16 heat flux type differential scanning calorimeter. DSC 
experiments were performed by using 10K min-1 heating rate up to 1473 K, held for 15 
min and subsequently cooled at a rate of 10K min-1 (Run-1). In order to distinctly 
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identify the nature of phase transformation, the DSC experiment was repeated on the 
same sample under identical experimental conditions (Run-2). Further, study of 
transformation kinetics was carried out by another set of DSC experiments using 
different heating rates of 3, 10, 30, 50, and 70 K min-1 followed by cooling at the rate of 
90 K min-1. It is required to mention here that the temperature calibration was carried 
out using the Al, Cu standards and heat flow calibration was carried out with reference 
to the polymorphic transitions in pure iron (99.999 %). 

2.3.6 Hardness Measurements 
Hardness refers to the resistance of a material to plastic deformation, usually by 

indentation. With greater hardness, the material shows a greater resistance to 
deformation. Hardness measurement gives a preliminary idea about the mechanical 
property of a material with a quick and simple measurement from a small sample.  

For the body of work given in this thesis, the Vickers hardness tests were 
performed using a Leitz micro-hardness tester with an applied load of 100 g. Repeated 
hardness tests were performed on the specimen (~ 20 trials per reading) within the 
samples with a careful selection of locations to avoid influences of the plastic zone. The 
dwell time of 15 seconds for each indent was concurrent with ASTM standards. 

The nano-indentation was performed in the current study on ball milled model 
ODS powder samples. For this, the powder particles which were embedded in epoxy 
glue (as explained in section 2.5) were polished to get a flat and scratch free surface. 
The nano-hardness measurements on the powder particles were carried out in a nano-
indenter (M/s CSM, Switzerland) equipped with a three sided pyramidal diamond 
(Berkovich) tip with an end radius of ~ 30 nm. Loading and unloading rates were 
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maintained at 20 mN min-1 and indentation was carried out for a fixed depth of 200 nm. 
At least 20 indentations were carried out on each sample and the average value of the 
hardness is measured after ignoring the erroneous readings. The measurements were 
carried out on the powder milled for different durations and hardness value as a function 
of milling time is analyzed. 

2.3.7 Electron Back Scattered Diffraction 
EBSD is a SEM based quantitative microstructural analysis technique 

extensively utilized in the materials development for obtaining crystallographic 
information about the microstructure of a sample. Here, a stationary electron beam is 
made to interact with a tilted crystalline sample (~ 70o with the horizontal) and 
subsequently the diffracted electrons form a pattern that can be detected with a 
fluorescent screen, as shown schematically below in figure 2.5.  

 
Figure 2.5: A schematic of EBSD experimental set up 
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The diffraction pattern of material is characteristic of the crystal structure and 
orientation in the region in the material, from where it was generated. Hence the 
diffraction pattern can be used to determine the crystal orientation, distinguish between 
crystallographically different phases, characterize grain boundaries, and provide 
information about the local crystallinity [25]. The mechanical and physical properties of 
metallic materials are often related to grain size and EBSD is an ideal technique for 
characterizing the same [26]. 

 In the present study, EBSD analysis is carried out in FEI make Helios Nanolab 
600i SEM attached with a Hikari camera for detection of Kikuchi patterns. The scanned 
data was then analyzed using TSL software. The EBSD studies were carried out at an 
accelerating voltage of 20 kV and electron beam current of 2.7 nA. A step size of 0.05 
µm was used at 8000X magnification. The specimen preparation includes, fine 
polishing of the sample with SiC grit and diamond polish, followed with electro 
polishing using 10% percholoric acid solution.  

2.4 Summary 
A comprehensive description of alloy synthesis, heat treatments and their 

microstructural and microchemical characterizations has been given in the present 
chapter. Brief descriptions of all the techniques used in the present thesis, their principle 
and relevance to the context of the current study are also mentioned. The following 
Table 2.3 gives a summary of all the characterization tools utilized in the thesis.  
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Table 2.3: Summary of all the techniques employed in the current study 

Technique Instrument Operating 
conditions 

Measurement 
performed 

Scanning 
Electron 
Microscopy 

Helios Nanolab 
600i 

Operated at 5-30 kV, depending 
on the problem at hand. 
(SE and BSE detector) Microstructural 

and microchemical 
characterization 

 Transmission  
Electron 
Microscopy 

Philips CM 200 
Tecnai F30 

Operated at 200 kV 
Operated at 300 kV 

Focused Ion 
Beam in SEM 

Helios Nanolab 
600i 

Operated at various kV and 
Currents depending on the 
requirement 

Subsurface 
microstructure 
analysis and 

preparation of  TEM 
lamellae 

X-ray 
Diffraction 

Bruker AXS D8 
discover 

θ range: 15o - 105o 
Co Kα radiation, 
λ = 1.78896 Å Phase 

identification and 
Micro strain 

Analysis Synchrotron 
facility at RRCAT 
Indore, BL 11 

θ range: 5o - 35o 
λ = 0.44092 Å 

Hardness 
LeitzVickers 
hardness 
tester 

Load 100 g for 15 
sec. 

Vickers hardness 
number 

Nanoindenter (M/s 
CSM, Switzerland) 

Force : 20 mN min-1 
Depth : 200 nm 

Nanohardness of 
powder particles 

Differential 
Scanning 
Calorimetry 

Setaram® Setsys 
1600heat flux DSC 

Various Heating / cooling rates as 
mentioned in the 
respective chapters 

Transformation 
temperature and 

enthalpy 
Spark Plasma 
Sintering Dr. Sinter 

Temperature: 1323 K 
Pressure 50 MPa 
Hold time: 10 minutes 
Heating rate: 100K/min 

Powder consolidation 

 
 



Chapter II 
 

67 
 

 
2.5 References  
1. Suryanarayana, C., Mechanical Alloying And Milling. Taylor & Francis: 2004 
2. Suryanarayana, C., Progress in Materials Science (2001) 46 (1–2), 1 
3. C. Suryanarayana, E. I., V.V. Boldyrev, Materials Science and Engineering A 

(2001), 151 
4. Murty, B., and Ranganathan, S., International materials reviews (1998) 43 (3), 

101 
5. Munir, Z. A., et al., Journal of the American Ceramic Society (2011) 94 (1), 1 
6. Staltsov, M. S., et al., Nuclear Materials and Energy (2016) 9, 360 
7. Hu, J., Grain Growth by Ordered Coalescence of Nanocrystals in Ceramics. 

Stockholm University, Stockholm, Sweden, 2013 
8. Zhang, H., et al., Journal of Nuclear Materials (2015) 464, 61 
9. Giannuzzi, L. A., et al., Microscopy and Microanalysis (2005) 9 (S02), 1572 
10. D. V. Sridhara Rao, K. M., and C. J. Humphreys, Microscopy: Science, 

Technology, Applications and Education, Díaz, A. M.-V. a. J., (ed.) Formatex 
Research Center, Badajoz, Spain, (2010), Vol. 2, pp 1232 

11. Jacques, G., Semiconductor Science and Technology (2009) 24 (4), 043001 
12. Melngailis, J., Journal of Vacuum Science & Technology B: Microelectronics 

Processing and Phenomena (1987) 5 (2), 469 
13. Reichelt, R., Scanning Electron Microscopy. In Science of Microscopy, Hawkes, 

P. W., and Spence, J. C. H., (eds.) Springer New York, New York, NY, (2007), 
pp 133 



Chapter II 
 

68 
 

14. Goldstein, J., Scanning Electron Microscopy and X-ray Microanalysis: Third 
Edition. Springer US: 2003 

15. https://imagej.nih.gov/ij/,  
16. https://imagej.net/Particle_Analysis.  
17. Ungár, T., et al., Acta Materialia (1998) 46 (10), 3693 
18. Ungár, T., and Tichy, G., physica status solidi (a) (1999) 171 (2), 425 
19. Ungár, T., and Borbély, A., Applied Physics Letters (1996) 69 (21), 3173 
20. Ungar, T., Advances in X-ray Analysis (AXA) - the proceedings of the Denver X-

ray Conferences, JCPDS - International Centre for Diffraction Data (1996), Vol. 
40 

21. Ribárik, G., Modeling of diffraction patterns based on microstructural 
properties. Eötvös Loránd University, Budapest, Hungary, 2008 

22. Pandey, K., et al., Pramana (2013) 80 (4), 607 
23. http://www.esrf.eu/computing/scientific/FIT2D/.  
24. Höhne, G., et al., Differential Scanning Calorimetry. Springer: 2003 
25. Oxford, http://www.ebsd.com/introduction.  
26. Suwas, S., and Gurao, N. P., Journal of the Indian Institute of Science (2008) 88  
 
 
 



Chapter IV 

92 
 

Thermal evolution of nanocrystalline  
Fe – 15 Wt. % ZrO2 model alloy 

 
4.1 Introduction 

The milling characteristics of Fe – 15 Wt. % ZrO2 powders were described in 
detail in chapter III and the study resulted in optimized duration of ball milling for the 
synthesis of powders based on its microstructure and chemical homogeneity. But for 
any engineering application the powder needs to be compacted to the desirable shape 
and hence it is an important step in material development. This conventionally involves 
exposure of the powder to high temperature and pressure, wherein the non-equilibrium 
structure relaxes by release of excess strain energy at high temperatures. Consequently, 
there is a possibility that the material might lose its nc structure owing to grain growth. 
Hence, the properties of the consolidated material are dependent upon the structural and 
chemical evolution during high temperature / pressure exposure. For example, the 
formation of intermetallics, precipitates and other transformation products at high 
temperature play a key role in governing the final microstructure and thus the 
mechanical properties of the material. The stability of these intermetallics or 
precipitates is usually known to determine the temperature limit to which the material 
can be exposed [1]. Hence, thermal evolution is an important aspect in determining the 
process parameters in manufacturing as well as in-service operation. Further, as the 
material derives its strength from the finely dispersed oxides, their stability in terms of 
chemistry and size at high temperature is the key factor in determining the material’s 
high temperature strength. Grain growth of dispersoids at high temperatures is almost 
inevitable but its rate would be intriguing to investigate. Keeping in sight of all these, 
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thermal evolution of Fe – 15 Wt. % ZrO2 model alloy system has been taken up and 
reported here in this chapter. Section 4.2 gives a brief introduction to the Phase 
evolution in Fe – 15 Wt. % ZrO2 model alloy system and underlines the methodology 
adopted. Section 4.2.1 describes the results of analysis of DSC thermogram and lists the 
important transformations observed during the DSC analysis. Further section 4.2.2 
assigns the DSC thermogram peaks to the possible transformation reactions and 
summarizes the results obtained from the DSC analysis. Section 4.2.3 presents a 
detailed explanation on the structural analysis of the thermally treated powder for 
identification of phase transformations in the system. Rigorous XRD analysis is carried 
out and microscopic evidences are provided for the same.  Section 4.3 summarizes the 
results on X-ray Phase analysis through Rietveld method and discussion is made about 
the phase fractions. Section 4.4 describes the modeling of phase formation and also 
discusses the Kinetics of FeO phase formation by adopting KJMA analysis. The 
crystallite size evolution of ZrO2 with time and temperature is discussed in section 4.5. 
The section 4.5.1details about the determination of crystallite size by XRD followed by 
determination of crystallite size by TEM in Section 4.5.2. Section 4.6 discusses the 
kinetics of grain growth by Ostwald ripening model and discusses the activation energy 
for grain growth. The chapter concludes with summary of important results in section 
4.7. 
4.2 Phase Evolution of Fe - 15 Wt. % ZrO2 model alloy 

For the reasons discussed earlier, the study of evolution of phases in the Fe - 15 
Wt. % ZrO2 system as a function of temperature has been studied through careful 
analysis of the DSC thermogram supported by structural studies using synchrotron 
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XRD and TEM. DSC experiments were performed by using 10K min-1 heating rate up 
to 1473 K, held for 15 min and subsequently cooled at a rate of 10K min-1 (Run-1). In 
order to distinctly identify the nature of phase transformation, the DSC experiment was 
repeated on the same sample under identical experimental conditions (Run-2). Further, 
study of transformation kinetics was carried out by another set of DSC experiments 
using different heating rates of 3, 10, 30, 50, and 70 K min-1 followed by cooling at the 
rate of 90 K min-1. These results are discussed below. 

4.2.1Analysis of DSC thermogram 
Figure 4.1(a) depicts the DSC thermogram of Run-1 which has been carried out 

at 10K min-1 heating and cooling rate. The heat flux profile in figure 4.1(a) shows two 
sharp endothermic peaks at 854 K and 1023 K during heating. A magnified heat flux 
profile for the heating cycle is shown in figure 4.1(b). Careful analysis of this heat flux 
profile reveals two relatively broad endothermic peaks centered around 1140 and 1172 
K. All the 4 peaks at 854, 1023, 1140 and 1172 K are marked as 1, 2, 3 and 4 in figure 
4.1(a) and (b). The cooling profile in figure 4.1(a) shows three sharp exothermic peaks 
at 1154, 1136 and 1023 K, which are complementary to 4, 3 and 2 respectively of the 
heating profile. The deviations in the transition points in heating and cooling profiles 
could be due to superheating and supercooling, respectively. The heat flux profile of 
Run-2, which was carried out under identical experimental conditions as Run-1, is 
shown in figure 4.1(c). The thermogram shows three endothermic peaks at 1023, 1144 
and 1178 K, marked as 2, 3 and 4, respectively. The cooling profile of Run-2 shows 
three exothermic peaks at 1151, 1137 and 1023 K, marked as 4, 3 and 2, respectively. 
These peak positions are listed in Table 4.1. 
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 Figure 4.1: DSC run on 100h milled sample at 10 K min-1 rate (a) Run-1 (b) Part of Run-1 
magnified (c) Run-2 on the same sample 
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4.2.2 Assignment of the DSC thermogram peaks 
It is observed from Table 4.1 that the endothermic peak #1 at 854 K is present 

only in the heating profile of Run-1. Being an endothermic peak in the heating profile, 
the peak is attributed to an irreversible transformation process and  needs further 
investigation, the results of which is discussed in the subsequent sections. 

The peak #2 at 1023 K is reproducible during both the heating and cooling 
cycles of both Run-1 and Run-2. The peak is attributed to the Curie transition point of 
α-Fe [2]. Ideally, the peak should have appeared at 1043 K [3] for pure Fe, which is 
reduced by 20 K in the present case. A change in Curie temperature can be caused by 
size effects, internal stresses [4] or even by the presence of secondary particles in a 
composite [5]. Since both the runs have exhibited identical Curie temperatures, the size 
and stress effects are not manifested in the measurement. Hence, the reduction in Curie 
temperature is attributed to the presence of ZrO2 dispersoids. 

The peak #3 appears at 1140 and 1144 K in the heating profiles of Run-1 and 
Run-2, respectively and at 1136 and 1137 K in the cooling profiles of Run-1 and Run-2, 
respectively. These peaks do not correspond to any known transformations of Fe or 

Table 4.1: Summary of the peak positions in the DSC Run-1 and Run-2 

Peak 
No. DSC peak positions in (K) 

 
Run-1 

 
Run-2 

Heating Cooling Heating Cooling 
1  854     
2  1023     
3  1140 / 1136 / 1144 / 1137     
4  1172 / 1154/ 1178 / 1151     
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monoclinic ZrO2 and will be discussed subsequently in conjunction with the XRD and 
TEM results. 

The peak #4 is observed at 1172 and 1178 K in the heating profiles and 1154 
and 1151 K in the cooling profiles of Run-1 and Run-2, respectively. The peak clearly 
corresponds to α (bcc)  (fcc) of Fe. Ideally, a sharp peak is expected at 1183 K for 
this transformation. However, the peak in the heating profile of Run-1 exhibits a large 
FWHM, which is dealt with in detail discussion in the following section.  

4.2.3 Structural analysis for identification of phase transformations  
As discussed earlier, the most intriguing phase transformations correspond to the 

peaks #1 and #3, both of which are observed to be endothermic in the heating cycle. 
Synchrotron XRD and analytical TEM studies have been carried out to understand these 
transformations. Figure 4.2(a) shows the synchrotron XRD patterns in the 2θ range 
from 3o- 36o for the as milled powder, samples post Run-2 in DSC (hereafter referred as, 
DSC-2) as well as those annealed at 723 and 923 K. 

  
Figure 4.2: (a) XRD results on the as milled and annealed powder samples (b) Part of the spectrum 
magnified 

While the XRD of the as milled powder is included for comparison purposes, 
those from samples annealed at 723 and 923 K have been selected, as these 
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temperatures precede and follow the endothermic peak #1 at 854 K. Since peak #3, 
centered at 1140 K, appears both during heating and cooling profiles in all DSC 
experiments, it can be associated with a reproducible transformation of a phase, which 
needs to be identified. Hence, analysis of the XRD pattern from DSC-2 sample has been 
used to unearth the unknown phase. While most of the higher angle XRD peaks are 
sparsely spaced and relatively easy to identify, the ones in the range 6o– 21o are rather 
closely spaced. Hence, figure 4.2(b) depicts the X-ray diffractogram in this range.  

Table 4.2 summarizes the XRD peaks observed in figure 4.2(a) and 4.2(b). 
Peaks marked 1 to 7, correspond to the bcc phase of Fe (ICDD: 00-006-0696) while 
those marked ‘a’ to ‘r’ correspond to the monoclinic phase of ZrO2 (ICDD: 00-036-
0420). In addition to these peaks, which are present in the as milled as well as annealed 
powders, additional peaks marked as χ, $, * and Λ are present in the sample annealed up 
to 723K while peaks marked A, B, δ, ε, Φ, η and σ, are present in the sample annealed 
at 923K .  

It is observed that the FWHM of peaks reduce on annealing indicating strain 
reduction and / or grain growth. Careful investigation of the peaks marked χ, $, * and Λ 
reveals that they belong to the cubic Fe3O4 phase (ICDD: 00-019-0629). Fe3O4, which 
is absent in the as-milled powder, is expected to have formed at temperatures below  
723 K by means of a reaction with residual Oxygen that is picked up during prolonged 
duration of ball milling, as have been reported in the literature [36,37]. This is in spite 
of milling in 5N pure Ar atmosphere. The Fe, residual O reaction is believed to be aided 
by nanocrystallinity of Fe [14]. 
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The peaks marked δ, ε, Φ, η and σ in 923 K annealed sample are found to 
correspond to the FeO phase (ICDD: 01-089-0687). There was no evidence for the 
presence of Fe3O4 phase in the 923 K sample. From these results, it is inferred that peak 
#1 corresponds to FeO, which forms as a result of a chemical reaction involving Fe3O4. 
This is also supported by literature where Bonetti et al.[6], have reported the following 
eutectoid reaction at 843 K during ball milling of Fe/Fe3O4 nanocomposite system: 

   Fe + Fe3O4   →   FeO--------------------------------        -(4.1) 
FeO, which is also known as the w stite phase, could be a non-stoichiometric oxide, 
Fe1-xO, with “x” ranging from 0.05 to 0.17 [7]. It is a metal deficient oxide which is also 
found in the earth’s core. It has attracted significant attention due to the complex defect 
structure of its pseudo phases, different from the conventional non stoichiometric oxides 
[8]. The phase is stable as it is present even in the DSC-2 sample. In fact, dispersion 
strengthening of Fe alloys by FeO has been reported in the literature [9]. 
Table 4.2 : Summary of peaks identified from Figure 4.2 Fig. No. 

Fe 
(ICDD: 00-006-

0696) 
1:(110) 2:(200) 3:(211) 4:(220) 5:(310) 6:(222) 7:(321) 4.2(a) 

Monoclinic ZrO2 (ICDD:00-036-0420) 

a:(011) b:( 11) c:(111) d:(002) e:(200) f:(021) g:( 11) 4.2(b) 
h:( 21) i:(022) j:( 20) k:( 22) l:( 21) m:(202) n:( 13) 4.2(b) 
o:(212) p:(131) q:( 13) r:(311)    4.2(b) 

Cubic Zr0.9Fe0.1O1.95 (ICDD:04-008-4173) A:(111) B:(220)      4.2(b) 
Fe3O4 (ICDD:00-019-0629) 

χ:(220) $:(311) *:(511) ^:(440)    4.2(b) 
FeO 

(ICDD:01-089-0687) δ:(111) ε:(200) Φ:(220) η:(311) σ:(222)   4.2(b) 
 
Additional diffraction peaks observed in the 923 K annealed sample are marked 

‘A’ and ‘B’, in figure 4.2(b). These peaks are identified using the ICDD Data card 04-
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008-4173 as cubic ZrO2 with a stoichiometry of Zr0.9O1.95Fe0.1. This cubic phase can 
also be denoted as Zr(Fe)O2 as reported by Bechta et al.[10], where the stability of this 
phase is derived from the dissolution of FeO in ZrO2. However, the phase does not 
appear to be stable at high temperature, as the corresponding peaks are absent in DSC-2 
sample, instead strong reflections of monoclinic ZrO2 are observed. 

On the other hand, peak #3 (1140 K) appears in all the thermal cycles indicating 
that it corresponds to the transformation of a persistent phase present in the material. 
Based on the results presented so far, the α-Fe, monoclinic ZrO2, FeO and cubic ZrO2 
(Zr0.9O1.95Fe0.1) phases have been unambiguously identified. Interestingly, there are no 
known transformations in the α-Fe, monoclinic ZrO2 and FeO phases around this 
temperature of 1140 K. However, literature[10, 11] does hint at a possible phase 
transformation of cubic ZrO2 close to this temperature. Jiang et al. [11] while carrying 
out in situ high temperature XRD experiments observed a cubic → tetragonal 
transformation in nanostructured Fe doped monoclinic ZrO2 at 1100 K. This 
transformation temperature has been reported to be a function of the dopant 
concentration [12]. In line with these discussions, the peak #3 is attributed to the cubic 
to tetragonal transformation and vice versa of the FeO stabilized cubic ZrO2 phase, 
during the heating and cooling profiles of DSC experiments, respectively. 

The peak #4 (1173 K) is attributed to the α (bcc)  (fcc) of Fe, but it was 
observed that the heating cycle in Run-1 showed a rather weak and broad peak while 
sharp transitions were observed during cooling in Run-1 as well as Run-2, in DSC 
experiments. Similarly, XRD analysis showed a rather broad FWHM corresponding to 
-Fe peaks for samples annealed at 723 and 923 K, closely resembling the milled 
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powder sample, while the DSC-2 sample showed very sharp peaks, indicating growth of 
crystallites after the Run-1 heating cycle. Scherrer analysis of the -Fe peaks, showed 
that the average crystallite size measured 12 and 18 nm in the samples annealed at 723 
and 923 K respectively. The sizes are comparable to 10 nm measured in the as-milled 
sample, as reported earlier [13]. However, sharpness of the -Fe peaks in the DSC-2 
sample, indicate significant increase in crystal size. Hence no attempt was made to 
calculate the crystallite size through XRD, knowing its inherent shortcomings [14]. 

In order to obtain confirmatory evidence for the presence of various phases 
observed during the DSC experiment, detailed TEM studies were also carried out. 
Figure 4.3(a) shows the BF micrograph of the sample annealed at 723 K. Diffraction 
contrast in the micrograph reveals a distribution of nanocrystallites. SAED pattern 
obtained from a large area using a 10 μm aperture is shown in Fig. 4.3(b). It reflects the 
polycrystalline nature of the sample with characteristic ring pattern. The rings are 
assigned to phases using symbols listed in Table 4.2. Fe, monoclinic ZrO2 and Fe3O4 
phases have been identified. A crystallite marked by a circle in Fig. 4.3(a) has been 
analyzed by micro-diffraction technique and the diffractogram is shown in figure 4.3(c). 
Analysis of the diffractogram reveals that this crystallite corresponds to Fe3O4 phase 
along < 11> zone axis. This finding further confirms the XRD evidence for  presence 
of Fe3O4 in the sample annealed at a temperature prior to peak #1 (723 K).   
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Figure 4.3:(a) BF micrograph of sample 
annealed up to 723 K showing Fe3O4 crystallites 
marked in a circle. (b) is the SAED Pattern 
from the region shown in (a). Figure (c) shows 
themicro diffraction pattern obtained from a 
Fe3O4 crystallite 

Figure 4.4(a) shows the BF micrograph of the sample annealed at 923 K. 
Diffraction contrast in the micrograph reveals a nc microstructure. Figure 4.4(b) shows 
the SAED pattern obtained using a 10 µm aperture which shows a ring pattern 
characteristic of the polycrystalline nature of the sample. The rings are marked in 
accordance to the phases using the symbols listed in Table 4.2. Fe, monoclinic ZrO2, 
cubic ZrO2 and FeO phases have been identified. Using micro-diffraction technique the 
crystallite circled in figure 4.4(a) has been examined and shown in figure 4.4(c), which 
is analyzed as FeO phase along <111> zone axis. This provides confirmatory evidence 
for the XRD results on the presence of FeO in the sample annealed at 923 K, which 
arises due to the reduction of Fe3O4 phase, as discussed earlier. The EDS result from 
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this crystallite is shown in figure 4.4(d) and its inset shows the average elemental 
composition as, Fe – 48.75 at. % and O – 51.25 at. %. The stoichiometry also is in 
agreement with the formation of FeO phase. It may be recalled that the cubic ZrO2 
(Zr0.9Fe0.1O1.95) phase was identified from the XRD in figure 4.2(b). Reflections 
corresponding to (111) and (220) of the cubic ZrO2 have also been identified in the 
SAED pattern. A DF micrograph using the relatively more intense (111) reflection of 
cubic ZrO2 is shown in figure 4.4(e). The micrograph shows that, the cubic ZrO2 

crystallites measure ~ 10 - 15 nm in this sample. Peak #4 was reanalyzed using TEM 
and XRD.  

Figure 4.5(a) shows the TEM DF micrograph taken using the (110) reflection of 
-Fe for 923 K annealed sample. This is in support of the Scherrer analysis showing nc 
nature of -Fe at 923 K. However, for an unambiguous confirmation of 
nanocrystallinity as the cause for the broad and weak peak during Run-1, it was 
essential to investigate the size of -Fe grains just before the start of the  
transformation, i.e. 1073 K. Figure 4.5(b) shows the TEM DF micrograph of the sample 
using the (100) reflections of -Fe annealed at 1073 K. The distribution of crystallite 
size at 923 and 1073 K are shown in figure 4.5(c). It is observed that the distributions 
are comparable and the sizes vary in the range, 3– 80 nm. The values are in good 
agreement with the XRD results and confirm that Fe remains in NC until the onset of  
α  γ phase transformation. Figure 4.5(d) shows the SEM micrograph of the powder 
after annealing at 1473 K for 15 minutes, which simulates the end of heating cycle of 
the DSC experiment during Run - 1. The micrograph and its inset clearly show large 
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grains of Fe, in agreement with the sharp XRD peaks obtained for -Fe, earlier. These 
grains are indicated by arrows in this figure. The grains measure as much as ~ 5–15 µm. 

  

  

 

Figure 4.4: (a): BF micrograph of the sample 
annealed at 973 K showing nano-crystallites. FeO 
crystallite is marked in a circle. (b): SAED pattern 
from the region shown in figure (a). Figure (c) 
shows micro-diffraction patterns from FeO 
crystallite. (d): EDS results from the FeO crystallite, 
showing the microchemistry. (e): DF micrograph 
from the (111) reflections of Cubic ZrO2, showing 
tiny crystallites 
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Figure 4.5: DF-TEM micrograph from 
(110) reflections of Fe,for sample annealed 
at (a) 923K and at (b) 1073 K. Figure (c) is 
the crystallite size distribution analyzed 
from figure (a) and (b). SEM micrograph of 
sample annealed at 1473 K for 15 min is 
shown in (d) with  arrows indicating the 
large Fe grains which is also shown in the 
inset. Figure (e) is the graph of  Fe 
crystallite /grain size Vs Temperature for 
the sample annealed at 723 K, 923 K, 1073 
K and 1473 K 

 



Chapter IV 

106 
 

Figure 4.5(e) is a plot of bcc - Fe crystallite/grain size at different annealing 
temperatures. It is well known that strain energy, grain size and interfacial energy play 
important roles in phase transformations and phase stability in nc materials [15].  The 
rapid growth of the crystallites at the end of the heating profile of Run-1 is a testimony 
for the sharp  in the subsequent DSC runs.  In other words, it is confirmed beyond 
doubt that nanocrystallinity of the -Fe grains is responsible for the broad 
transformation peak in DSC. Such a DSC thermogram behavior has also been reported 
for fine grained (~ 23 nm) Co [16]. The sequence of phase evolution in the  
Fe – 15 Wt. % ZrO2 composite is summarized schematically as shown in figure 4.6. 

 
4.6: Schematic of the transformation of phases with thermal treatment in Fe – 15 Wt.% 
ZrO2 system 

4.3  X-ray Phase analysis by Rietveld method 
The structural analysis discussed so far has established the phases and their 

thermal evolution. In order to qualitatively analyze the phase fractions and the lattice 
structure, Rietveld refinement was carried out on XRD data from 923 K annealed and 
DSC_2 samples. However, it is necessary to note here that the analyses have been 
carried out without an internal calibrant. In other words, the estimated phase fractions 
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are only qualitative in nature. Accordingly, figure 4.7 (a) and 4.7(b) show the results of 
Rietveld analysis on 923 K annealed and DSC_2 samples respectively. The graph also 
shows the measured weight fractions of each phases and lattice parameters for these 
phases as an inset. Along with this, the fit parameters are also mentioned.  

 

 
Figure 4.7: Rietveld refined Synchrotron XRD data for (a) 923 K annealed and (b) DSC_2 samples, 
showing the calculated (line), observed (dot) and difference between the two  

From the analyses, the stoichiometry of FeO phase present in either sample 
could be ascertained to be Fe0.87O, which indicates the metal deficient nature of this 
oxide. A similar non-stoichiometric iron oxide is reported in case of a ball milled Fe, 
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Fe-Y2O3 and Fe-Y2O3-Ti system also [17]. The measured lattice parameter of Fe0.87O is 
4.2946(2) Ǻ, which is slightly lower than 4.326(2) Ǻ for stoichiometric FeO (ICDD: 01-
089-0687). It is interesting to note that, the ratio of monoclinic ZrO2 to cubic ZrO2 is ~ 
1:2.5 in the 923 K annealed sample whereas; it is fully monoclinic in DSC_2 sample. It 
signifies that a considerable fraction of m-ZrO2 is transformed to its cubic phase, which 
usually is supposed to transform via tetragonal phase and that too at much higher 
temperatures. It has been argued earlier that such a metastable transformation is made 
possible by the presence of FeO (Fe0.87O here) [10]. The lattice parameter for the phase 
is estimated as 5.0807(4) Ǻ, which is in close agreement with the reported value of 
5.067(2) Ǻ for the cubic Zr0.9Fe0.1O1.95 (ICDD:04-008-4173). However, as mentioned 
earlier, the phase is unstable at high temperature and hence is not observed in the 
DSC_2 sample. 

4.4 Modeling phase formation Kinetics of FeO 
During the structural analysis of the Fe - 15 Wt. % ZrO2 system, it is clear that 

the formation of a stable Fe0.87O phase by the reduction of Fe3O4, is a very crucial step 
apart from the ZrO2 dispersoid. Hence a detailed kinetics analysis of this phase has been 
carried out.  

The kinetics of chemical reaction can be analyzed by non-isothermal Kissinger 
model in order to evaluate the activation energy associated with that reaction. In the 
present study, the formation kinetics of Fe0.87O has been analyzed by employing 
Kissinger model for determining kinetic parameters such as the activation energy E and 
Arrhenius pre-exponential factor A. The non-isothermal Kissinger model can be 
represented as, 
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                                              ln [β/Tp2] = ln(AR/Ea) - Ea/(RTp)-----       ----------------(4.2) 
Where β is the heating rate, A is the pre exponential factor and Tp is the peak 
temperature. The DSC experiments have been carried out at different heating rates of 3, 
10, 30, 50, 70 and 90 K min-1. The heat flow versus temperature profile has been plotted 
for different heating rates in Fig. 4.8(a). A shift in the peak temperature is observed with 
increasing heating rate between 3 and 50 K, beyond which no shifting of formation 
peak is observed. 

Further, ln [β/Tp2] has been plotted with 1/Tp in Fig. 4.8(b) which has been 
numerically fitted with a straight line. The activation energy calculated from the slope 
yielded a value of 195.8 kJ mol-1. This corresponds to the activation energy of 
formation of Fe0.87O from Fe3O4.  

Further, non-isothermal KJMA model [18] was adopted to study the fraction 
transformed as a function of heating rate. Fraction transformed has been evaluated from 
the ratio of partial peak area to that of total area from Ts(starting temperature) to Tf 
which can be represented as  
                                         f= (Ts

T∫ Φ(T)dT) / (Ts
Tf∫ Φ(T)dT)   --------------            -----(4.3) 

Where Φ(T) is the base line calibrated DSC output. Figure 4.9 show the fractional 
formation of Fe0.87O from Fe3O4 which depicts a sigmoidal behavior. The curve shows a 
shift towards higher temperatures with increase in heating rate from 3 to 50 K and 
shows no change beyond. It can be seen from figure 4.9 that the steepness of the 
fraction transformation curve appears similar for lower heating rate however the 
steepness has decreased with increasing heating rate beyond 50K. 
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Figure 4.8:(a) Variation of peak temperature with different heating rate (b) Kissinger’s plot fitted 
with a straight line  

 
Figure 4.9: Fractional phase formation as a function of temperature at different heating rates  
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4.5 ZrO2 crystallite size evolution with time and temperature 

Having established the evolution of ZrO2 with temperature, it would be 
intriguing to investigate its size evolution. Accordingly, the high - temperature stability 
of dispersoids are investigated and reported here. The following sections deal with 
determination of the ZrO2 crystallite size as a function of time at TA of 973 K, 1073 K 
and 1173 K.  

4.5.1 Determination of crystallite size by XRD 
The XRD analyses of all the powder samples annealed at 973 K, 1073 K and 

1173 K has been carried out to understand the microstructural evolution with isothermal 
annealing. The XRD spectrums recorded for all the samples are shown in Fig. 4.10, for 
(a) 973 K, (b) 1073 K and (c) 1173 K temperatures. The XRD spectrum for as milled 
powder is also included in Fig. 4.10(a) for reference. The patterns are indexed for their 
respective phases and marked. In all the spectra, bcc – Fe (marked 1, 2, 3) and 
monoclinic ZrO2 (m-ZrO2) (marked α, β) phases are identified. Additionally, the FeO 
phase has also been detected in the annealed samples and marked as Ø and Δ in the 
diffraction spectra. The list of phases and their corresponding (hkl) values are listed in 
Table 4.3. 
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Figure 4.10: XRD spectrum of the samples annealed for different durations at (a) 973 K (b) 1073 K 
and(c) 1173 K 
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Table 4.3: Summary of peaks identified from Figure 4.10 
Fe(ICDD: 00-006-0696) 1:(110) 2:(200) 3:(211) 
m- ZrO2(ICDD:00-036-0420) α:(011) β:( 11)  
FeO(ICDD:01-089-0687) Ø:(111) Δ:(200)  

 
Further, to calculate the crystallite sizes, broadening of diffraction peaks were 

considered and analyzed through W-H method. A Gaussian peak profile has been 
assumed for the diffraction peak profile analysis [19]. The W-H method relies on the 
principle that the total broadening of the diffraction peak β is due to sum of size 
contribution βsize and strain contribution βstrain, and these contributions vary with respect 
to Bragg angle, θ as follows, 

β = βsize + βstrain =   --------------------             (4.4) 
Where D is the crystallite size, λ is the wavelength of the X-ray; θ is the diffraction 
angle and η corresponds to strain. The term β is the FWHM (Full Width at Half 
Maximum) of the diffraction peak for each of the sample after subtracting the 
instrumental broadening [20]. Now rearranging the parameters will result in the 
following equation, 

--------------------------             (4.5) 
 From the above equation, it can be seen that, the plot of    Vs    is a 
straight line whose intercept and slope can be used to calculate the size and strain, 
respectively. However, we have concentrated here on the size factor alone. 

Accordingly, figure 4.11 (a), (b) and (c) shows the graph of K (=  ) vs ΔK (= ) 
for 973 K, 1073 K and 1173 K, respectively and their linear fits. The W-H plot for as 
milled sample (un-annealed sample) is also included in 4.11 (a) for reference.  
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Figure 4.11: W-H plots for (a) 973 K (b) 1073 K 
and (c) 1173 K annealed samples. The linear 
fits of the plots are also given  

The calculated crystallite sizes from the above analyses are listed in Table 4.4. It 
can be inferred from the table that, the measured sizes for the hold durations at 973 and 
1073 K are in the nanocrystalline regime, with a maximum size of 39 nm and 71 nm 
respectively after 600 min holding. Whereas at 1173 K, the sizes measured 130 nm and 
200 nm after 120 and 600 min hold respectively. It needs to be mentioned here that 
XRD technique measures the dimensions of coherent crystalline domains [19], whereas, 
larger crystals tend to have sub-grain boundaries and defect boundaries, often leading to 
an underestimation of sizes by XRD. Moreover, with larger crystallites, the broadening 
contribution due to size becomes negligible leading to error in estimation of sizes. Due 
to this inherent limitation on upper limit of grain size that can be determined through X-
ray peak broadening analysis, TEM analysis has been carried out and discussed in the 
following section.  
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Table 4.4: Dependence of crystallite size on annealing temperature (TA) and time as determined by 
XRD analysis 

Time, t (min) Crystallite Size, r (nm) 
TA= 973 K TA= 1073 K TA= 1173 K 

0 11.4 11.4 11.4 
3 19 37 63 
10 26 44 94 
30 26 51 105 
60 26 50 107 
120 35 51 130 
600 39 71 200 

 
4.5.2 Determination of crystallite size by TEM 

Microstructural analysis through TEM has been carried out on the samples 
annealed for holding durations of 120 min and 600 min at all TA, i.e., at 973 K, 1073 K 
and 1173 K, wherein larger crystallite dimensions are expected, in line with XRD 
analyses. Figure 4.12 shows the results of microstructural analysis of the samples 
annealed for 120 min. The BF and corresponding ZrO2 DF micrographs are shown for 
973 K (Figure 4.12 (a) and (b)), 1073 K (Figure 4.12 (c) and (d)) and 1173 K (Figure 
4.12(e) and (f)) samples, respectively. The SAED patterns for each of these samples are 
shown as an inset in each BF. As can be observed, the diffraction contrast in the BF 
micrograph reveals a nanocrystalline structure for 973 K sample which is also reflected 
by the SAED with a ring pattern characteristic of polycrystallinity. The SAED aperture 
being only 5 m in diameter confirms that the crystals contributing to the ring pattern 
are nanocrystalline. The rings are identified as those from bcc-Fe, while, few spots  
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Figure 4.12: TEM BF (a, c, e) and ZrO2 DF (b, d, f) micrographs for the sample annealed at 973, 
1073, 1173 K for a holding time of 120 min, respectively 
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  Figure 4.13: TEM BF (a, c, e) and ZrO2 DF (b, d, f) micrographs for the sample annealed at 973, 
1073, 1173 K for a holding time of 600 min, respectively 
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corresponding to m-ZrO2 indexed as (111) are also observed. The spots for the later 
phase indicate less number of crystallites encountered in the SAED. In order to get a 
clearer picture, DF micrographs from (111) m-ZrO2 are shown in figure 4.12 (b). Fine 
ZrO2 crystallites measuring 5 - 40 nm are evident. Further, with the increase in 
temperature, the BF micrograph reveals a tendency for crystallite growth, which is also 
been observed through sharpened spots for ZrO2 reflection in the SAED. The DF 
micrographs also reveal a slight increase in the crystallite size for 1073 K sample with a 
ZrO2 size of ~ 10 – 90 nm. A large crystallite of ZrO2 from 1173 K annealed sample can 
be seen from figure 4.12 (f).     

Further, figure 4.13 shows the TEM BF and DF micrographs for the samples 
annealed for 600 min at 973 K (Figure 4.13(a) and (b)), 1073 K (Figure 4.13(c) and (d)) 
and 1173 K (Figure 4.13(e) and (f)). The SAED’s are superimposed as insets in the 
respective BF micrographs. It is observed that the ZrO2 retains its nanocrystallinity even 
up to 600 min of annealing time at 973 K and 1073 K. The crystallites measuring 20 – 
100 nm are measured at 973 K and 50 – 300 nm at 1073 K. However, significant grain 
growth (50 – 300 nm) is observed after 600 min, when the annealing temperature is 
raised to 1173 K. The sizes measured from the TEM DF analysis compare well with the 
XRD measured values at all temperatures and hold times. 

From the above results, the time evolution of crystallite size of ZrO2 is plotted as 
a function of temperature and shown in figure 4.14. The graph representatively 
demonstrates that, crystallite size increases with an increase in the time as well as 
temperature of annealing. The crystallite size increases from an initial value of ~ 11.4 
nm to ~ 39 nm, 71 nm and 200 nm after 600 min holding time at 973 K, 1073 K and 
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1173 K, respectively. It can be inferred from the figure that the ZrO2 dispersoids are 
quite stable against coarsening up to 1073 K. However, growth of dispersoids is quite 
evident at 1173 K for holding durations of 120 min and beyond.   

 
Figure 4.14: Time evolution of ZrO2crystallite sizes with Temperature  

 
4.6 Kinetics of grain growth - Ostwald ripening model  

As the m-ZrO2 crystallites grow with time at various temperatures, sometimes 
sluggishly and sometimes fast, it is important to quantitatively estimate the kinetics of 
growth. The coarsening of oxide particles at high temperatures takes place via Ostwald 
ripening, where, the driving force for coarsening comes from the decrease in total 
surface free energy and the process occurs by the growth of large particles at the 
expense of smaller ones which dissolve [21]. It is predicted that, at any stage during 
coarsening there is a critical particle radius r* in equilibrium with the mean matrix 
composition; particles with r > r* will grow and particles with r < r* will shrink. The 
decrease in the total grain boundary energy is the main driving force for the grain 
growth, and the rate of grain growth is proportional to the curvature of the grain surface 
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[22]. The kinetic relationship for such coarsening may be sought through the Ostwald 
ripening mechanism. The governing equation is a generalized parabolic growth law [23] 
and can be written as [24, 25],  

rn – ron = kt------------------------------------------      (4.6) 
The parameters, r and ro are the crystallite sizes at time t and before annealing, 
respectively. kis a kinetic parameter and n is the grain growth exponent, which are 
discussed below.  
The kinetic parameter, kfollows an Arrhenius behavior and is a temperature and 
diffusion process dependent constant parameter described by Eq. (4.7) below: 

       K = koexp (-Q/RT)-----------------------------------     ---(4.7) 
Where, ko is a kinetic constant, Q is the activation energy, R is the universal gas 
constant, T is the temperature in K, t is the annealing time.  

The value of n depends on the microstructure of the material and also on the 
mechanism of grain growth [26]. The value of n=3, corresponds to lattice diffusion, n=4 
for grain boundary diffusion while n=5 for dislocation pipe diffusion [24].  ‘n’ value 
could be even higher for nc materials; viz., a ‘n’ value as high as 16 has been reported 
for nc Fe [22]. Some high purity, fully dense polycrystallinemetals show grain growth 
exponents ranging even from ‘n’ = 20 to ‘n’ = 2, with a systematic decrease in 
exponentas the testing temperature is increased [27]. 

Owing to the large surface area fraction in the nc materials, it can be presumed 
that, the diffusion mechanism in these systems differ much from their bulk counterpart. 
Considering that the material is processed through ball milling, which involves sever 
plastic deformation induced grain fragmentation, it can be assumed that pipe diffusion 
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mechanism is dominant [24, 25], in which case, n=5. Pipe diffusion is dislocation 
driven, wherein, both interstitial and substitutional diffusion can occur via dislocations, 
owing to the large space available at these defect sites. This is consistent with the 
current analysis; as, a fairly high dislocation density (~ 2.3 x 1016 / m2) has been 
reported for the initial (un-annealed) powder earlier [Chapter III]. Further, the activation 
energy barrier is also known to be lower for this kind of diffusion mechanism.  
Based on above discussion, substituting n=5 in Eq. (4.6), 

r5 – ro5 = kt         (4.8) 
Linear plot of t versus r5 – ro5,for 973 K, 1073 K and 1173 K are shown in figure4.15 
(a), slope of which have been used for estimation of k. These values of k have been used 
to plot ln kvs1/T using the relationship given in Eq. (4) and shown in figure 4.15(b). 
Linear fits of this graph have been utilized for calculation of Q (379 kJ mol-1) and 
ko(3.85*10-22m/s) from the slope and intercept, respectively. 
Substituting k from Eq. (4.7) in Eq. (4.8) and rearranging the terms yields, 

         r = [ro5 + koexp (-Q/RT)*t]1/5------------------                   (4.9) 

Eqn. (4.9) is a kinetic equation, which, with the inputs of ro, ko and Q, can be 
utilized to understand the size evolution at a particular temperature. ro can be obtained 
from Table 4.4, at t = 0 and ko and Q are also known. Accordingly, r versus t is plotted 
in figure 4.15(c). The experimentally measured crystallite sizes (Table 4.4) are also 
overlaid on this plot. A good correlation between predicted and experimentally 
measured grain size is observed.  
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Figure 4.15: (a) Graph of r5 – ro5vs t (b) ln k vs 1/T and (c) Crystallite size evolution with time fitted 
with Eqn. (4.9) The calculated activation energy of 379 kJ mol-1 in this study, is lower than the 
reported value for the bulk ZrO2, which is ~580 kJ mol-1 [28] and it is attributed to the 
nc nature of the material. It is reported in the literature that, relatively low activation 
energy is typical of nc materials [26, 29, 30] owing to large surface area and higher 
diffusion coefficients of the migrating species. Additionally, the large fraction of nc Fe 
also tends to grow at these higher temperatures and possibly plays a role in the lower 
activation energy for ZrO2 growth in this study. The relatively faster diffusing Fe 
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crystallites and their migrating grain boundaries can also drag the ZrO2 crystallites 
along with them, resulting in faster grain growth of nc ZrO2. In comparison , the 
activation energies of nc Y2O3 and bulk polycrystalline Y2O3 are ~ 150 kJ  
mol-1 and 290 kJ mol-1, respectively [31]. Comparing the activation energies of nc m-
ZrO2 and ncY2O3, it is clear that ZrO2 is more resistant to coarsening than Y2O3. Thus 
the ZrO2 is expected to be an excellent choice as an alternate dispersoid material for 
ODS steel.  

4.7 Conclusions 
A detailed analysis on thermal evolution of Fe -15 Wt.% ZrO2 powders by DSC 

experiments revealed a number of endothermic and exothermic peaks corresponding to 
evolution of phases. Assignments of phases were arrived after detailed structural 
analysis using SEM, TEM and Synchrotron XRD of simulated samples. Important 
conclusions are drawn from the chapter are listed below.  

 A FeO phase was found to form at about 854 K, which was analyzed to be a 
metal deficient oxide, namely Fe0.87O, bearing a lattice parameter of  
4.2946(2) Ǻ. Kinetics of formation of the Fe0.87O phase was also estimated by 
KJMA analysis and the activation energy of ~195 kJ mol-1 was calculated.  

 A metastable cubic ZrO2 (Zr0.9Fe0.1O1.95) was observed to be stabilized by the 
Fe0.87O at around 923 K. The phase however, was found to be unstable at 
elevated temperatures. 

 A broad Fe α → γ endothermic transformation peak was observed during first 
DSC run. The phenomenon was attributed to nanocrystallinity of the Fe grains, 
by means of microscopy evidences.  
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 Concerning the stability, the ZrO2 dispersoids found to retain their fine sizes at 
973 K and 1073 K up to 600 min of hold time, with sizes measuring 39 nm and 
71 nm, respectively. At 1173 K, crystallites found to grow even beyond 600 min 
hold time with measured sized of ~ 200 nm after 60 min.  

 Ostwald ripening model is adopted for understanding the coarsening of ZrO2. 
Dislocation driven pipe diffusion is assumed and growth kinetics are evaluated. 
An activation energy of ~ 379 kJ mol-1 is observed for the growth of ZrO2 
crystallites, superior to nc Y2O3. 

 Excellent grain growth resistance and stability by ZrO2 even in a concentrated 
alloy is thought to be beneficial for the dispersoid coarsening resistance, thus 
validating the superiority of ZrO2 as a candidate dispersoid for ODS application.  
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Synthesis and characterization of ZrO2 dispersed 9Cr steel powder 
 
5.1 Introduction 
 The chapters III and IV have established ZrO2 as an alternate dispersoid with 
rigorous analysis on its evolution during milling and annealing through studies on a Fe-
15 Wt. % ZrO2 model alloy. The comprehensive knowledge accumulated through the 
studies on this model system has been now utilized for the synthesis of a ZrO2 dispersed 
9Cr ODS steel, which will become the contents of this chapter and the next. The 9Cr 
variant steels have gained prominence due to their anisotropic structure and low DBTT 
compared to high Cr steels [1-4]. This chapter deals with the synthesis of a ODS steel 
powder of composition, Fe-9Cr-2W-0.01C-0.35 ZrO2 (all in Wt. %) and its detailed 
characterization. The synthesis of the ODS steel powder has been carried out at 
optimized ball milling duration of 100 h under optimum milling parameters, as 
described in chapter III. The microstructure of the 9Cr ZrO2ODS steel powder in as 
milled and high temperature annealed condition has been studied in detail. The chapter 
is organized as follows. Section 5.2 gives a brief introduction on the synthesis of 
powder followed with section 5.2.1 detailing about the structure and chemistry of 
starting 9Cr steel powder and ZrO2dispersoid. The section 5.2.2 discusses the structure 
and chemistry of the milled 9Cr ZrO2ODS steel powders. Structural evolution of the 
milled 9Cr ZrO2 ODS powder during annealing is discussed in section 5.3 followed 
with a discussion on microstructural characterization by SEM in 5.3.1. Phase analysis 
by diffraction techniques is presented in 5.3.2 and phase evolution using Synchrotron 
XRD in 5.3.2.1. Confirmation of Phases through TEM – SAED technique is discussed 
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in 5.3.2.2. Microstructural investigation by TEM is elaborated in section 5.3.3 followed 
with summary of the chapter in 5.4.  

5.2 Synthesis of 9Cr ZrO2 dispersed steel powder 
The first step to production of ODS alloys is mechanical milling of pre alloyed 

steel powder reinforced with (ZrO2) dispersoid. It is important to keep in mind that the 
knowledge of initial microstructure plays an important role in the ODS steel production. 
In line with this, section 5.2.1 discusses the initial microstructure of 9Cr steel powder 
and ZrO2 dispersoid. The chemical composition of the pre alloyed steel powders may be 
recalled here from Table 2.1. 
5.2.1 Structure and chemistry of starting 9Cr steel powder and ZrO2 dispersoid 

Figure 5.1(a) shows the SE micrograph of the starting 9Cr steel powder. The 
powder particles were observed to be in the size range of ~ 5 – 90 μm and spherical in 
shape, typical of the gas atomization process. Powder morphology is important during 
milling as the geometrical properties of the powder are interlinked with their 
mechanical properties [5]. The chemical composition of the powder was ascertained 
through EDS in SEM and shown in figure 5.1(b). Semi quantitative analysis showed the 
presence of Fe, Cr and W to be ~ 90.1%, 7.9% and 2% (all in Wt. %), respectively, 
which is in agreement with the initial composition (Table 2.1). Figure 5.1(c) shows the 
TEM BF micrograph of initial ZrO2 powder particles. Varying particle sizes were 
observed with a considerable overlapping of the neighbouring particles. The ring SAED 
pattern shown as an inset in figure 5.1(c) indicates the polycrystalline nature of the 
sample. Further, to get an estimation of the crystallite size, ( 10) reflections of the m-
ZrO2 phase was utilized to image the DF micrograph and shown in figure 5.1(d). It is 
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observed that the ZrO2 crystallites were measuring 5 – 90 nm in size. A finer initial 
crystallite size is important, as, it is difficult to reduce the crystallite size of hard 
ceramic particles if it is too large in the beginning. Further, the mechanical milling is 
expected to bring down the dispersoid sizes to < 5 nm with a homogeneous distribution 
which ensures a smaller inter-dispersoid spacing. This is a more effective means of 
increasing dispersion strengthening than increasing volume fraction of dispersoid[6].  

  

  
Figure 5.1: (a) SE micrograph of gas atomized Plain 9Cr powder particles, inset showing an 
individual spherical powder particle. (b) EDS spectrum from the steel powder, depicting the 
chemistry. TEM (c) BF and (d) DF micrograph showing ZrO2 powder crystallites  
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5.2.2 Structure and chemistry of the milled 9Cr ODS steel powder 
The SE micrograph of the milled 9Cr ODS steel powder is given in figure 

5.2(a), which shows an irregular morphology. This is understood in terms of the 
prolonged milling, during which the powder particles agitate between themselves, with 
the walls of the container and between the balls [7, 8]. This results in the plastic 
deformation of the powder particles, thus changing their morphology [9, 10]. The sizes 
of the powder particles measure ~ 1- 20μm.  

  

 
Figure 5.2: SE micrograph of the milled 9Cr ODS steel powder (a) Low magnification  (b) an individual 
particle at higher magnification  (c) EDS spectrum from the milled powder depicting the chemistry 
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Further, the microstructure of the powder particle at a higher magnification is 
shown in figure 5.2(b) and it represents a convoluted lamellar structure typical of the 
ball milling [10]. As discussed in Introduction, the mechanical milling of ODS alloys 
fall in the Ductile (matrix) – Brittle (dispersoid) component category and the convoluted 
lamellar structure ensures the uniform dispersion of oxide particles in the composite 
steel powder [10]. The EDS result obtained from a typical powder particle (circle 
marked 1 in figure 5.2(b)) is shown in figure 5.2(c) and it shows a similar chemistry as 
that of the initial powder. The presence of Zr was also identified and used in the 
quantitative analysis, whereas O was not included in the quantification, owing to the 
inherent limitations of EDS in quantifying the low-Z elements.  

TEM investigations of the milled 9Cr ODS steel powders have been carried out 
in order to examine its crystallinity. Figure 5.3(a) shows the BF micrograph obtained 
from a powder particle. The diffraction contrast in the micrograph reveals the numerous 
nc grains within the powder particle. This shows the complete nano-crystallization of 
the ODS steel after 100 h of milling. Further analysis of the nc grains were carried out 
by SAED pattern analysis on this powder particle shown in figure 5.3(b). The ring 
patterns seen in this figure are characteristic of the polycrystalline nature of the sample. 
Accordingly, each ring is indexed and assigned a number, as shown in the figure. It was 
noted that all the rings marked from 1 to 6, correspond to the bcc Fe phase [ICDD: 00-
006-0696]. Further, a faint ring marked $ and a spot (highlighted with a circle) in the 
micrograph have been found to correspond to ( 11) and (111) reflections of m-ZrO2, 
respectively. These reflections establish the retention of crystallinity of the ZrO2 

dispersoids, as conjectured. Further, in order to ascertain as to which of the nanocrystals 
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belong to Fe and ZrO2, DF TEM analyses have been carried out. Figure 5.3(c) shows 
DF micrograph corresponding to the (110) reflection of Fe. The image establishes that 
the Fe grains after 100 h of milling measures 5 – 100 nm in size; distribution is shown 
as an inset of figure 5.3(c). The nanocrystalline grain structure for Fe is attributed to 
severe plastic deformation during the milling process. Further, figure 5.3(d) shows the 
DF micrograph corresponding to the ( 11) reflection of m-ZrO2. The ZrO2 nano-
crystallites were found to be distributed uniformly. The size distribution of the 
crystallites is given as the inset in figure 5.3(d) and that shows that the majority of ZrO2 
crystallites are measuring < 5 nm in size. Finer dispersions are believed to be entrapped 
between the ductile lamellas of the matrix and uniformly distributed as discussed 
earlier. The DF results are also is in line with this conjecture. Further, it is important to 
note here that, both the matrix and dispersoid are nc in nature and together forms a 
nanocomposite structure.   
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Figure 5.3: (a) BF micrograph of the milled ODS steel powder (b) SAED pattern showing the ring 
pattern (c) DF micrograph corresponds to the matrix (Fe) phase (d) ZrO2 DF micrograph showing 
nanocrystalline dispersoids, inset showing the size distribution of the dispersoids. 
5.3 Structural evolution of the milled 9Cr ODS powder during annealing  

Annealing characteristics of the milled ODS powder is examined with an 
objective to understand the microstructural and microchemical evolution at high 
temperatures, knowledge of which, is important for the optimal choice of temperatures 
for consolidation and subsequent thermo-mechanical treatments. The samples are 
annealed at 723 K and 1223 K for 1h. Detailed analyses are discussed in the subsequent 
sections. 
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5.3.1 Microstructural characterization by SEM  
Figure 5.4 (a) and (b) shows the SE micrographs of the powder annealed at 723 

K and 1223 K, respectively. It is observed from the figures, that, for samples annealed 
at both these temperatures changes in the powder particle sizes in comparison to the 
initial powders (figure 5.2(a)), is insignificant. But the difference becomes apparent 
when we investigate the material at a higher magnification, as shown in figure 5.4(c) 
and 5.4(d), for 723 K and 1223 K annealed samples, respectively. A distinct 
microstructural difference is observed between the two, the latter showing fine grain 
features. The observation indicates temperature induced grain growth, which is further 
investigated by diffraction analysis using Synchrotron XRD and TEM.  

  

  
Figure 5.4: SE micrographs of the milled and annealed ODS steel powder;(a) and (c) shows low and 
high magnification micrographs of powder annealed at 723 K whereas (b) and (d)  shows low and 
high magnification micrographs of powder annealed at 1223 K. 
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5.3.2 Phase analysis by Diffraction techniques 
5.3.2.1 Understanding the phase evolution using Synchrotron XRD 

The high temperature evolution of the material may result in precipitation of 
new phases, grain growth, phase transformations of the existing phases etc. In order to 
understand this, a high brilliance Synchrotron XRD has been used and the results are 
discussed as follows.  

 

 
Figure 5.5: (a) X-Ray Diffraction pattern of as milled and annealed steel powder (b) Variation of 
crystallite size with annealing temperature as calculated by W-H analysis 
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Figure 5.5(a) shows the synchrotron XRD patterns of as milled and annealed 
samples at temperatures 723 K and 1223 K. It can be noticed that all the peaks show a 
gradual decrease in FWHM with increase in annealing temperatures. The peaks marked 
1 to 7, represents the bcc Fe phase. The minor m-ZrO2 phase is well identified in the 
sample annealed at 1223 K and marked as ‘♣’. Additionally, a reflection marked ‘●’ is 
observed in the sample annealed at 1223 K, which is not present in the other two 
diffractogram. This peak is identified as a non-stoichiometric FeO (Fe0.92O) phase as 
discussed in Chapter IV. It may be recalled that, the prolonged milling has lead to the 
accumulation of excess O in the matrix and further, during annealing this O reacts with 
the elemental Fe to form Fe3O4, which eventually lead to the formation of FeO at 854 K 
[11]. The current results are also is in line with this observation.  Additionally, the sizes 
of the Fe crystallites are calculated using diffraction peak analysis by W-H method and 
graph showing the variation of size with annealing temperature is shown in figure5.5(b). 
With Increasing annealing temperature Fe crystallites showed an increasing size but 
remained nc throughout. A maximum of ~ 10 nm is observed after annealing at 1223 K.  

5.3.2.2 Confirmation of Phases through TEM – SAED technique 
In order to confirm the phases present in the 9Cr ODS steel powder, TEM – 

SAED analysis was carried out.  The SAED patterns from the alloy powder annealed 
for 723 K and 1223 K using a 10 μm aperture are shown in figure 5.6(a) and 5.6(b), 
respectively. Similar to the as-milled powder, ring patterns characteristic of 
polycrystalline bcc Fe is observed in both the samples. In order to identify the minor 
phases, the radial profiles of the SAED patterns are shown in figure 5.6(c). The figure 
also incorporates the radial profile from the SAED pattern of as milled powder (Figure 
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5.3(b)) as reference. Only Fe (1 to 7) and m-ZrO2 (♣, ♠) are identified in the radial 
profiles of as milled and 723 K annealed samples. It is interesting to note that the  
1223 K annealed sample reveals additional peaks marked as $ and *, which correspond 
to the (111) and (511) reflections of the FeO phase, respectively. This is in line with the 
synchrotron results described earlier.  

  

 
Figure 5.6: SAED patterns of powder annealed at (a) 723 K (b) 1223 K. The radial profile of (a) and 
(b), along with the as milled powder SAED is shown in (c) 
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5.3.3 Microstructural investigation by TEM 
For a precise measurement of size of the minor phases, such as the ZrO2 

dispersoids and FeO precipitates, in the 1223 K annealed sample, TEM investigations, 
all from the same area of the sample, are presented in figure 5.7. Figure 5.7(a) shows 
the BF micrograph of the sample. The observed diffraction contrast in the micrograph 
shows the nc structure of the material. Figure 5.7(b) shows DF micrograph 
corresponding to (110) of Fe (matrix phase). It is interesting to observe that, even after 
annealing at 1223 K for 1 h, the matrix Fe phase still retained their 
nanocrystallinitymeasuring, ~ 10 – 150 nm, possibly owing to Zener Pinning effect [12] 
from the other nc phases present in the system. Retention of nc structure in this ODS 
steel powder is indicative of its good thermal stability at elevated temperatures. 
Additionally the (111) reflections of FeO precipitates and ( 10) reflections of ZrO2 

dispersoids were utilized for obtaining the DF micrographs corresponding to the FeO 
and ZrO2 phases and shown in figure 5.7(c) and 5.7(d) (marked with arrows), 
respectively. The micrographs show a uniform distribution of nanocrystalline FeO and 
ZrO2 dispersoids in the material.  

Further, the statistical analysis of crystallite size distribution of all the phases in 
material viz., Fe (matrix), FeO precipitates and ZrO2 dispersoids are carried out and 
shown in figure 5.7(e) by means of cumulative frequency plots. A cutoff is chosen at 
95% of cumulative frequency and the sizes of phases at this cut off are measured. As is 
observed, the crystallite sizes at this cut off are ~16 nm, 11 nm and 36 nm for FeO 
precipitates, ZrO2 dispersoids and for Fe (matrix), respectively.  This clearly hints at its 
exceptional thermal stability of the constituent phases and important from the view 
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Figure 5.7: TEM results of ODS steel powder milled and annealed at 1223 K  (a) BF (b) Fe DF (c) 
FeO DF (d) ZrO2DF (e) crystallite size distribution of ZrO2 and FeO  
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point of its high temperature mechanical properties. The measured size of Fe crystallites 
(matrix) are also in good agreement with the XRD measured sizes discussed previously. 
For further analysis of dispersoids and precipitates in the matrix, phase contrast 
microscopy has been carried out. Atomically resolved micrographs for the Fe matrix, 
m-ZrO2 dispersoid and FeO precipitate are shown in figure 5.8 (a), (b) and (c), 
respectively.  

  

 

Figure 5.8: Phase contrast micrographs 
corresponding to (a) Fe (b) m-ZrO2 and (c) FeO 
precipitates. The power spectrum 
corresponding to the (a) (b) and (c) are shown as 
an inset. 
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The lattice spacing as well as the inter-planar angles are measured by generating the 
power spectra from each of the phase contrast micrographs and shown as an inset. For 
all the micrographs, the lattice planes have been indexed and have been marked in the 
power spectrum. In a few regions of the micrographs, lattice distortion can be observed 
which can be attributed to the presence of localized strains [13]. Analysis of the phase 
contrast TEM images confirms the presence of m-ZrO2 and FeO which is in support of 
the diffraction based characterizations, discussed earlier. 

This is noteworthy from the above observations that, the material has nc matrix 
phase, dispersoids and precipitates in it. FeO precipitates in ODS alloys in also been 
reported earlier [14] but it fails to mention any consequences of their presence in the 
material. But dispersion strengthening by FeO in case of Fe alloys has been reported in 
the literature [15].  In this case, considering their fineness, stability and homogeneity, 
the FeO precipitates are expected to act as a precipitation strengthener to the material. 
This is because; the fine precipitates, similar to the dispersoids will act as a barrier to 
the dislocation motion, impedes the grain growth, as well as sinks for trapping of 
radiation-generated point defects. The FeO may also be called as autogenous 
dispersoids in this system. The retention of fine structure of ZrO2 is in line with the 
reports of Xu et al [16], where the authors reported fine ZrO2 particles with an average 
size ~3.5 nm even after annealing at 1173 K for 1 h in a Fe-14Cr-1.5Zr alloy. The 
authors also stated that, the size and dispersion of the ZrO2 particles are comparable to 
those of Y–Ti–O oxides in conventional ODS alloy. These nano ZrO2 particles are also 
known to have good He trapping ability and when subjected to 200 keV He 
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irradiation[17]. As a whole, the nanostructured matrix, ultra-fine ZrO2 dispersoids and 
fine FeO precipitates are believed to be efficient strengtheners to the material.  
5.4  Conclusions 
A 9Cr ODS steel powder with novel ZrO2 dispersions was synthesized and subsequently 
exposed to high temperatures. SEM, TEM, EDS and XRD tools were used for 
characterizing the material. Following important conclusions were drawn from the 
analysis. 

 ODS powder synthesized at optimum ball mill conditions showed powder 
particles reduced to 1 - 10 μm in size. TEM DF analysis showed that the 
crystallites were reduced to nanometric sizes, the majority are under 5 nm size. 

 The matrix (Fe) phase still observed to be nanocrystalline, with ~ 95% of 
crystallites measuring < 36 nm after annealing at 1223 K for 1 hr. The results are 
also confirmed with XRD analysis by W-H method.  

 The ZrO2 dispersoids shown exceptional thermal stability even after annealing at 
1223 K. The dispersoids retained their fine nanocrystalline structure; with ~ 
95% of crystallites measuring sizes < 11 nm. Additionally, the matrix phase is 
also shown to be nanocrystalline.  

 Annealing also revealed the presence of non-stoichiometric FeO precipitates in 
the powder. It has been observed that ~ 95 % of the FeO precipitates are under 
~16 nm in size, as observed from the DF analysis.  

 A stable nanostructured bcc matrix, ultrafine ZrO2 dispersoids and fine FeO 
precipitates, all in unison, are expected to be beneficial in terms of its high-
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temperature mechanical properties and enhanced void swell resistance of the 
material.  
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Microstructural characterization of 
consolidated ZrO2 dispersion strengthened 

ferritic steel 
 
6.1 Introduction 

The previous chapter discussed the microstructure and chemistry of as 
synthesized and annealed 9Cr ZrO2 ODS powder. This analysis dealt with influence of 
milling parameters and temperature effects on the powder. It is now important to 
understand the consolidation behavior of 9Cr ZrO2ODS steel and consequently, this 
chapter describes the result of a ZrO2 dispersed ODS steel consolidated by means of 
SPS. This chapter essentially deals with the understanding of microstructure and 
mechanical properties of 9Cr ZrO2ODS steel and is arranged in the following manner.  
Chapter begins with a brief introduction to the subject in section 6.1 followed with a 
note on the selection of sintering temperature and pressure in section 6.2. The relative 
density has been reported in section 6.3 and microstructure of the as SPS samples is 
discussed in 6.4. The conventional normalizing and tempering (N&T) treatment is 
carried out to homogenized SPS specimens and its stability during the thermal exposure 
at service condition (973 K) has been analyzed through EBSD and discussed in section 
6.5. TEM investigations of the N&T and thermal exposed samples are discussed in 
section 6.6. An attempt is made to assess the mechanical properties using experimental 
and predictive tools and discussed in section 6.7. The major conclusions drawn from the 
studies are summarized and listed in section 6.8.   
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6.2  Consolidation of ODS steel powders by SPS – selection of temperature and 
pressure  
 The consolidation of powder materials through SPS is gaining interest in the 
recent past owing to their very high heating and cooling rates and drastically low 
holding times (typically ~ 10 min). As a result of beneficial aspects of SPS, there is a 
growing attention in consolidation of ODS steels through SPS technique. During SPS, 
owing to the low hold times, the material is known to prevent grain growth and retain 
the fine structure of dispersoid, which otherwise may coarsen during consolidation. 
Thus the major advantage with SPS is that, intrinsic properties of the nano powders are 
retained in the consolidated products leading to dense products with improved 
properties [1]. However, the choice of temperature and pressure and their variation 
profiles during SPS of ODS steel powders is known to play a crucial role in mechanical 
properties of the material being developed [2, 3].  
Table 6.1: Important literature reports on SPS consolidated ODS steels 
Sl. No. System SPS Conditions 

Temperature_Pressure_Duration 
Ref. 

1.  9Cr ODS 1323 K_50MPa_6 min [4] 
2.  9Cr ODS 1223 K_40MPa_5min [5] 
3.  9Cr ODS 1223 K_40MPa_5min [6] 
4.  9Cr-1Mo ODS 1073 K_30MPa_10min [7, 8] 
5.  12Cr ODS 1273 K_50Mpa_5 min [9] 
6.  13Cr ODS (1098 K – 1163 K)_(70-80) MPa_>3 min  [10] 
7.  14Cr ODS 1323 K_70MPa_10min [11] 
8.  14Cr ODS (1023 K - 1223 K)_80MPa_7min [12] 

9.  14Cr ODS (1223 K – 1298 K)_40MPa_5min [3] 
 
The choice of temperatures for SPS varies over a wide range from ~ 1073 K to 

1373 K and pressure varies from 30 – 80 MPa in the reported literature of which 
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important ones are consolidated in Table 6.1. It was observed from the studies that, the 
increase of relative density and decrease of porosity was found to occur with increase in 
sintering temperature from 1223 K to 1323 K. Whereas, the compaction behavior 
saturated for further increase of sintering temperature (beyond 1323 K). In the current 
study, SPS is carried out at 1323 K at a pressure of 50 MPa, for a hold time of 10 
minutes. The analysis of the dense products is discussed in the following sections. 
6.3 Density Measurement of consolidated 9Cr ZrO2 ODS steel 

The density of the consolidated specimen is calculated by Archimedes principle. 
The SPS consolidated samples are machined from various regions and used for the 
density analysis. The objective here was to calculate an overall average density of the 
sample and also to get the best samples for further microstructural analysis. The 
measured values of the samples taken from various regions of the consolidated 
specimen are tabulated in Table 6.2 below.  

Table 6.2: Measured densities of 9 Cr ZrO2 ODS 
Specimen No. Relative Density (%) 

1 92.42 
2 94.80 
3 95.67 
4 93.96 
5 94.17 

Average 94.20 
 
It can be observed from the above table that, relative densities vary between ~ 92 – 95% 
with an average of ~94%. This indicates a uniform distribution of porosity and less 
probability of local inhomogeneity within the sample during consolidation and indicates 
that the sintering parameters are optimum to achieve the higher efficiency of thermal 
energy aided in faster diffusion in compaction. 
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6.4 Microstructure of as-SPS 9Cr ZrO2 ODS Steel  
Typical microstructure of the as-SPS steel is shown in figure 6.1(a). The 

specimen showed a fairly homogeneous distribution of grains and pores, and the grain 
features were clearly smaller. The overall distribution of pores is about ~50-80 nm size 
and exhibits a tendency to network along grain boundaries. Figure 6.1 (b) shows the 
corresponding EBSD IPF - Z map superimposed with grain boundary, after the standard 
post processing (to assign average orientation to non-indexed points based on its 
surrounding pixels). It reveals equiaxed grain morphology with nearly similar grain 
shape/size. Grain boundaries with a misorientation 5 – 15o and > 15° were identified as 
high angle and low angle boundaries respectively. The average grain size was measured 
to be 0.8 ± 0.3μm. The colors denote the type of crystallographic plane aligned with the 
sample surface and the myriad of colors denotes an essential random type of texture in 
the specimen. In addition to this, the resultant grain boundary distribution results show 
that low energy low angle grain boundaries in as-SPS condition is ~ 14%, in contrast to 
theoretical values (~2%) [13]. This could be attributed to the rapid coarsening of 
crystallites during consolidation, which leads to boundaries with low angle type. In 
addition, grain growth kinetics is restricted in the process due to minimum holding time 
at high temperature during consolidation and subsequent pinning effect of dispersoids. 
This pinning effect tends to restrict the boundary migration and also result in persistant 
low angle boundaries. Figure 6.1 (c) displays KAM distribution (0.5º – 5º) across 
neighboring pair of pixels with grain boundary (>10º). It provides a qualitative mapping 
of the degree of deformation during consolidation. The distribution of local 
misorientation in sample is found to be highly non-uniform as shown in figure 6.1 (c), 
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which is attributed to the heterogeneous nature of strain localization at the grain 
boundaries and within the grains with a average 0.9º KAM value across all the grains, 
irrespective of their shape/size and orientation, implies the restricted diffusion steered 
phenomena during the consolidation process. 

   

 

 

  
Figure 6.1. Microstructure of as-SPS 9Cr ZrO2ODSsteel (a) SEmicrograph,  EBSD map of (b) 
inverse pole figure and (c) KAM distribution with grain boundary (>10º) contour (black line). 

Figure 6.2 shows the TEM microstructure of the as-SPS 9Cr ZrO2ODS steel. 
The diffraction contrast from the figure 6.2 (a) reveals a microstructure, in which some 
fine faceted ferrite grains with high dislocations density are seen. This is indicative of 
retention of strain even after consolidation. In addition to it, few larger precipitates are 
also seen from this figure. TEM investigation at higher magnification revealed the 
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presence of uniform distribution of nano-sized particles inside the grains (figure 6.2 
(b)). It is observed from the above analysis that these nano-sized precipitates in the 
matrix after consolidation through SPS retains their fine size ranging between 2- 10nm. 

  
Figure 6.2: TEM micrographs of as SPS 9Cr ZrO2ODS steelat two different magnifications, 
showing (a) the grain structure and (b) a grain dispersed with finer particles 

Further, owing to this inhomogeneous microstructure as observed through TEM, 
it is concluded that, this issue needs to be addressed before carrying out further 
investigation. Accordingly, the samples were normalized at 1323 K for 1h followed by 
a tempering treatment at 1023 K for 1h to homogenize the microstructure and results are 
discussed in subsequent section.   
6.5 Effect of high temperature thermal treatment on 9Cr ZrO2 ODS Steel  

Figure 6.3 (a) show the EBSD crystal orientation map of N&T 9Cr ZrO2 ODS 
steel. It is noted that, a very similar to as SPS microstructure is observed with an 
average grain size of ~1 ± 0.4 μm, also exhibiting a random orientation. 

Further, the long term annealing of the N&T sample at 973 K is carried out for 
400 h and 1000 h, to understand the microstructural stability. The temperature here is 
typical at the service conditionof reactor operation and hence this study is expected to 
provide vital information about the material microstructure. Figure 6.3 (b) and (c) 
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shows the corresponding EBSD crystal orientation map for the 400 h and 1000 h aged 
samples respectively. The grain size distribution is quantified and analysis is carried out 
and shown in figure 6.3(d). All three samples (N&T, 400h and 1000h) show a uniform 
size distribution with little shift in peak grain size towards higher values. The average 
value of ~ 1.0 ± 0.4μm, 1.1 ±0.5μm and 1.3 ± 0.6 μm were observed for N&T, 400h and 
1000h samples; respectively. The grain size distribution of as SPS sample is also been 
included in the graph and shown a value of ~ 0.8 ± 0.3μm.  The finer grain sizes even 
after prolonged annealing is indicating the superior stability of the microstructure in this 
time-temperature domain which could be attributed due to the presence of hasten 
pinning effect by uniformly distributed fine dispersoids even at 973 K. 

Further, the qualitative strain analysis of the samples are carried out through 
KAM maps for all the samples and shown in figure 6.4. The amount of KAM 
distribution inside the volume of the material is used to evaluate a qualitative estimation 
of strain distribution [14]. The KAM maps are known to provide strain information by 
assigning a value for each pixel equal to the average disorientation that pixel has with 
its neighbors (the 1st order KAM are used for the calculation). Accordingly, the 
misorientation map for N&T, 400 h and 1000 h samples are obtained and shown in 
figure 6.4 (a), (b) and (c); respectively.  

It is quite obvious from the maps that, the misorientation angle tends towards a 
lower distribution value from as consolidated by SPS (figure 6.1 (c)) to annealed (N&T, 
400 and 1000h aged) samples. The difference is drastic from as-SPS to N&T but not 
much of a difference is found in going from N&T to aged specimen. To understand the 
same, the average misorientation angle for each of the samples is calculated and plotted 
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in figure 6.4 (d). As explained earlier, a sharp dip in average misorientation angle from 
as-SPS to N&T is noticed and saturated thereon.  

The sharp reduction in misorientation angle during N&T, indicates at relieve of 
excess strain in the material during annealing. The defects resulted due to rapid 
consolidation at high temperature in SPS are the major source of strain here and it is 
expected that, the dislocation annihilate during annealing, resulted with decrease in 
dislocation density and thus strain in the material. Beyond 400 h, the strain saturates, 
hinting at a saturation of defect density in the material, thus the stability. The superior 
stability of the microstructure with no substantial grain growth and saturated strain 
during this prolonged annealing is believed to be arising also from the stability of the 
dispersoids at this time–temperature domain. The dispersoids are known to effectively 
pin the grain boundaries thus inhibiting their growth is believed to be the case here. It 
can be recalled from chapter IV that, the dispersoids were quite stable at 973 K 
retaining their nanocrystallinity, even in a model alloy and similarly, similar stability of 
the dispersoids are expected here.   
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 Figure 6.3: EBSD IPF map superimposed with grain boundary (>10º) of (a) N&T, (b) 400h and (c) 
1000h aged specimen, and (d) comparative grain size distribution map 
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Figure 6.4: EBSD lay over image of KAM distribution with grain boundary (>10º) contour (black 
line) of (a) N&T, (b) 400h and (c) 1000h aging and (d) average KAM angle distribution of 9Cr 
ZrO2ODS steel 
 
6.6 Microstructural analysis by TEM  

 To shed more light on the microstructural stability displayed by the sample, as 
seen via EBSD analysis, further investigation through TEM is carried out and 
discussion is made herewith.  
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Figure 6.5 (a) shows the TEM BF micrograph of N&T sample exhibiting a finer 

microstructure. Owing to a small quantity of carbon (~0.01 Wt. %), the martensitic 
structure is not obviously seen but only finer martensitic lath features are revealed. 
Figure 6.5 (b), shows the BF micrograph at a higher magnification, showing uniformly 
distributed nano-dispersoids. Further, the microstructure of long term annealed samples 
are also investigated and shown in the figure. Figures 6.5 (c) and (d) displays the BF 
micrographs correspond to 400 h annealed at low and high magnifications, respectively. 
A matrix with equiaxed grains, in line with the EBSD analysis is observed here also. 
The nano features as seen in from a grain interior in figure 6.5 (d), shows the retention 
of fine nature of these features. The results are incessant with 1000 h annealed samples 
also, and shown in figure 6.5 (e) and (f).  Further, the quantification of nano-dispersoids 
in the materials is carried out through and the results are summarized in figure 6.5 (g), 
which shows a dispersoid size distribution histogram. The size distribution for as-SPS 
sample is also shown in the graph. It is quite evident from the figure that, the 
dispersoids retain their fine structure throughout the annealing duration with an average 

 

Figure 6.5 
(a) & (b) BF micorgraphs of 
N&T ZrO2 ODS steel 
(c)&(d)  BF micorgraphs of 
400 h annealed sample 
(e)&(f)  BF micorgraphs of 
1000 h  annealed  sample 
(g)  Dispersoids size 
ditribution histogram for as 
SPS, N&T and long term 
annealed samples 
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size varying from ~ 4 nm in the as SPS sample to ~ 7 nm after 1000 h annealing, 
exhibiting extraordinary stability by the dispersoids. Additionally, the normal 
distribution to the histogram is also plotted and shown in the graph, which reveals that, 
the distribution of sizes is relatively narrower for the as-SPS sample in comparison to 
400 h and 1000 h samples. Also, it was observed that, the peak of the size distribution 
chart is shifting slightly towards a higher size from N&T to 1000 h.  

6.7 Evaluation of Mechanical Property from hardness measurements 
6.7.1 Hardness measurements  
The microstructural analysis as discussed earlier, indicated at a stable 

microstructure with ultrafine grains and high-density of nano-scale oxides. Attempts are 
made here to correlate the observed behavior to mechanical properties through Vickers 
hardness measurements. Table 6.3 shows the variation of hardness for 9Cr ZrO2 ODS 
steel under different conditions. A hardness value of ~ 479 HV0.05 (measured using 50g 
load) is observed in as SPS sample, which decreased to ~ 402 HV0.05 after N&T. 
Further, the hardness shows a little dip in going from N&T to 400 h, but shows 
saturation from 400 h to 1000 h. The results can be correlated to the EBSD analysis 
wherein, the KAM map showed an initial dip in strain from N&T to 400 h and 
saturation from 400 h to 1000 h. As discussed earlier, the observed behavior is 
attributed to the annihilation of strain during the prolonged annealing, which essentially 
takes place during the initial hours. The saturation of hardness from 400 h to 1000 h is 
also consistent with the comparable grain sizes and dispersoid sizes at these conditions.  
The retention of a high hardness value even after a long-term thermal exposure at 973 K 
is believed to be beneficial from its application point of view.  
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Table 6.3 : Comparison chart for hardness 
Sl. No Sample ID Hardness (HV0.05) 1 ZrO2 ODS: as SPS 479±79 

2 ZrO2 ODS: N&T 402±26 
3 ZrO2 ODS: 400h  378±22 
4 ZrO2 ODS: 1000h  374±20 

 
6.7.2 Estimation of Yield strength  
To understand the strengthening behavior in the 9Cr ZrO2 ODS steel due to the 

contribution from dispersoids and fine grains, the microstructural details discussed so 
far are utilized and arrived at an estimation of yield stress. The yield stress at room 
temperature may be estimated from [15],   

                           ------------                   ----------------(6.1) 
Where, σmis the matrix yield stress, σd is the direct strengthening due to the dispersoids 
or nano-clusters, and σi is the indirect strengthening due to the Hall–Petch effect. The 
direct strengthening due to dispersoids may be written as [3],  

                                          1/2-----------------------------                         -------   -----------(6.2) 
Where, M, G, b are Taylor factor, shear modulus and the Burgers vector, respectively. 
The strengthening due to dispersoids can be estimated with an input from the volume 
fraction f of the dispersoids and its diameter, dp. The indirect strengthening due to grain 
size is also known as Hall-Petch strengthening and can be calculated from,  

                                         ----------------                ---------           ---------------------------(6.3) 
Where k is a Hall-Petch constant and d is the grain size.  
 The analysis of yield stress is carried out for N&T, 400 h and 1000 h samples. 
The grain size and average dispersoid diameter are obtained from the EBSD and TEM 
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investigations, as discussed earlier. The other material related parameters for the 
calculation of yield stress are taken from literature and listed in Table 6.4.   

Table 6.4:The material constants used in the estimation of yield stress 
Parameter Value Ref 

Taylor factor, M 3.06 [15] 
Shear modulus, G 80 GPa [15] 
Burgers vector, b 0.248 nm [15] 
Hall Petch constant, k 0.2 MPa m1/2 [16] 

The various contributions for strengthening in 9Cr ZrO2 ODS are evaluated using the 
above parameters and summarized in figure 6.6.  

 Figure 6.6: Comparison of measured and calculated yield stress. The various contributions to 
strengthening through predictive tools are also listed 

 
It can be observed from the above graph that, the major contribution for yield 

strength of 9Cr ZrO2 ODS steels comes mainly from dispersoids. The finer grain size 
also contributes substantially to the yield strength thanks to SPS. The measured yield 
stress mentioned in the above graph is obtained by using the numerical relation that 
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yield stress = 3*Vickers Hardness [8]. A good correlation between measured and 
calculated values is obtained. The superior strength of the alloy at room temperature and 
a large contribution of strength from dispersoids indicate at a superior strength at 
elevated temperatures because dispersoids in ODS steels can suppress the dislocation 
movement, as well as inhibit the grain boundary migration through pinning. Thus it is 
expected that material shows superior properties even at high temperatures.  
6.8 Conclusions 

 The consolidation of 9Cr ZrO2 ODS powder through SPS is carried out and a 
specimen of ~ 94% density is obtained. 

 Microstructure of as-SPS sample characterized through EBSD and TEM 
revealed a fine grained microstructure. But excess strain is observed owing to 
large number of dislocation density, indicating an inhomogeneous 
microstructure. 

 The studies on N&T and annealed specimens indicated an excellent stability of 
the microstructure with retention of fine grained structure and dispersoids. The 
KAM maps indicated at a drastic reduction in strain from as-SPS to N&T 
specimens but a saturated strain after 400 h annealing.  

 The mechanical properties are measured through Vickers Hardness and 
correlated to Yield stress. The Yield stress is also calculated through predictive 
tools and a good correlation between the two are observed. Major contributor to 
strength was proved to be dispersoids, with a substantial contribution from fine 
grains.  
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 The stable microstructure with fine grains, stable dispersoids and high strength, 
indicates at promising high temperature properties of the material, thus 
validating the superiority of 9Cr ZrO2 ODS.  
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Summary and Future scope 
 
7.1: Summary of the thesis  

This thesis has focused on the assessment of an alternative rare earth oxide, 
namely monoclinic ZrO2, for dispersion strengthening in ODS steel. The observations 
of this dissertation indicate that this alternate dispersoid is successful that it could well 
replace the conventional bcc Y2O3 in the next generation ODS steels. 

During the course of the thesis, two alloy systems have been developed, (1) Fe – 
15 ZrO2 and (2) Fe-9Cr-2W-0.01C-0.35 ZrO2 (all in Wt. %). The former was chosen as 
a model system to understand the behavior of ZrO2 dispersoid during mechanical 
milling and subsequent annealing. The knowledge accumulated through these studies 
was utilized in developing the latter system, 9Cr steel with ZrO2 dispersions. Some of 
the important results that aroused out of studies on these two systems are summarized 
below.  

The optimization of milling duration for synthesis of Fe – 15 Wt. % ZrO2 

composite was based on microstructural uniformity and microchemical homogeneity of 
the constituents in the mechanically milled powder. After a milling duration of 100 h, a 
reduced and uniform powder particle size with increased sphericity with uniform 
mixing of the Fe and ZrO2 phases was obtained. In addition, crystallite sizes of both Fe 
and ZrO2 were reduced to size ~ 2 – 10 nm with a narrow crystallite size distribution. 
The behavior of dispersoids with milling was carefully followed and it was observed 
that, even after 100 h of milling, the ZrO2 phase was found, not to amorphize unlike the 
widely used dispersoid Y2O3. This exceptional structural stability by ZrO2 is assumed 
because of its smaller unit cell structure in comparison to Y2O3. 
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A detailed analysis on thermal evolution of Fe - 15 Wt. % ZrO2 powders, 
mechanically milled for 100 h, has been carried out to understand the microstructural 
and phase transformations. A thermally stable Fe0.87O phase was found to be forming at 
854 K. The kinetics of phase formation was estimated by KJMA analysis and the 
activation energy of ~195 kJ mol-1 was calculated for this phase. Owing to its thermal 
stability and fineness, the Fe0.87O phase was deemed as an autogenous dispersoid, useful 
for strengthening the matrix alongside the ZrO2. Additionally, metastable cubic ZrO2 
(Zr0.9Fe0.1O1.95) was observed to be stabilized by the Fe0.87O at around 923 K. The phase 
however, was found to be unstable at elevated temperatures. Further the ZrO2 

dispersoids were found to retain their nanocrystallinity at 1073 K, even up to 600 min of 
annealing, whereas, at 1173 K, crystallites found to grow even beyond 600 min hold 
time. The coarsening kinetics study of ZrO2, measured activation energy of ~ 379 kJ 
mol-1 for the growth of ZrO2 crystallites. This value, in comparison to nc Y2O3, is 
higher, indicating its higher resistance to coarsening.  Excellent grain growth resistance 
and stability by ZrO2 even in a concentrated alloy is thought to be beneficial aspects for 
its role as a dispersoid, thus strengthening the candidature of ZrO2 as a dispersoid for 
ODS application. 

The knowledge on the model alloy was then utilized in developing a 9Cr ODS 
steel using 0.35 Wt. % of ZrO2 dispersions. The synthesis of ODS powder was carried 
out under optimized milling conditions and it was observed that the ZrO2 crystallite 
sizes were reduced to a few nanometric with majority under 5 nm. Annealing studies 
carried out at 1223 K showed the thermal stability of the fine ZrO2 dispersoids and 
Fe0.87O particles in terms of size and phase. A stable nanostructured bcc matrix with 
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ultrafine dispersoids and fine precipitates, are expected to greatly benefit high-
temperature mechanical properties and enhanced void swell resistance of the material. 

First results (both nationally and internationally) in producing a consolidated 
9Cr ZrO2ODS steel has been reported in this thesis. SPS technique has been used for the 
purpose. A material with ~ 95% density was obtained with equiaxed ferrite grains 
measuring ~ 1 μm and a uniformly distributed nano sized dispersoids measuring  2 - 
10nm. Inhomogeneous distribution of strain was observed in the as compacted steel. 
Conventional N&T treatment was carried out for relieving the built in stress and 
homogenizing the microstructure. In addition, long term thermal stability of the material 
at 973 K up to 1000 h was studied. A stable microstructure with minor grain growth 
was observed. EBSD based KAM maps indicated a significant reduction in strain from 
as SPS to N&T conditions. While strain levels continued to decrease with annealing at 
973 K, it saturated after 400 h of annealing. The dispersoids were found to retain their 
fine structure even during the long term annealing. An estimate of the mechanical 
properties were obtained through Vickers Hardness and correlated to yield stress 
measurements. The yield stress was calculated through predictive tools and a good 
correlation between the two was observed. Major contributor to strength was found to 
be the dispersoids, with a substantial contribution also from fine ferrite grains. The 
stable microstructure with fine ferrite grains (matrix), stable dispersoids and high 
strength, indicates promising high temperature properties for the material, thus 
validating the superiority of 9Cr ZrO2 ODS steel.  
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7.2: Scope for future work 
This thesis has brought the success in developing a novel ZrO2 dispersion 

strengthened steel. In line with the objectives, the thesis is has established ZrO2 as an 
alternate dispersoid through rigorous investigation on model alloy and preliminary 
studies on the ZrO2 dispersed steel. However, much needs to be done towards fully 
establishing the development of ZrO2 dispersed steel in terms of optimization of the 
dispersoid content, consolidation procedures so as to obtain higher densification and 
superior strengthening properties. As a result of this, there is plenty of scope for further 
investigations in this field of study. Some of the most prominent ones are mentioned 
below: 

1. Improved consolidation of the material can be achieved with a careful 
optimization of SPS process parameters, which is worth investigating. Attempts 
can also be made to consolidate the specimen through other methods such as 
HIP and HE and compare it with SPS. 

2. The steel produced in this study carried a fixed quantity of ~ 0.35 Wt. % ZrO2 

dispersoid. This is based on the typical dispersoid fraction in Y2O3 ODS steel. 
However, varying the dispersoid quantity and its optimization must be 
investigated, in order to derive the best properties of the steel. 

3. The thesis carries an introductory evaluation of 9Cr ZrO2 ODS steel. A detailed 
evaluation of microstructure and texture is a necessity for establishing structure-
property correlations for a better understanding of the material.  

4. There was no comparative study between Y2O3 and ZrO2 based 9Cr ODS steels 
in the current investigation. It would be extremely interesting to investigate the 
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same and arrive at a definitive conclusion on superiority between the two. The 
comparative study can also help in understanding specific properties of the 
dispersoid in strengthening the material which may help in tailoring the 
microstructure as per the property demands.  

5. The present thesis is limited to 9Cr variant of the steel. Increasing Cr content to 
an optimum level without significant increase in texture is a demanding subject 
which can be investigated in future. Owing to the presence of novel dispersoid 
for strengthening, every aspect of texture studies with varying Cr content will be 
a novel analysis with potential for exciting results. 
 


